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(57) Abstract

Systems and methods employ an energy emitting electrode (16) to heat tissue. The systems and methods control the apf)lication of
energy to the electrode (16) using adjustments that take into account, in a non-linear fashion, changes in monitored operating conditions.
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NON-LINEAR CONTROL SYSTEMS8 AND METHODS
FOR HEATING AND ABLATING BODY TISSUE

iel e Inventio

5 In a general sense, the 'invention 1is
directed to systems and methods for creating lesions
in the interior regions of the human body. In a
more particular sense, the invention is directed to

systems and methods for ablating heart tissue for
10 treating cardiac conditions.

- packground of the Inventjion

Physicians frequently make use of catheters
today 1in medical procedures to gain access into
interior regions of the body. In some procedures,

15 the catheter carries an enerqgy emitting element on
its distal tip to ablate body tissues.

In such procedures, the physician must
establish stable and uniform contact between the

energy enitting element and the tissue to be

20 ablated. Upon establishing contact, the physician

must then carefully apply ablating energy to the
element for transmission to the tissue.

The need for precise control over the

emission of ablating energy is especially critical

25 during catheter-based procedures for ablating heart

tissue. These procedures, called electrophysiology

therapy, are becoming increasingly more widespread

for treating cardiac rhythm disturbances, called

arrhythmias. Cardiac ablation procedures typically

30 use radio frequency (RF) energy to form a lesion in
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heart tissue.

The principal objective of the invention is to
provide systems and methods for monitoring and reliably
controlling the application of energy to ablate body tissue,

thereby providing therapeutic results in a consistent and

predictable fashion.

Summary of the Invention

The 1nvention provides systems and methods that
provide reliable control over tissue heating and ablation
procedures using temperature sensing. According to the
invention, the systems and methods control the application
of energy to an energy emitting electrode using power
adjustments that take into account, in a non-linear fashion,

changes 1n monitored operating conditions.

According to a broad aspect, the invention
provides an apparatus for supplying energy to an electrode
for ablating tissue comprising a first processing stage to
monitor a selected operating condition of the electrode,
derive from the monitored operating condition a predicted
operating value for a future time (Vp), compare the derived
predicted operating value for a future time Vp to a
preselected set operating value (Vs) for the operating

condition, and establish an error signal (A), where:
A = Vs-Vp, and

a second processing stage to issue a command signal Scomann CO
adjust power to the electrode above a zero value, thereby

maintaining power without interruption, where:

Scommanp = £ (4)

and where £ 1s a nonlinear function.
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According to another broad aspect, the invention
provides an apparatus for supplying energy to an electrode
for ablating tissue comprising a first processing stage to
monitor a selected operating condition of the electrode,

5 derive from the monitored operating condition a predicted
operating value for a future time (Vp), compare the derived
predicted operating value for a future time Vp to a
preselected set operating value (Vg) for the operating

condition, and establish an error signal (A), where:
10 A = Vg=-Vp, and

a second processing stage to issue a command signal Scomvanp £O
adjust power to the electrode above a zero value, thereby

maintalining power without interruption, where:

Scomanp = £ (41, Az, A3, .., Ay)

15 where £ 1s a N-variable nonlinear function that describes

the first processing stage and A, A, A3, .., Ay are the

values of the error signal A at N different moments of time.

According to a further broad aspect, the invention

provides an apparatus for supplyving energy to an electrode

20 for ablating tissue comprising a power source adapted to be
electrically coupled to the electrode to supply energy to
the electrode for ablating tissue, and a controller coupled
to the power source to supply power to the power source, the
controller comprising a first processing stage to monitor a

25 selected operating condition, derive from the monitored
operating condition an operating value (Vp), compare the
derived operating value Vp to a preselected set value (Vg)
for the operating condition, and establish an error

signal (A), where:

30 A VS""VD, and
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a second processing stage to incrementally adjust the power
supplied to the electrode according to the following

expression:

AP = f(Sscare X 4)

where: AP 1s the incremental power adjustment; f is a
mathematical function; and Sgearg 1S @ nonlinear scaling
factor that equals a first value (X) when A > Z and equals a

second value (Y), different than X, when A < Z, where Z is a

desired A.

According to a still further broad aspect, the
invention provides an apparatus for supplying energy to an
electrode for ablating tissue comprising a power source
adapted to be electrically coupled to the electrode to
supply energy to the electrode for ablating tissue, and a
controller coupled to the power source to supply power to
the power source, the controller comprising a first
processing stage to monitor operating conditions and derive
a power control signal Sperivep based upon a first monitored
operating condition, and a second processing stage to
compare a second monitored operating condition with
preselected criteria for the second operating condition,
generate an error signal (E) when the second operating
condition fails to meet the preselected criteria, and issue
a command signal Scommanp tO set power supplied to the power
source, wherein, absent the error signal E, Scomanp Sets the
power according to Sperivep, and wherein, when the error
signal E is generated, Scomanp Sets the power at a prescribed

low power condition (Proy), regardless of Scomann, PLow being a

value above zero.

According to yet another broad aspect, the
invention provides an apparatus for supplying energy to an

electrode for ablating tissue comprising a power source
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adapted to be electrically coupled to the electrode to
supply energy to the electrode for ablating tissue, and a
controller coupled to the power source to supply power to
the power source, the controller comprising a first
processing stage to monitor operating conditions and derive
a power control signal Sprrivep Pased upon a first monitored
operating condition, and a second processing stage to
compare a second monitored operating condition with
preselected criteria for the second operating condition,
generate an error signal (E) when the second operating
condition fails to meet the preselected criteria, derive
impedance and issue a command signal Scomvanp £O set power
supplied to the power source, wherein, absent the error
signal E, Scomanp Sets the power according to Spgrivep, and
wherein, when the error signal E 1s generated, Scomvanp Sets
the power at a prescribed low power condition (Prow),

regardless of Scomaann: Prow being a value above zero to permit

derivation of i1impedance by the second processing stage.

One aspect of the invention provides an apparatus
and associated method for supplying energy to an electrode
for ablating tissue. The apparatus and method monitor a
selected operating condition of the electrode and derive
from 1t an operating value (Vp). The apparatus and method
include a processing element that compares the derived
operating value Vp to a preselected set value (Vg) for the

operating condition to establish an error signal (A), where:
A = VS—VD.

According to the invention, Vg can either be a

fixed, prescribed value or expressed i1n terms of a wvalue

that varies with time as a set temperature curve.

The apparatus and method further issue a command

signal Scommanp, wWhere:
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SCOMMAND - f(Al/ AZ/ A3/ ses / AN)

where, in the general sense, f 1s a N-
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variable -nonlinear function that describes the
processing element and 4,, &, &4, ... ,{ are the
values of the error signal A at N different moments
of time. This means that the processing element can

5 adjust the output signal S .., Using a nonlinear
function of the present and past values of the error
signal A.

In a preferred embodiment, S can be

COMMAND
expressed as:

S =f(53mxﬁ)

COMMAND

10 L __Where:

f is a function associated with the
processing element (i.e., the algorithm used to
analyze data), and

Seewe 15 @ nonlinear scaling factor

15 that equals a first value (X) when A > a value Z and
equals a second value (Y), different than X, when A
< Z, and Z is a desired A.

In a preferred embodiment, Z and, therefore
the desired A 1s 2zero.

20 In a preferred embodiment, the command
signal S, 2djust the level of power applied to
the electrode. In this preferred embodiment, Y > X.
Due to the asymmetric, non-linear scaling factor
Secargr the apparatus and method serve to decrease

25 power to the electrode at a faster rate than
increasing power to the electrode.

Another aspect of the invention provides an
apparatus and associated method for supplying energy
to an electrode for ablating tissue. The apparatus

30 and method mnmonitor operating conditions of the
electrode. The apparatus and method derive a power
control signal S, ..., bPased upon a monitored first
operation condition. The apparatus and method also
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compare a monitored second operating condition with
preselected criteria for the second operating
condition and generate an error signal (E) when the
second operating condition fails to meet the
preselected criteria.

According to this aspect of the invention,
the apparatus and method issue a command signal
Scomap £© set power supplied to the electrode.
Absent the error signal E, S, .. Sets the power

according to S When the error signal E is

DERIVED °
generated, S.,.., Sets the power at a prescribed low
power conditibn (P, ou) ¢ regardless of ... S .
According to a preferred aspect of the invention,
P2 18 a selected value above zero but at a level
that does not sustain tissue ablation over tinme.

In a preferred embodiment, P, is about 1

W
watt.

In a preferred embodiment, the second
monitored operating condition includes a measurement
of the power delivered by the generator. In this
embodiment, the preselected criteria includes an
established maximum power value.

In a preferred embodiment, the second
monitored operating condition also includes a
measurement of temperature at the electrode. In
this embodiment, the preselected criteria includes
an established maximum temperature wvalue. In this
embodiment, the preselected criteria can also
include an established set temperature value
adjusted by an established incremental value.

The apparatus and methods that embody the
features of the invention are well suited for use in
the field of cardiac ablation. They also are
applicable for use in other tissue heating and
ablation applications, as well. For exanmple, the
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various aspects of the invention have application in

procedures for ablating tissue in the prostrate,

brain, gall bladder, uterus, and other regions of

the body, using systems that are not necessarily
5 catheter-based.

In a preferred embodiment, the apparatus
and method also measure impedance. Because P, 1s
above zero, impedance measurements can continue,
even after tissue ablation has been halted.

10 Other features and advantages of the
inventions are set forth in the following
Description and Drawings, as well as in the appended

claims.
Brief Description of the Drawings
15 Fig. 1 is a perspective view of a system

for ablating tissue that comprises an energy
emitting electrode and associated energy generator;

Figs. 2, 3 and 4 are, respectively, an
elevated side view, an end view, and a side section

20 view (taken along 1line 4-4 in Fig. 3) of the
electrode associated with the system shown in Fig.
1, the electrode having a temperature sensing
element;

Fig. 5 is a schematic view of the generator

25 for supplying energy to the electrode in the system
shown in Fig. 1, the generator using a specialized
modified PID control technigue to maintain a desired
set temperature by altering power in response to
sensed temperature;

30 Figs. 6A and 6B are graphs showlng curves
of set temperature conditions for the generator to
maintain over time;

Fig. 7 1is a schematic wview of an
alternative system for use in association with the

35 generator shown in Fig. 5 to alter applied power in
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response to sensed temperature, using adaptive

control techniques;

Fig. 8 is a schematic view of a system for
use in association with the generator shown in Fig.
5 for scaling down power in response to prescribed
power or temperature conditions;

Fig. 9 is a schematic view of systems for
use in association with the generator shown in Fig.
5 for establishing the maximum power condition for
use by the scale back power system shown in Fig. 8;

Fig. 10 is a more detailed schematic view
of one of the systems shown in Fig, 9 for
automatically establishing the maximum power
condition based upon the physical characteristics of
the ablation electrode;

Figs. 1l1A and B are schematic views of the
implementation of a neural network predictor to

- maintain a desired set temperature by altering power

in response to a prediction of maximum tissue
temperature; and

Fig. 12 is a schematic view of the

implementation of fuzzy logic to maintain a desired
set temperature condition.

The invention may be embodied in several

. forms without departing from its spirit or essential

characteristics. The scope of the invention is
defined in the appended claims, rather than in the
specific description preceding them. All embodi-
ments that fall within the meaning and range of

egquivalency of the claims are therefore intended to
be embraced by the claims.

cri of the Pre Embodj
Fig. 1 shows a system 10 for ablating human
tissue that embodies the features of the invention.
In the illustrated and preferred

PCT/US95/07960
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embodiment, the system 10 includes a generator 12
that delivers radio. frequency energy to ablate
tissue. Of course, other types of energy can be
generated for tissue ablating purposes.

5 The system 10 also includes a steerable
catheter 14 carrving a radio freguency emitting
ablation electrode 16. In the illustrated
embodiment, the ablation electrode 16 is made of
platinun.

10 In the illustrated embodiment, the system
10 operates in a unipolar mode. In this arran-
gement, the system 10 includes a skin patch
electrode that serves as an indifferent second
electrode 18. In use, the indifferent electrode 18

15 attaches to the patient’s back or other exterior
skin area.

Alternatively, the system 10 <can be
operated in a bipolar mode. In this mode, the
catheter 14 carries both electrodes.

20 The system 10 can be used in many different
environments. This specification describes the sys-
tem 10 when used to provide cardiac ablation
therapy.

When used for this purpose, a physicilan

25 steers the catheter 14 through a main vein or artery
(typically the femoral vein or artery) into the
interior region of the heart that is to be treated.
The physician then further manipulates the catheter
14 to place the electrode 16 into contact with the

30 tissue within the heart that is targeted for
ablation. The user directs radio frequency energy
from the generator 12 into the electrode 16 to
ablate and form a lesion on the contacted tissue.

Lo THE ABLATION CATHETER _ _
35 In the embodiment shown in Fig. 1, the
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catheter 14 includes a handle 20, a guide tube 22, and a
distal tip 24, which carries the electrode 16.

The handle 20 encloses a steering mechanism 26 for
the catheter tip 24. A cable 28 extending from the rear of
the handle 20 has plugs (not shown). The plugs connect the
catheter 14 to the generator 12 for conveying radio

frequency energy to the ablation electrode 16.

Left and right steering wires (not shown) extend

through the guide tube 22 to interconnect the steering

10 mechanism 26 to the left and right sides of the tip 24.

15

20

25

Rotating the steering mechanism 26 to the left pulls on the
left steering wire, causing the tip 24 to bend to the left.
Also, rotating the steering mechanism 26 to the right pulls
on the right steering wire, causing the tip 24 to bend to

the right. 1In this way, the physician steers the ablation

electrode 16 into contact with the tissue to be ablated.

Further details of this and other types of

steering mechanisms for the ablating element 10 are shown in

Lunquist and Thompson U.S. Patent 5,254, 088.

A. Temperature Sensing

As Figs. 2 to 4 show, the ablation electrode 16
carries at least one temperature sensing element 30. As

will be described in greater detail later, the power that

the generator 12 applies to the electrode 16 is set, at

least 1n part, by the temperature conditions sensed by the
element 30.

In the embodiment illustrated in Figs. 3 to 4, the
ablation electrode 16 includes an interior well 32 at its

tip end. The temperature sensing
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element 30 occupies this well 32.

In Figs. 3 to 4, the temperature sensing
element 30 includes a small bead thermistor 34 with
two assocliated lead wires 36 and 38. The

5 temperature sensing tip of the thermistor 34 is ex-
posed at the tip end of the ablation electrode 16
for tissue contact. The thermistor 34 of the type
shown is commercially available from the Fenwal Co.
(Massachusetts) under the trade designation 111-

10 202CAK~BD1. The lead wires 36 and 38 comprise #36
AWG signal wire Cu+ clad steel (heavy insulation).

Potting compound 40 encapsulates the
thermistor 34 and lead wires 36 and 38 within the
electrode well 32. Insulating sheaths 42 also

15 shield the encapsulated lead wires 36 and 38.
Together, the compound 40 and sheaths 42
electrically insulate the thermistor 34 from the
surrounding ablation electrode 16.

The potting compound 40 and insulation

20 sheathes 42 can be made with various materials. 1In
the illustrated embodiment, loctite adhesive serves
as the potting compound 40, although another
cyanoacrylate adhesive, an RTV adhesive,
polyurethane, epoxy, or the like could be used. The

25 sheathes 42 are made from polyimide material, alth-
ough other conventional electrical insulating
materials also can be used.

In the illustrated and preferred
embodiment, a thermal insulating tube 44 envelopes

30 the encapsulated thermistor 34 and lead wires 36 and
38. The thermal insulation tube 44 can itself be
adhesively bonded to the interior wall of the well
32.

The thermal insulating material of the tube

35 44 can vary. In the illustrated embodiment, it 1is
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a polyimide material having a wall thickness of about

.003 inch. Other thermal insulating materials like Mylar®

or Kapton® could be used.

The lead wires 36 and 38 for the thermistor 34
extend through the guide tube 22 and into the catheter
handle 20. There, the lead wires 36 and 38 electrically
couple to the cable 28 extending from the handle 20. The
cable 28 connects to the generator 12 and transmits the

temperature signals from the thermistor 34 to the

generator 12.

In the i1llustrated and preferred embodiment (as
Fig. 10 shows), the handle 20 carries a calibration
element Reap, for the thermistor 34. The element Rey, accounts
for deviations in nominal resistance among different
thermistors. During manufacture of the catheter 10, the
resistance of thermistor 34 1s measured at a known
temperature; for example, 75 degrees C. The calibration
element Reca, has a resistance value equal to the measured

value. Further details of this will be discussed later.

IXI. THE RF GENERATOR

As Fig. 5 shows, the generator 12 includes a radio
frequency power source 48 connected through a main isolation
transformer 50 to outlet and return lines 52 and 54. Outlet
line 52 leads to the ablation electrode 16. Return line 54

leads from the indifferent electrode 18.

In the i1illustrated embodiment, when used for
cardiac ablation, the power source 48 is typically

conditioned to deliver up to 50 watts of power at a radio

frequency of 500 kHz.
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The generator 12 further includes a first
processing stage 56. The first processing stage 56 receives

as inputs an instantaneous power signal
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Piyr & set temperature value T ,, and a temperature
control signal T_ ..o+ Analyzing these inputs using
prescribed criteria, the first processing stage 56
derives a demand power signal Pyp.up-

5 The generator 12 also includes a second
processing stage 58. The second processing stage 58
receives as input the demand power signal P, from
the first processing stage 56. The second processing
stage 58 also receives as inputs the instantaneous

10 power signal P,, and a maximum power valug,P .
Analyzing these inputs according to prescribed
criteria, the second processing stage 58 adjusts the
amplitude of the radio .frequency voltage of the
source, thereby adjusting the magnitude of the

15 generated power, which P, represents.

The generator 12 preferably includes an
interactive user interface 13, which 1is only
generally shown in schematic form in Fig. 1. It
should be appreciated that the interface 13 can, 1n

20 conventional ways, make full use of conventional
input devices (for example, a key board or mouse);
output display devices (for example, a graphics
display monitor or CRT); and audio and visual
alarms.

25 A. The First Processing 8tage |
The generated power signal P, input for

the first processing stage 56 1is generated by a

multiplier 60. The multiplier 60 receives an

instantaneous current signal I,, from an isolated

30 current sensing transformer 62 and an instantaneous

voltage signal V., from an isolated voltage sensing
transformer 64.

The isolated current sensing transformer 62

is electrically coupled to the return line 54. The

35 transformer 62 measures the instantaneous radio
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frequency current TI ., emitted by the ablation
electrode 16 through body tissue to the indjifferent
electrode 18.

The isolated voltage sensing transformer 64
is electrically coupled between the outlet and
return 1lines 52 and 54, The voltage sensing
transformer 64 measures the instantaneous radio
frequency voltage V ,, across body tissue between the
ablation electrode 16 and the indifferent electrode
18.

The multiplier 60 multiples Ly bY V,, to

derive the instantaneous radio frequency power Poeyr
which passes through the low pass filter 61 to
eliminate ripple. The filtered P,y Serves as the
power input signal for the first processing stage
56. | | ) .

In the illustrated and preferred
embodiment, the generator 12 includes, as part of
its overall interface 13, a display 110 (see Fig. 1

also) to show Peyye
The set temperature value T.. for the first
processing stage 56 can be inputted by the physician
through an interface 66, which is part of the
overall interface 13 of the generator 12 (see Fig.
l also). The set temperature wvalue Ty represents
the temperature the physician wants to maintain at
the ablation site. The value T . can be established
in other ways. For example, the value Ty, Can vary
over time to define a set temperature curve.
Further details of this will be described later.
The set temperature value Teer Selected
depends upon the desired therapeutic characteristics
of the lesion. Typical therapeutic lesion charac-
teristics are the surface area of the tissue that is

ablated and depth of the ablation. Typically, the

PCT/US95/07960
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set temperature T.. 1s 1in the range of 50 to 90
degrees C.

The temperature control signal T, .., 1nput
is based upon the actual instantaneous temperature

5 conditions sensed T by the sensing element 30.

M(t
In the part(::ifcular illustrated embodiment,
the first processing stage 56 receives as T_,..., the
output resistance value of the thermistor 84 (in
ohns) . It divides this resistance value by the
10 calibration value R, to normalize the resistance
value of the thermistor 34. This normalized
resistance value 1s the input to a read only memory
(ROM) table in the generator 12, which contains
stored thermistor temperature data. The ROM output
15 is the actual measured temperature T,,, (1n degrees
C).
The T,,, output is preferably shown in a
display 68, which 1is part of the overall interface
13 for the generator 12 (see Fig. 1 also).
20 The actual instantaneous temperature T,
can be used directly by the first processing stage

56. However, in the 1illustrated and preferred
embodiment, the first processing stage 56 includes
a predicted temperature processor 70 (PTP). The PTP

25 70 derives from T,,, a predicted temperature value
(designated Tporpyy) -
(1) The Predicted Temperature
Processor
The PTP 70 continuously samples T,,, over
30 prescribed sample periods ATguore Applying

prescribed criteria to these samples, the PTP 70
predicts at the end of each sample period a
rREpcyy Chat would exist at the
end of a future time period (greater than

temperature condition T

35 AT wee) r@a88uming that power supplied to the ablating
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electrode 16 is not changed. This future tine
period is called the prediction period ATp.eyicrs

The length of the prediction period ATg,cp;cr
can vary. Its maximum length depends largely upon
the thermal time constant of the tissue, to take
into account the expected physiclogical response of
the tissue to temperature conditions generated
srepjcr Should

not exceed the time period at which the tissue can

during ablation. The prediction period AT

be expected to experience cellular transformation
when exposed to ablating heat.

In the case of heart tissue, the thermal
time constant is such that the maximum length of the
prediction period AT, ... should typically not exceed
about two seconds. After about two seconds, cardiac
tissue can be expected to begin experiencing
cellular transformation when exposed to the range of
temperatures generated during ablation.

ATgupg 18 selected to be smaller than
ATppepiere The PTP 70 measures the instantaneous
temperature Tﬂ(t) at the end of the present sample
period and compares it to the measured temperature
at the end of one or more preceding sample periods
Tyet-mys Where n is the number of preceding sample
periods selected for comparison. Based upon the
change in the measured temperature over time during
the selected sample periods, and taking into account
the relationship between the magnitude of AT
AToeenrcrr the PTP 70 predicts T

sawpe and

PRED(t) A5 follows:

_ 1+K K
Tﬁmbun‘rﬁu)(“gf“)"%wtﬁ}(jf)

where:

PCT/USSS/07960
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AT
K= - PREDICT

AT

and 1 = 1 to n.

In a representative implementation of the
PTP 70 for cardiac.ablation, AT, 15 selected to
be 0.48 second, and AT 18 selected to be 0.02

5 second (a sampling rate of 50Hz). Therefore, in
this implementation, K = 24.

Furthermore, in this implementation, n is
selected to be 1. That is, the PTP.70 takes into
account T,.,, for the instant sample period (t) and

10 Tyce-1y [OTr the preceding sample period (t-1).
In this implementation, the PTP 70 derives

T as follows:

PREDR(T)

TPREDlt}=25TM[t } _24TM{t-l }

- In the illustrated and preferred
embodiment, the PTP 70 includes a low pass filter 72
15 with a selected time constant (7). The PTP 70
averagés Tepencry chrough  the filter 72 before
supplying it to a demand power processor DPP 76,

which will be described later.

The time constant (r) of the filter 72

20 selected can vary, according to the degree of
accuracy desired. Generally speaking, a mid-range
time constant (7) of about 0.2 second to about 0.7
second will provide the required accuracy. In the
above described representative implementation, a
25 time constant (7) of 0.25 .second is used.

The degree of accuracy of the PTP 70 can
also be altered by varying K. More particularly, by
lowering the value of K, one can expect the PTP 70
to achieve a greater degree of accuracy in

30 predicting the future temperature Ty, ., The value
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of K can be varied by selecting values for AT or

SAMPLE
ATppeprerr ©r both. Preferably, the value of X is
varied by selecting AT ere
The degree of accuracy PTP 70 can also be
improved, if desired, by selecting greater values
for n; that is, by taking into account more past
values of T, PRED(t) *
In the illustrated and preferred

in calculating T

embodiment, the PTP 70 includes a user interface 74,
which is part of the overall interface 13 of the
generator 12 (see Fig. 1 also). Using the interface
74, the physician can select and modify the sampling
history (n); the prediction period ATppeprers and the
time constant (7) in real time, on line. |

As will be described in greater detail
later, the ability to vary the accuracy of the PTP

70 1in calculating T with on 1line changes

PRED(t

provides flexibility ;;. adapting the first

processing stage 56 to differing ablating
conditions.

(ii) The Demand Power Processor (DPP)

The first processing stage 56 further

includes a demand power processor (DPP) 76. The DPP

pRencty -©  the set

temperature value T,.,. Based upon this comparison,

and taking into account the magnitude of the

instantaneous power P

76 periodically compares T

(ty Supplied to the ablating
electrode 16, the DPP 76 derives the demand power
output P,...o- The DPP76 also takes into account
other system operating goals and criteria, 1like
response time, steady state temperature error, and
maximum temperature overshoot. |
oemany ©F the first
processing stage 56 represents the magnitude of the
radio frequency power that should be supplied to the

The demand power output P

 PCT/US95/07960
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3

ablating electrode 16 to establish or maintain the
desired local temperature condition Teer at  the
ablating electrode 16.

The manner in which the DPP 76 derives P,
can vary. For example, it can employ proportional
control principles, proportional integral derivative
(PID) control principles, adaptive control, neural
network, and fuzzy logic control principles.

(a) Modified PID Control Using
Fixed T,

In the illustrated and preferred
embodiment, the DPP 76 employs a modified velocity
PID control technique specially adapted for cardiac
ablation. Using this technique, the DPP 76 controls
the magnitude of P,.... based upon a fixed value of
T; established by the physician.

In the preferred and illustrated
implementation, the DPP 76 compares a derived
operating value vV, to a preselected set value (¥)
for the operating condition. The DPP 76 establishes

an error signal (A) based upon the comparison,
where:

A=V -V

The DPP 76 issues the power demand signal
for the next time period Py,,.....;, Pased upon a non-
linear function of the present and past values of
the error signal A, i.e.,:

anwm( ::+1)=f(A1' Az’ As' e s AN)

In the general sense, f is a N=-variable
nonlinear function that the DPP 76 follows in
performing its processing function. Dyy Dyy Dgyp we
4, are the values of the error signal A at N
different moments of time. The DPP 76 thereby

PCT/US9S/G7960
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adjusts the power by an increment based upon a
nonlinear function of the present and past values of
the error signal A.

More particularly, in the illustrated and
preferred implementation, at the end of each sample
period (t), the DPP 76 derives the demand power
output required for the next sample period (t+1l), as
follows:

P

pmanp(t 1)~ ey TS OB 5 BE L, *OR

t { £] (€-1) {t-ZJ]

where

the nonlinear function f£(A) is
expressed as:

L(B) =S[aE ) =BE ) O 5]

the error signal A is expressed as E,
, Where V, is T, and V; is Ty ,, so that E,, = Ty, -
Topepctys N this implementation, a threshold value of
T..; is selected, which remains essentlally constant
as Tpeepcry, 1S determined by the PTP 70, and

a, B, and § are conventional velocity
PID expressions based upon a proportional constant
K, (relating to the magnitude of the difference); an
integral constant K. (relating to the change in the
difference over time); and a derivative constant K,
(relating to rate at which the difference is

changing over time); and AT as follows:

SAMPLE /

KAT K

(szp-i- z SAMPLE + ¢
Z aTSAM’LE
Kia TSAMPLE _ _ 2 Kd
B= K- -
2 P AT

SAMPLE

PCT/US95/87960
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and
and S is a selected scaling factor,

whose value depends upon whether T 18 greater

PRED(t)
than or less than T,, , as follows:

5 S = X when E,, > 0 (i.e., T, >
TPRED(t)) d
S = Y when E,, < 0 (i.e., TG <
Torencty) » and
The value of S is asymmetric;
10 that is, X is different than Y and, most preferably,
Y > X.

The above relationships assume that the

desired error E. to be maintained is zero. Other

)
desired error values could be used. Using the

15 asymmetric scaling factor S provides the desired
nonlinear response f(A) over time to maintain the
desired error E.- In maintaining the desired error
at zero, the f(A) o©of the DPP 76 decreases power
faster (when T, ., > &; ) than increasing power

20 (when Terepcry < Toer) -

In the illustrated and preferred
embodiment, the DPP 76 uses fixed values for the
coefficients Kp, K, and_ K, regardless of the
particular ablating conditions.

25 The calculation for P,.., can be adapted on
line by the physician to changing ablating
conditions encountered, by adjusting the front end
calculation of Torepcey PY the PTP 70. Because of the
flexibility to make on line adjustments that the PTP

30 70 provides, multiple value tables of K,, K;, and K,

are not necessary 1in the system to accommodate
changes in ablating conditions.
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Applicants have determined that the

following values of for Kp, K., and K, can be used in
the DPP 76:

K = 0.025375
K, = 97.0695
K, = 7.82 x 107
In a representative implementation of the
DPP 76,

ATepre = 0-02, and therefore
x = 0,99998
B = 0.93750
§ = 3.91 x 1073,
In this representative implementation of
the DPP 76,

(3.
il

2.0 when E,, > 0 (i.e., & >
Topenty) + @Nd

S = 8.0 when E,, < O (i.e., T, <
Torep) *

This representative implementation adjusts
Poeuanpcty ©© reach Tg. * 3° C within 5.0 seconds, if
not limited by available power. It also aims to
keep a peak steady state temperature error (defined
as Ty ~ ity ) ©f 1less than 3° C. The
implementation alsoc adjusts Poewanncty OVer time to
avoid overshooting T . by more than 3° C.

(b) Modified PID Control Using
Variable T,

In an alternative embodiment, the DPP 76
uses modified veloclity PID control described above
to control the magnitude of P,.... based upon varying
values of T, over time. In this embodiment, T, is
expressed. as a function with respect to time (see
Figs. 6A and 6B), which can be linear or nonlinear
or both. In this embodiment, T,

temperature versus time curve (see Figs. 6A and 6B)

comprises a

PCT/US95/07960
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for heating tissue. The curve has a first
temperature value set at a first time period and at
least one additional temperature value, different
than the first temperature value, set at a second
time period after the first time period.

As Fig. 6A shows, T.
terms of a linear function at the outset of the

can be expressed in

ablation procedure (for example, during the first 5
seconds). From t=0 to t=5 seconds, the value of T.
progressively increases as a straight line with a

selected slope. At t=6 seconds, T.. begins to be

SET
expressed in term of a nonlinear function, so that

the slope flattens out as T approaches a

SET
preselected final control value for ablation.

In an alternative implementation (shown in
Fig. 6B), the T, ., defines a complex curve ¢to
accommodate thermal mapping before thermal ablation.
As Fig. 6B shows, from t=0 to t=2 seconds, the value
of T, progressively increases as a straight 1line
with a selected slope. At t=3 seconds, T, begins
to be expressed in term of a nonlinear function, and
the slope flattens out as T, approaches a first
preselected value for thermal mapping. The slope
remains flat until t=10, when the value of T, again

progressively increases as a straight line with a

selected slope. At t=13 seconds, T, again begins

to be expressed in term of a nonlinear function, and
the slope flattens out as T, approaches a second
preselected value for tissue ablation. In the
example shown in Fig. 6B, the first value of T, for
thermal mapping is within 45° C to 50° C, whereas the
second value for T, for tissue ablation is within
50° C to °90 ¢, and preferable about 70 C.

Moreover, T., can be defined as a true function of
time.
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In elither implementation Fig. 6A or 6B, the
DPP 76 receives as input changing values of T.. over
time, which define the prescribed set temperature
curve. The system calculates E,, based upon these
changing values to derive Py, in the same manner
that the system derives P, ... based upon a constant

(c) Adaptive Control System
Fig. 7 shows an alternative implantation of
the DPP 76, which derives Py, using adaptive
control principles. In this implementation, the DPP
76 receives as input T, and H.. 1n the manner

previously described. The values of T,. can be fixed

I
or can vary with time, as also previously described.

In the implementation shown in Fig. 7, the
DPP 76 further includes a pair of adaptive filters
78 and 80. Each filter 78 and 80 generates an
output based upon an input, expressed in terms of an

assumed relationship between then. In the

- illustrated implementation, the output comprises an

estimate, based upon the assumed relationship, of an
external condition that "can be independently
measured by the DPP 76. The DPP 76 compares the
estimated output to the actually measured external
condition and adjusts the coefficients of the
assumed relationship to minimize the error between
the two.

In the implementation of the DPP 76 shown
in Fig. 7, the filter 78 receives as input the
instantaneous power P, applied by the RF source 48
to the ablating electrode 16. The filter 78
generates as output an estimate of the temperature
condition T, .., that the sensing element 30 should
sense, given P.,, and the assumed relationship
between P, and the temperature T,, at the ablation
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site. The filter 78 therefore approximates the heat

transfer function of the tissue contacting the
ablating electrode 16.

The DPP 76 includes a summing junction 82,

5 which derives a temperature error signal T, by

subtracting the estimated temperature T, from the

temperature T actually sensed by the sensing

(t)
elenent 30. The DPP 76 feeds back the error signal
T, to the filter 78. The filter 78 adjusts the

10 coefficients of the assumed relationship between Py
and T, to minimize the magnitude of the error T,.

In a preferred implementation, the filter

78 uses a finite linear seguence to express the

gy and T.,. The

15 sequence estimates a future temperature T based

EST(t+1)
upon present instantaneous power P, and the past

assumed relationship between P

power P . _ .., where n represents the number of past
power conditions taken into account. The quantity
n can vary according to the accuracy desired.
20 In an illustrative implementation, the
filter 78 takes into account the present power Py
(t-1) ). In
this implementation, the finite linear sequence is

and the preceding power P (i.e., n

expressed as follows:

Tospte1, =8P

+
(t) bP{t"l }

25 where a and b represent the assumed
transfer coefficients.

The assumed transfer coefficients comprise
initially selected values which are then adjusted to
minimize the error signal T, . This édaptive

30 adjustment can be accomplished using various known
technigques. For example, the coefficients can be
adjusted based upon the Least Mean Sgquare (LMS)
method, which tends to minimize the square of the
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error.TE.

The LMS method updates the coefficients a
and b, as follows:

Teey = Ty = Testeny
Aipiy = ey F BP T
b(t+1) = b(t) + '”P(t-nTE(tJ

where u is the step-size of the algorithm.
A larger u provides a faster convergence
rate but a larger ripple about the optimal
coefficients. A smaller u reduces both the
convergence rate and the ripple about the optimal

solution. The optimal value of u depends on the

characteristics of the system to be modeled. 1In the
case of the illustrated electrode-blood-tissue
system, g lies in the interval between 0.01 and 0.5.
The filter 80 1s the inverse of the filter
78. The filter 80 receives as input a temperature
error signal AT generated by the summing Jjunction
84. The summing junction 84 subtracts T
T to generate the error signal AT.

PREDICT(t) T LOM

The filter 80 generates as output AP, which
represents an approximation of how much the power
P., should be altered in view of AT, based upon the
inverse of the assumed relationship between power

, that the filter 78 uses. In
the context of the assumed relationship given for

the filter 78, the relationship used by the filter
80 can be approximated using a second order Taylor

P,,and temperature T,

geries, as follows:

1 b 2b?
AP[t}—EAT{t)-?AT{t"l)*‘ a3 AT{I’.-2]

The filter 80 adjusts its coefficients in
relation to the adjustments made by the filter 78 to

PCT/US95/07960
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the coefficients a and b, based upon the error
signal T, of the summing junction 82, to minimize the
magnitude of this error .signal T..

The output AP of the filter 80 1is fed
through another summing Jjunction 86, which is

initialized at the outset of the ablation procedure

at the beginning power level P,. The summing
junction 86 continuously adjusts the beginning power
value with the AP output of the inverse filter 80.
The output of the summing Jjunction 86 therefore
comprises Pp,.o-

The DPP 76 shown in Fig. 7 sends the output

Poewap O the second processing stage 58 to modify
Peye
(d) Neural Network Prediction
Control
Because of the particular heat exchange
conditions between the tissue and the metallic
ablation electrode 16 contacting it, the
temperatures measured by the sensing element 30 may
not correspond exactly with the actual maximum
tissue temperature. This is because the region of
hottest temperature occurs beneath the surface of
the tissue at a depth of about 0.5 to 1.0 mm from
where the energy emitting electrode 16 (and the
sensing element 30) contacts the tissue. If the
power 1s applied to heat the tissue too quickly, the
actual maximum tissue temperature in this region may
exceed 100° C and lead to tissue desiccation.

Fig. 11A shows an alternative embodiment of
the DPP 76 which derives P, UsSlng neural network
control principles. In this implementation, the PTP
70 receives as input a predicted temperature of the
hottest tissue region Tuaxprepcty LYOM @ neural network

predictor 200. The DPP 76 derives P

DEMANDCt+1) based upon

PCT/USISO7960
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the difference between this Tuaxprepicrery @nd Tge,. The
values of T.. can be fixed, or they can vary with
time, as previously described.

In this implementation, the predictor 200
comprises a two-layer neural network, although more
hidden layers could be used. The predictor 200
receives as inputs a set of k past samples of
temperatures sensed by the element 30 (Tyer-gery) - FOr
example, to cover the past two seconds at a sampling
period of 0.02 second, k = 100.

The predictor 200 includes a first and
second hidden layers and four neurons, designated
Ny xyr Wwhere L ldentifies the layer 1 or 2 and X
identifies a neuron on that layer. The first layer
(L=1) has three neurons (X = 1 to 3), as follows
Nc1.1); 1*31,;»;? and cqr,.'») . The second layer (L=2)
comprising one output neuron (X=1), designated N2 1y

The weighted past samples of the sensing
element 30 T, .4, (1 = 1 to K) are fed as inputs to
each neuron N, ,,; N7 and N, 5, of the first layer.
Fig. 11 represents the weighted input samples as
WL(k,H)' where IL=1; k is the sample order; and N is the
input neuron number 1, 2, or 3 of the first layer.

The output neuron ch,n of the second layer
receives as inputs the weighted outputs of the
neurons N ,; Ny, ; and N, . Fig. 11 represents
the weighted outputs as WL(o,xw where L=2; 0 is the
output neuron 1, 2, or 3 of the first layer; and X
is the input neurcon number 1 of the second layer.
Based upon these weighted inputs, the output neuron

Nep,1y Predicts Ty, ppence -

The predictor 200 must be trained on a
known set of data that have been previously acquired
experimentally. For example, using a back-

propagation model, the predictor 200 can be trained

PCT/US95/07960
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to predict the known hottest temperature of the data

set with the least error. Once the training phase

is completed, the predictor 200 can be used to
predict Ty.erepce)

5 As Fig. 1l1B shows, the first processing
stage 56 can use a single neural network 201 to
derive Pp,.0q,+ In this implementation, the network
201 receive as input, in addition to k past samples
of temperatures from the sensor 30, the value of

10 Ty, and the current power Pt) . The network 201

derives Poemanncry @8 output, which reflects the power
level reguired to keep the hottest predicted
temperature at or about Tger- As before stated, a
set of data containing a solution based upon all the
15 desired inputs is necessary to train the neural
network of the predictor 201 to manipulate the input
and obtain the desired output with the least amount
of error.
(e) Fuzzy Logic Control
20 Fig. 12 shows an alternative embodiment of
the first processing stage 56 which derives |
using fuzzy logic control principles. In this
implementation, +the first processing stage 56
includes a fuzzifier 202, which receives as inputs
25 the temperature signals Tycty from the sensor 30. The
fuzzifier 202 also receives Teex @as input, either as
a constant value or a value that changes over time.
The fuzzifier 202 converts the Tyty 1nput data to
fuzzy inputs based upon reference to Teer On 2
30 relative basis. For example, the fuzzy inputs can
determine the degree (or membership function) to
which a given Tuwty 18, compared to & » "cool" or
"warm" or "warmer"™ or "hot".
These fuzzy inputs are passed through an
35 I/0 mapper 204 which converts them to fuzzy outputs
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by translating the inputs into descriptive labels of .

power. This is accomplished, for example, by using
linguistic "if... then" rules, like "if the fuzzy
input is ... then the fuzzy output is ...."
Alternatively, more complex mapping matricial
operators can be used.

For example, 1if T

MCE) is "cool," the I/O

mapper 204 outputs the descriptive label YLargest

Positive," to indicate that a 1large relative
increase in power is required. By the same token, if
Tyery 15 "hot," the I/0 mapper 204 outputs the
descriptive label "Largest Negative," to indicate
that large relative decrease in power 1is reguired.
The intermediate fuzzy inpuiﬁs "warm and "warmer"
produce intermediate descriptive labels as fuzzy
outputs, such as "Smallest Positive" and "Smallest
Negative."

These fuzzy outputs are passed through a
defuzzifier 206. The defuzzifier 206 also receives
actual power P,, as an 1input, since the fuzzy
outputs refer to variations in P,,. Based upon P,
and the wvariations required based upon the fuzzy
outputs, the defuzzifier 206 derives Pyt -

To finely trim the reference sets and the
rules of the I/0 mapper 204, it may be required that

the fuzzy logic controller be trained on a known set
of data before use.

B. The Second Processing 8tage
In the illustrated and preferred

— N e

embodiment, the second processing stage 58 (see Fig.

5) includes a converter 112. The converter 112.

derives a command voltage signal V..., Pased upon
a power input signal to adjust the amplitude of the
voltage V., supplied to the source 48 to thereby
adjust P,,. Alternatively, the converter 112 could
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derive a command current signal Lpemanncry Pased upon a
power input signal to adjust the amplitude of the
current supplied to the source 48, achieving the
same results.

(i) The Power Down Stage

In one implementation, the power input to
the converter 112 could comprise Py,..., as derived
by the DPP 76. In the 1illustrated and preferred
embodiment, the second processing stage 58 includes
a demand power down stage 94 between the DPP 76 and
the converter 112. The power down stage 54 receives
Porvaocty 25 input and generates a modified demand
power signal MPpewanncryr t@king into account one or
more other operating conditions then existing. The
converter 112 receives MPycuanncey @S 1ts input.

More particularly, the power down stage 94
monitors certain operating conditions of the
electrode. The power down stage 94 compare the
monitored conditions with preselected criteria for
the second operating condition and generate an error
signal when the second operating condition fails to
meet tThe preselected criteria. In response to the
error signal, the power down stage 94 modifies
Poeuanncty 10 @ non-linear fashion to set MB evanpcty; @t 2
prescribed low demand power output value Poe+ In
the absence of the error signal, the power down
stage 94 retains the value of Poemupcry @S the value of
MPpemannct) *

The value of P, 1s selected to be above
zero, but preferably below the power level at which
tissue ablation occurs. In the illustrated and
preferred embodiment, P, is about 1 watt.

The power down stage 94 sets the value of
MPpwpcy 1N @ nonlinear fashion back to the value of

Poenano(ry @8 soon as the operating conditions giving
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rise to the power downh mode cease.

In the illustrated and preferred
embodiment, the power down stage 94 responds to
prescribed power or temperature conditions. Fig. 8
schematically shows a preferred implementation of
the power down stage 54.

The power down stage 94 includes
microswitches 108 and 110. Microswitch 108 receives
as input Py, from the DPP 76 (see Fig. 5, also).
The microswitch 110 receives as input the value of
P .- An cutput line 114 connects the converter 112
in parallel to the outputs of the switches 108 and
110.

The power down stage also includes three
comparators 114, 116, and 118. Each comparator 114,
116, and 118 independently controls the

microswitches 108 and 110, taking into account

different operating conditions.

In the illustrated and preferred embodiment
(see Fig. 8), the outputs of the comparators 114,
116, and 118 are connected to OR gate 1l22. An
output switch line S leads to the microswitch 108,
while a negate switch line §,.. leads to microswitch
110. In the absence of any error signal from any
comparator 114, 116, and 118 (when all operating
conditions meet prescribed criteria), S = 1 (closing
switch 108) and S,.. = 0 (opening switch 110). In
the presence of an errorgsignal from any comparator
114, 116, and 118 (when at least one operating
condition fails to meet prescribed criteria), S = 0
(opening switch 108) and S,.. = 1 (closing switch
110) .

(a) Based Upon Maximum
Power Conditions
The output of the comparator 114 takes into

PCT/US95/07960
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account prescribed maximum :wer conditions. The
comparator 114 receives current instantaneously
power P ., as its (+) input and a prescribed maximum
power value P,  as its inverse or (-} input.
5 In this implementation, the comparator 114
compares P, to the prescribed maximum power value
¢ty < Puaxe
In this condition, the comparator 114 sets

P,..,. An error free condition exists when P

microswitch 108 closed and microswitch 110 open. 1In
10 this condition, the microswitch 108 passes through
the value of Poevanpcry @5 the output MPyevanpcey *
An error condition exists when Py 2 By
In this condition, the comparator 114 sets the
microswitch 108 open and microswitch 110 closed. 1In
15 this condition, the microswitch 108 blocks passage
of the value of Poemanocryr @Nd P, becomes the output
MPocwanncry- In effect, when By 2 ux + the stage 954
reduces Poewamncty €O Py, i an instantaneous, nonlinear
fashion.
20 The value of P,,, can vary according to the
particular requirements of the ablation procedure.
The generator 12 can include, as part of its overall
interface 13, an interface 96 for the physician to
select and adjust P,,, (see Fig. 1 also). For cardiac
25 ablation, it is believed that P,y 8hould lie in the
range of about 50 watts to about 200 watts, with Prax
increasing as the surface area of the ablating
electrode increases.
As Fig. 9 shows, the value of P, can also
30 be set, not upon direct power input settings by the
physician, but rather upon the physical and/or
functional characteristics of the ablating electrode
being used, or both.
The physical and/or functional
35 characteristics of the ablating electrode can
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include surface area, electrode configuration,
electrode orientation, and electrode field
dispersion properties. For example, an electrode
with a smaller surface area can usually be expected
to be operated at lower power settings.

The relationships among electrode type and
P,,, can be determined by empirical testing. The
test results canh be transcribed in a look-up power
criteria table 102 resident in ROM of the generator
12 (as Fig. 9 . shows).

In the preferred embodiment, the power down
stage 94A includes a register 98 for automatically
setting P, based upon the power criteria transcribed
in the look-up table 102.

The register 98 includes an input 100
(which is part of the overall interface 13 of the
generator, as Fig. 1 also shows) for the physician
to enter the electrode type being used. The register

98 then automatically sets P in the second

MAX
processing stage 58 based upon the power criteria

table 102.

Alternatively (as Fig. 9 also shows), the
catheter 14 can itself carry means for automatically
preducing an identification signal representing the
electrode type when the catheter 14 is connected to
the generator 12. The signal uniquely identifies the
particular physical and/or performance
characteristics of the connected electrode 16.

In this arrangement, a data acguisition
element 106 queries and reads the identification
signal of the catheter 14 to identify the electrode
type. The element 106 then refers to the look-up
table 102 to automatically set P,,, via the register
98,

The means for automatically generating the

PCT/US95/07960
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electrode-type identification signal can vary. Fig.
10 shows a preferred arrangement.
In the illustrated embodiment, the catheter
handle 20 carries a resistor R having a prescribed
5 ohm value. The ohm value of R represents the sum of
calibration resistance wvalue R., (as previously
described) and a selected add-on resistance value R,.
The calibration resistance R,, 1is a fixed value,
depending upon the thermistor 34 the catheter 14
10 carries. The magnitude of the add-on value R, varies
in predetermined increments depending upon the
electrode type.

For examplie, a Type 1 Electrode is assigned
an add-on value R, of 5000 ohms; a Type 2 Electrode
15 is assigned an add-on value R, of 10,000 ohms; a Type
3 Electrode is assigned an add-on value R, of 15,000
ohms, and so on. |
Assuming a fixed calibration resistance R.
for the thermistor 34 used of 4000 ohms, the handle
20 20 for a Type 1 Electrode will carry a resistor R of
9000 ohms (4000 ohms calibration resistance R. plus
5000 ohms add-on resistance R,); the handle 20 for a
Type 2 Electrode will carry a resistor R of 14,000
ohms (4000 ohms calibration resistance R. plus 10,000
25 ohms add-on resistance R;); and the handle 20 for a
Type 3 Electrode will carry a resistor R of 19,000
ochms (4000 ohms calibration resistance R. plus 15,000
chms add-on resistance R ).
A look-up table 104 in the data acquisition
30 element 106 (shown in Fig. 9) stores the fixed value
R.,, ©of the calibration resistance, the range of add-
on resistances R, corresponding to the identified
electrode types, and their sum (which is the value
of the resistor R that the system actually sénses).'
35 When connected to the generator 12 the



WO 96/60328

10

15

20

25

30

35

219407_1 _

- 34 -

element 106 senses the total ohm value of the re-
sistor R in the handle 20. .The element 106 refers
to the look-up table 104. In the look-up table 104,
a sensed total resistance R of less than 10,000 ohms
identifies a Type 1 Electrode; a sensed total
resistance R of 10,000 ohms to 15,000 ohms iden-
tifies a Type 2 Electrode; and a sensed total
resistance R of over 15,000 ohms up to 20,000 ohms
identifies a Type 3 Electrode.

The element 106 then refers to the power
criteria look-up table 102 . to obtain the cor-
responding power <condition. The register 98
automatically sets P,,, in the power down stage 94A.

Referring still to the look-up table'104,
the data acquisition element 106 subtracts the known
add-on value for the identified Electrode Type. In
this way, the generator 12 also derives the value of
the calibration resistance R, for the thermistor
34. As already described (and as Fig. 5 shows), the
first processing stage 56 processes the calibration
resistance and the resistance sensed by the thermis-
tor to derive the temperature T,,,, as previously
described.

In an alternative embodiment (not shown),
instead of the resistor R, the handle can carry a
solid state micro-chip, ROM, EEROM, EPROM, or non-
volatile RAM.

The micro-chip can be pre-programmed with
digital values representing the calibration resis-
tance for the thermistor 34 (or the calibration
resistances for the multiple thermistors) and the
appropriate value representing the Electrode Type.
In this arrangement, the micro-chip outputs these
values to the register 98, when querilied by the data
acquisition element 106.

L I PCT/US95/07960
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(b) Based Upon Maximum
Absolute Temperature
Conditions

The output of the comparator 116 responds
5 to prescribed maximum absolute temperature
conditions. The comparator 116 receives at its (+)
erEp(ty LrOm the PTP 70.
The comparator 116 receives as its inverse or (=)

input the temperature value T

input a prescribed maximum temperature value Toax *
10 In this implementation, the comparator 116
compares Tp..., to the prescribed maximum temperature
value T, . An error-free condition exists when
Topencty < Tyaxs In this condition, the comparator 116
sets microswitch 108 closed and microswitch 110

15 open. In this condition, the microswitch 108 passes
through the value of Poemanncry @S the output MPycmanocty *
An error condition exists when Topepcey 2 Trax

In this condition, the comparator 116 sets the
microswitch 108 open and microswitch 110 closed. In
20 this condition, the microswitch 108 blocks passage
of the value of PDEHAND(t)' and P ., becomes the output
MPpevan¢tys 1IN effect, when T 2 T the stage 94

PRED(t) MAX 7
reduces Poemanncry TO Py 1N an instantaneous, nonlinear

fashion.
25 The value of T, , can be prescribed in
various ways. It can, for example, be a selected
absolute value that the physician inputs. For
cardiac ablation, the value of T, is believed to
lie in the range of 80° C and 95° C, with a preferred
30 representative value of about 90° C.

{c) Based Upon Incremental

Temperature Conditions
The output of the comparator 118 responds
to prescribed incremental temperature condition T

INCR
35 based upon T.,., as follows:
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Tiner = Tger + INCR
where INCR is a preselected increment.
The value of INCR can vary, just as T, can
vary, according to the judgment of the physician and

empirical data. A representative value of INCR for.

cardiac ablation is believed to lie in the range of
2° C to 8° C, with a preferred representative value
of about 5° C.

The comparator 116, like the comparator
114, receives at its (+) input the temperature value
T

ags its inverse or (-) input the prescribed

oaencty Lrom the PTP 70. The comparator 116 receives

incremental temperature value T, ..

In this implementation, the comparator 116

compares T, ., to the prescribed incremental

temperature value T, ... An error-free condition

exists when T < T,,p+ In this condition, the

PRED(t
comparator 116 ;;ts microswitch 108 closed and
microswitch 110 open. In this condition, the
microswitch 108 passes through the value of Py,.ner
as the output MPpevanncey *

An error condition exists when T .., 2 T -
In this condition, the comparator 116 sets the
microswitch 108 open and microswitch 110 closed. In
this condition, the microswitch 108 blocks passage
of the value of Ppnceyr 8NAd P, becomes the output
MPpewmpceys I effect, when T 2 T,.ns the stage 94

PRED(t) <
reduces Pyuincy O Py in an instantaneous, nonlinear

fashion.
(d) Generating Demand Voltage

If any comparator 114, 116, or 118 opens

switch 108 and closes switch 110 (i.e., when at

least one error «condition exists), P, 18

DEMAND(£) ° Under this

condition, the converter 112 receives P

instantaneously set as MP

R .. _ . PCTUS9S/07960
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MP,canpceys II none of the comparators 114, 116, or
118 opens switch 108 and closes switch 110, the
converter 112 receives Poewanocey 28 MPyeuanoct) ©

The manner in which the converter 112 of
5 the second processing stage 58 génerates vDEMAND(t) to
adjust P, can vary. For example, the converter 112
can employ proportional <control principles,
proportional integral derivative (PID) control
principles, neural network, fuzzy 1logic, and

10 adaptive control principles.

In one implementation, the converter 112

employs known PID principles to derive Voeganp s IN
this implementation, the converter 112 compares
MPcuancty O the generated power signal P.,» which it
15 receives from the multiplier .. 60, In this

implementation, the converter 112 also takes into
account the changes of the generated power signal

P.,, over time. Based upon these considerations, the
converter 112 of the second processing stage 58

20 derives the demand voltage signal Vo enan *
Alternatively, the converter 112 can use
proportional control principles to directly convert

MPevanpcty TO the demand voltage V

peMaND(tyr a8 follows:

25
Vimann e ; “VME ppanpie1 2 (¢
where Z.,, is the sensed impedance of
the system and Voemanpcry 18 the RMS value of the output
voltage.
(e) Monitoring Impedance
30 For this and other purposes, the generator

12 preferably includes an impedance microprocessor
88. The impedance microprocessor 88 receives the
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(t) and the

from the sensing

instantaneous current signal 1
instantaneous voltage signal V.,
transformers 62 and 64, already described. The
nicroprocessor 88 derives impedance 2., (in ohms) as

folliows:

{t)

Preferably, the generator 12 includes a
display 90 as part of its overall interface 13 to

show the measured impedance Z (see Fig. 1 also).

(t)
The microprocessor 88 also preferably

maintains a record of sampled impedances 32 over

t
time. From this, the microprocessor calcula;;s the
changes in impedance during a selected interval and
generates appropriate contreocl signals based upon
predetermined criteria. Even when the power down
stage 94 sets Pyney 285 Ry to stop tissue
ablation, the microprocessor still serves to
continuously compute vy for the purposes set forth
below.

For example, 1if measured impedance falls
outside a predetermined set range, the
microprocessor 88 generates a command signal to shut
off power to the ablation electrode 16. The set
range for impedance for a cardiac ablation procedure
is believed to be about 50 to 300 ohns.

When impedance begins in the set range and,
over time, increases beyond 1it, the most 1likely
cause 1is coagulum formation on the ablation
electrode 16. A sudden rise in impedance over the
set range suggests the sudden onset of coagulum
formation or a sudden shift in the position of the
ablation electrode 16. Rapid fluctuations o©of the

impedance also could suggest poor contact between
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the ablation electrode 16 and the targeted tissue.
All require prompt response; for example, withdrawal
and cleaning of the ablation electrode 16, or
repositioning of the ablation electrode 16.

5 The generator 12 preferably includes visual
and auditory alarms 92 as part of its overall
interface 13 (see Fig. 1 also), to transmit a
warning to the user when these impedance-related
conditions occur.

10 A very high impedance value could suggest
poor skin contact with the indifferent electrode 18,
or an electrical problem in the generator 12.
Again, this calls for prompt corrective action.

(f) Error Shutdown Mode

15 | The power down stage 94 rapidly reduces but
does not shut down power, based upon prescribed
instantaneous high power or high temperature
conditions. In the 1illustrated and preferred
embodiment, the second processing stage 58 also

20 includes an error shutdown stage 128. The error
shutdown stage 128 responds to the persistence, over
a set time period, of a prescribed over-temperature
condition or conditions indicative of an actual or
developing system failure. The error shutdown phase

25 126 turns off all power to the electrode 16. The
error shutdown phase 128 can work separately from or
in tandem with the power down mode.

For example, as long as Torep¢ry ©XCeeds T
by an amount less than INCR, the power down stage

30 94C will not be triggered to set P+ Still, if
this over-temperature situation persists for more
than a prescribed period of time (for example, 2 to
> seconds), the second processing stage 58 can be
conditioned to assume an actual or developing system

35 failure, and institute a power shutdown.
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By way of another example, 1f To..py 2 Tyax
or T,.: the power down stage 94B or C will be
triggered to set P,,. If this over-temperature
situation persists during the power down conditions
for a prescribed period of time (for example, 2 to
5 seconds), the second processing stage 58 can be
conditioned to assume an actual or developing system
failure, and institute a power shutdown.

The generator 12 as described provides
control over the ablation procedure. The monitoring
and control of power assure the effective
distribution of radio frequency energy to the
ablation electrode 16, while setting safe
physioclogical limits.

The generator 12 _can also 1include an
alternative control mode based upon power. In this
mode, the generator 12 seeks to maintain a set power
condition, independent of measured temperature
conditions. The generator 12 would switch to the
power control mode, for example, when the electrode
16 in use does not carry a temperature sensing
element 30, or upon selection by the physician, even
when the electrode 16 has a temperature sensing
element 30.

The illustrated and preferred.embodiments
envision the use of micro-processor controlled
components using digital processing to analyze
information and generate feedback signals. It
should be appreciated that other 1logic control
circuits  using micro-switches, AND/OR (gates,
invertors, and the like are equivalent to the micro-
processor controlled components and techniques shown
in the preferred embodiments.

various features of the invention are set
forth in the claims that follow.
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CLAIMS: |
1. An apparatus for supplying energy to an electrode for ablating tissue
comprising '

a first processing stage to monitor a selected operating condition of the
electrode, derive from the monitored operating condition a predicted operating value
for a future time (Vp), compare the derived predicted operating value for a future time
Vp to a preselected set operating value (Vs) for the operating condition, and establish
an error signal (A), where:

A =Vs-Vp, and

a second processung stage to issue a command signal Scommanp to
adjust power to the electrode above a zero value, thereby maintaining power without
interruption, where:

Scommano = ()
and where f is a nonlinear function.

2. An apparatus for supplying energy to an electrode for ablating tissue

comprising

a first processing stage to monitor a selected operating condition of the
electrode, derive from the monitored operating condition a predicted operating value
for a future time (Vp), compare the derived predicted operating value for a future time
Vb to a preselected set operating value (Vs) for the operating condition, and establish
an error signal (A), where:

A=VsVp, and

a second processing stage to issue a command signal Scommanp to
adjust power to the electrode above a zero value, thereby maintaining power without
interruption, where:

Scommanp = (A1, 4 As, ..., Ap)

where f is a N-variable nonlinear function that describes the first
processing stage and A4, Az, A3z, ... ,AN are the values of the error signal A at N
different moments of time.

3. An apparatus according to claim 1 or 2
wherein Vs remains essentially constant over time.

4. An apparatus according to claim 1 or 2
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wherein Vs changes at least once as a function of time.
5. An apparatus for supplying energy to an electrode for ablating tissue
comprising

a power source adapted to be electrically coupled to the electrode to

supply energy to the electrode for ablating tissue, and |
a controller coupled to the power source to supply power to the power
source, the controller comprising
" a first processing stage to monitor a selected operating
condition, derive from the monitored operating condition an operating value (Vp),
compare the derived operating value Vp to a preselected set value (Vs) for the
operating condition, and establish an error signal (A), where:
A = Vs-Vp, and
a second processing stage to incrementally adjust the power
supplied to the electrode according to the following expression:
AP = f(Sscaie x 4)
where:
AP is the incremental power adjustmen"t;
f is a mathematical function; and
SscaLe is a nonlinear scaling factor that equals a first value (X)
when A > Z and equals a second value (Y), different than X, when A < Z, where Z is
a desired A.

6. An apparatus according to claim 5

wherein Y > X.

7. An apparatus according to claim 5 or 6

wherein Z = 0.

8. An apparatus according to claim 5, further comprising:
a sensing element for measuring temperature at the electrode.

9. An apparatus according to claim 8

wherein the first processing stage monitors changes in temperature
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“measured by the sensing element over time to derive Vp.

10. An apparatus according to claim 9
wherein Vp comprises a temperature prediction for a future time

derived from one or more temperatures measured by the sensing element.

11. An apparatus according to claim 5
wherein Vg remains essentially constant over time.

12. An apparatus according to claim 5
wherein Vg changes at least once as a function of time.

13. An apparatus for supplying energy to an electrode for ablating tissue
comprising
a. power source adapted to be electrically coupled to the electrode to
supply energy to the electrode for ablating tissue, and
a controller coupled to the power source to supply power to the power
source, the controlier comprising '

a first processing stage to monitor operating conditions and
derive a power control signal Sperivep based upon a first monitored operating
condition, and

a second processing stage to compare a second monitored
operating condition with preselected criteria for the second operating condition,
generate an error signal (E) when the second operating condition fails to meet the
preselected criteria, and issue a command signal Scommanp t0 set power supplied to
the power source,

wherein, absent the error signal E, Scommano Sets the
power according to Sperivep, and

wherein, when the error signal E is generated, Scommanp
sets the power at a prescribed low power condition (PLow), regardless of Scomman,

PLow being a value above zero.

14. An apparatus for supplying energy to an electrode for ablating tissue
comprising
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a power source adapted to be electrically coupled to the electrode to
supply energy to the electrode for ablating tissue, and '
a controller coupled to the power source to supply power to the power
source, the controller comprising
a first processing stage to monitor operating conditions and
derive a power control signal Sperivep based upon a first monitored operating
condition, and
a second processing stage to compare a second monitored
operating condition with preselected criteria for the second operating condition,
generate an error signal (E) when the second operating condition fails to meet the
preselected criteria, derive impedance and issue a command signal Scommanp to set
power supplied to the power source,
wherein, absent the error signal E, Scommano sets the
power according to Sperivep, and .
wherein, when the error signal E is generated, Scommanp
sets the power at a prescribed low power condition (PLow), regardless of Scommano,
PLow being a value above zero to permit derivation of impedance by the second

processing stage.

15. An apparatus according to claim 13 or 14
wherein the second monitored operating condition includes a
measurement of the power delivered to the power source, and
wherein the preselected criteria includes an established maximum
power value.

16.  An apparatus according to claim 13 or 14
wherein the second monitored operating condition includes a
measurement of temperature at the electrode, and
wherein the preselected criteria includes an established maximum
temperature value.

17.  An apparatus according to claim 13 or 14
wherein the second monitored operating condition includes a

measurement of temperature at the electrode, and
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wherein the preselected criteria includes an established set
temperature value adjusted by an established incremental value.
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