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increase the tip temperature, and vice versa.

(57) Abstract: A cryoablation device having a temperature
control system includes an elongated catheter tube that has
a central lumen and is formed with a closed distal tip. The
distal end of a refrigerant supply line is positioned in the cen-
tral lumen and distanced from the catheter tube’s distal tip
to establish an expansion chamber therebetween. A return
line, which can be established between the supply line and
the catheter tube, is provided to exhaust expanded refrigerant
from the chamber. The temperature control system includes
a valve that is positioned at a predetermined location along
the return line. The valve is adjustable to vary a pressure
within the return line to control the operational temperature
at the distal tip of the catheter tube. Specifically, the valve
can be used to reduce the pressure in the return line to thereby
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SYSTEM AND MEFHOD FOR VARYING RETURN PRESSURE TO
CONTROL TiP TEMPERATURE OF A CRYOABLATION CATHETER

FIELD OF THE INVENTION

The present invention pertains generally to systems and methods for
cryoablating internal tissue. More particularly, the present invention pertains
to devices and methods for controlling the tip temperature of a cryoablation
catheter during a cryoablation procedure. The present invention is
particularly, but not exclusively, useful for obfaining a pre-selected
cryoablation catheter tip temperature by controlling the “back pressure” in a
return line leading from a refrigerant expansion chamber.

BACKGROUND OF THE INVENTION

As the word itself implies, "cryoablation” involves the ablation of tissue
(i.e. tissue necrosis or destruction) using extremely low (i.e. cryogenic)
temperatures. Typically, cryoablation requires lowering the temperature of the
tissue to below approximately minus twenty degrees Centigrade (-20°C).
However, more efficient ablation procedures often call for temperatures as low
as minus eighty eight degrees Centigrade (-88°C) or lower.

In some cases, cell survivability depends not only on the cryoablation
temperature, but also the rate at which the cells are coaoled to the cryoablation
temperafure and the rate at which the cooled cells are subsequently warmed.
Thus, it is often desirable to control both the cooling and warming rates in a
cryoablation procedure. This control, in turn, requires that the temperature of
an operative contact surface in the cryoablation device be controlled over a
selected temperature range. Another instance in which it is desirable to
control the temperature of a cryoablation tip or contact surface occurs when it
is necessary to cryoablate tissue to a specific thickness (i.e. at a pre-selected
depth from the contact surface). In such a case, it is important to control both
the tip temperature and contact time to control the ablation depth.
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It is often desirable to cryoablate internal tissue in a relatively non-
invasive procedure. For this purpose, cryocatheters have been developed,
such as the cryocatheter and associated refrigeration system that is disclosed
in co-pending U.S. Patent Application No. 10/243,997, entitled “A
Refrigeration Source for a Cryoablation Catheter.” Co-pending U.S.
Application No. 10/243,997 was filed on September 12, 2002, is assigned to
the same assignee as the present invention, and is hereby incorporated by
reference herein. In one exemplary application of a cryocatheter, conduction
blocks can be created in the tissue that are particularly effective for curing
heart arrhythmias, such as atrial fibrillation.

In a typical cryocatheter procedure, the distal portion (i.e. cryotip) of the
catheter is positioned near or in contact with the tissue requiring ablation (i.e.
the target tissue). Next, the cryotip is cooled to a cryogenic temperature to
thereby cool and ablate the target tissue. Typically, this is accomplished by
expanding a fluid refrigerant into an expansion chamber near the catheter tip
and exhausting the expanded refrigerant from the chamber through a return
line. For this expansion, the pressure of the refrigerant as it enters the
chamber, as well as the pressure in the return line (back pressure), will affect
the temperature of the cryotip and the instantaneous cooling power of the
cryocatheter. In addition, for a cryoablation system in which the refrigerant
undergoes a phase change during expansion (i.e. transitions from a liquid to a
gaseous state), the back pressure effects the actual refrigerant boiling
temperature. This boiling temperature, in turn, controls the temperature of the
cryoablation catheter tip.

In light of the above, it is an object of the present invention to provide
systems and methods for controlling the tip temperature of a cryoablation
catheter. It is another object of the present invention to provide a temperature
control system for a cryoablation device that can either stabilize the
cryoablation tip at a constant tip temperature or vary the temperature of the
cryoablation tip in accordance with a predetermined schedule. Yet another
object of the present invention is to provide a temperature control system fora
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cryoablation device which is easy to use, relatively simple to implement, and
comparatively cost effective.

SUMMARY OF THE INVENTION

The present invention is directed to a cryoablation device having a
temperature control system. For the present invention, the device includes an
elongated catheter tube that has a central lumen and is formed with a closed
distal tip. The device further includes a refrigerant supply unit that is
connected to the proximal end of a supply line. The other end of the supply
line (i.e. the distal end) is positioned in the central lumen of the catheter tube
and distanced from the distal tip. With this cooperation of structure, an
expansion chamber is established in the central lumen between the distal end
of the supply tube and the closed distal tip of the catheter tube.

In a typical embodiment, the supply line includes a supply tube and a
capillary tube, with the capillary tube attached to the distal end of the supply
tube. With this combination, the refrigerant supply unit can be activated to
introduce a regulated flow of refrigerant into the supply tube for subsequent
flow through the capillary tube. From the capillary tube, the refrigerant
expands into the expansion chamber absorbing heat as it expands. For the
present invention, the device also includes a return line to exhaust expanded
refrigerant from the expansion chamber. In a typical embodiment, the return
line is established between the supply line and catheter tube. For example,
the return line can be established between the inner surface of the catheter
tube and the outer surface of the supply line (e.g. the outer surfaces of the
supply tube and capillary tube).

For the present invention, the temperature control system of the
cryoablation device includes a valve that is positioned at a predetermined
location along the return line. Typically, the valve is positioned along the
return line to remain at an extracorporeal location throughout a cryoablation
procedure. For the temperature control system, the valve is adjustable to
vary a pressure within the return line to control the operational temperature at

3



WO 2006/006989 PCT/US2005/012750

10

15

20

25

the distal tip of the catheter tube. Specifically, as detailed further below, the
valve can be used to vary the pressure in the return line to thereby increase or
decrease the tip temperature.

In one aspect of the present invention, the temperature control system -
includes a control unit and a sensor for measuring a temperature at the distal
tip of the catheter tube. For the system, the control unit is configured to
compare the measured temperature at the distal tip with a pre-selected
temperature and create an error signal. The control unit is connected to the
valve, allowing the control unit to adjust the valve until the error signal is a
nullity. The result is that the pre-selected temperature is obtained at the distal
tip of the catheter tube. With this cooperation of structure, the control unit can
be programmed to maintain a pre-selected temperature or vary the tip
temperature in accordance with a predetermined schedule.

In a particular embodiment of the device, a fluid refrigerant is used that
transitions from a liquid state to a gaseous state as it expands into the
expansion. chamber. Heat absorbed by the refrigerant during this phase
transition (i.e. latent heat) cools the distal tip of the catheter tube and an
operative surface that is placed in contact with tissue to be cryoablated. More
specifically, for the phase change refrigerant, the boiling point (Thoiing) Of the
refrigerant will be a function of the pressure in the expansion chamber where
the refrigerant boils. As a consequence, the valve can be used to vary the
pressure in the expansion chamber, which in turn, varies the temperature at
which the refrigerant boils. For a typical refrigerant, such as nitrous oxide, this
effect is more pronounced at lower pressures. Stated another way, at low
pressures, a relatively small change in pressure results in a relatively large
change in boiling temperature. Thus, in one aspect of the present invention,
the device is operated at relatively low expansion chamber pressures (e.g.
pressures less than 10 atmospheres) to allow the tip temperature to be
controlled using relatively small pressure variations.
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BRIEF DESCRIPTION OF THE DRAWINGS

The novel features of this invention, as well as the invention itself, both
as to its structure and its operation, will be best understood from the
accompanying drawings, taken in conjunction with the accompanying
description, in which similar reference characters refer to similar parts, and in
which:

Fig. 1 is a simplified, perspective view of a device for cryoablating
tissue at an internal treatment site;

Fig. 2 is a cross-sectional view of the distal end of the device shown in
Fig. 1 as seen along 2-2 in Fig. 1; and

Fig. 3 is a graph showing the relationship between pressure and boiling
temperature for an exemplary refrigerant.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring initially to Fig. 1, a cryoablation device 10 for ablating internal
target tissue of a patient 12 is shown. As shown, the cryoablation device 10
includes a catheter 14 having a proximal portion 16 that remains outside the
patient's body during the procedure and a distal portion 18 that can be
inserted into a vasculature. From Fig. 1 it can be seen that the distal portion
18 of the catheter 14 has been inserted into the vasculature of patient 12
through an artery or vein such as the femoral artery, and then advanced
through the patient's vasculature until the distal portion 18 is positioned in the
upper body of the patient 12. Fig. 1 further shows that the cryoablation device
10 includes a fluid refrigerant supply unit 20 that is positioned to remain at an
extracorporeal location throughout the cryoablation procedure.

Referring now to Fig. 2, the distal end of the catheter 14 is shown in
greater detail. As shown, the catheter 14 includes a tip member 22 that is
attached to the distal end of a catheter tube 24. As further shown, the tip
member 22 is formed with an expansion chamber 26. For the cryoablation
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device 10, the tip member 22 is made of a thermally conductive material such
as a metal. A supply line is provided having a supply tube 28 formed with a
lumen having a lumen diameter, D, and a capillary tube 30 formed with a
lumen having a lumen diameter, d, with D > d. The capillary tube 30 is
provided to restrict the flow of refrigerant. Fig. 1 shows that the proximal end
of the supply tube 28 is connected to the refrigerant supply unit 20.

As shown in Fig. 2, the capillary tube 30 is attached to the distal end of
the supply tube 28 and extends therefrom to a distal end 32. Fig. 2 also
shows that both the supply tube 28 and capillary tube 30 are arranged to be
substantially co-axial with the catheter tube 24. In addition, the distal end 32
of the capillary tube 30 is distanced from the tip member 22, and thus, the
expansion chamber 26 is established therebetween. It can also be seen that
a refrigerant return line 34 is established between the outer surface 36 of the
supply tube 28 and the inner surface 38 of the catheter tube 24.

Referring back to Fig. 1, it can be seen that a valve 40 is positioned at
a location along the return line 34. Typically, the valve 40 is positioned along
the return line 34 to remain at an extracorporeal location throughout a
cryoablation procedure. For the cryoablation device 10, the valve 40 is
adjustable to vary the flow through the return line 34, and hence, controls the
pressure within the return line 34. From the valve 40, refrigerant can be piped
to a collection tank (not shown), piped to a hospital line for subsequent
release to the atmosphere (not shown), directly released to the atmosphere,
or the refrigerant can be recycled back to the refrigerant supply unit 20.

With the combination of structure described above and shown in Figs.
1 and 2, the refrigerant supply unit 20 can be activated to introduce a
regulated flow of refrigerant into the supply tube 28 for subsequent flow
through the capillary tube 30. The refrigerant then outflows from the capillary
tube 30 and expands into the expansion chamber 26 absorbing heat as it
expands. From the expansion chamber 26, the refrigerant flows through the
return line 34 and through the valve 40.

Iin one embodiment of the cryoablation device 10, a fluid refrigerant is
used that transitions from a liquid state to a gaseous state as it expands into
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the expansion chamber 26. A suitable refrigerant supply unit 20 for delivering
a refrigerant in a liquid state to the distal end 32 of a capillary tube 30 for
transition to a gaseous state in the expansion chamber 26 is disclosed in co-
pending U.S. Patent Application No. 10/243,997, entitled “A Refrigeration
Source for a Cryoablation Catheter” filed on September 12, 2002, which is
assigned to the same assignee as the present invention. Co-pending U.S.
Application No. 10/243,997 is incorporated by reference herein. Heat
absorbed by the refrigerant during this phase transition (i.e. latent heat) cools
the tip member 22 of the catheter 14.

Referring now to Fig. 3, it can be seen that for the phase change
refrigerant, the boiling point (Twoiing) Of the refrigerant is a function of the
pressure, P, where the refrigerant boils. As a consequence of the relationship
shown in Fig. 3, the valve 40 (see Fig. 1) can be used to vary the pressure in
the expansion chamber 26 (Fig. 2), which in turn, varies the temperature at
which the refrigerant boils. For a typical refrigerant, such as nitrous oxide, this
effect is more pronounced at lower pressures. Specifically, as shown in Fig.
3, at relatively high pressures (e.g. 20-40 atm), a large change in pressure,
AP4 (e.g. AP¢ = 5-10 atm) is required for a relatively small change in boiling

temperature, AT, (e.g. AT1=1-2°C). On the other hand, as also shown in Fig.
3, at relatively low pressures (e.g. >10 atm), a relatively small change in
pressure, AP, (e.g. APz = 2-3 atm) results in a relatively large change in
boiling temperature, AT, (e.g. AT, = 12°-16°C). Thus, it is possible to operate
the c;ryoablation device 10 at relatively low tip pressures (e.g. < 10 atm) to
allow the tip temperature to be controlled using relatively small pressure
variations. The table presented below gives representative (exemplary)
relationships for pressure and temperature over a range of pressures and
temperatures.
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(Example for a saturated liquid ,e.g. N2O)

atm °C
-88
-76
-68
-62

-56.5

| o] N O Ol B W N} =

-41.5
-38.5

—_
(e}

15 -26.5

Referring back to Fig. 1, a more detailed discussion of the temperature
control system for the cryoablation device 10 is now presented. As shown in
Fig. 1, the valve 40 is positioned along the return line 34 and is adjustable to
vary a pressure within the return line 34 to control the operational temperature
at the distal tip of the catheter 14. Specifically, the valve 40 can be used,
alone or in conjunction with a vacuum pump, to reduce the pressure in the
return line 34 to thereby increase the tip temperature (see Fig. 3), and vice
versa. Fig. 1 further shows that the temperature control system includes a
control unit 42 that is connected to the valve 40 via wire 44, and accordingly,
control signals from the control unit 42 can be used to adjust the valve 40.

Cross-referencing Fig. 1 with Fig. 2, it can be seen that a temperature
sensor 46 is positioned in the chamber 26 for measuring a temperature at the
distal tip of the catheter 14. As shown, the sensor 46 is connected via wire(s)
48 to the control unit 42. In one embodiment of the system 10, the control unit
42 can include a processor that is programmed to compare the measured

8
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temperature at the distal tip with a pre-selected temperature and create an
error signal in response. The control unit 42 then sends one or more control
signals to the valve 40 to adjust pressure in the chamber 26 until the error
signal is a nullity. The result is that the pre-selected temperature is obtained
at the distal tip of the catheter 14. For the system 10, the control unit 42 can
be programmed to maintain a pre-selected temperature or vary the tip
temperature in accordance with a predetermined schedule.

While the particular System And Method For Varying Return Pressure
To Control Tip Temperature Of A Cryoablation Catheter as herein shown and
disclosed in detail are fully capable of obtaining the objects and providing the
advantages herein before stated, it is to be understood that they are merely
illustrative of the presently preferred embodiments of the invention and that no
limitations are intended to the details of construction or design herein shown
other than as described in the appended claims.
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What is claimed is:

1. A cryoabiation device having a temperature control system, said
device comprising:

a refrigerant supply unit;

an elongated catheter tube having a central lumen and formed
with a closed distal tip;

a supply line having a proximal end connected to said refrigerant
supply unit and a distal end disposed in the central lumen of said
catheter tube and distanced from the distal tip thereof to establish an
expansion chamber therebetween, said supply line for delivering a
refrigerant from said refrigerant supply unit to the expansion chamber
for expansion therein;

a return line in fluid communication with the expansion chamber
for exhausting refrigerant from the expansion chamber; and

a valve positioned along the return line, said valve being
adjustable to vary a pressure in the return line to control a temperature
at the distal tip of the catheter tube.

2. A device as recited in claim 1 further comprising a means for
measuring a temperature at the distal tip of the catheter tube.

3. A device as recited in claim 2 wherein said measuring means
comprises a sensor positioned in the expansion chamber.

4, A device as recited in claim 2 further comprising a control unit
for adjusting said valve in response to a measured temperature at the distal
tip to obtain a pre-selected temperature at the distal tip.

10
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5. A device as recited in claim 4 wherein said control unit further
comprises:
a means for comparing the measured temperature with a
reference temperature to create an error signal; and
a means for adjusting said valve to make the error signal a
nullity.

6. A device as recited in claim 5 wherein the reference temperature
is equal to the pre-selected temperature.

7. A device as recited in claim 1 wherein said catheter tube has an
inner surface, said supply line has an outer surface and the return line is
established between the inner surface of said catheter tube and the outer
surface of said supply line.

8. A device as recited in claim 1 wherein said supply line
comprises a supply tube and a capillary tube, said supply tube is formed with
a lumen having a lumen diameter, D, and said capillary tube is formed with a
lumen having a lumen diameter, d, with D > d.

9. A device as recited in claim 1 wherein said supply line and said
catheter tube are arranged co-axially.

11
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10. A system for controlling a temperature at a distal tip of a
cryoablation catheter, said catheter having a supply line for delivering a
refrigerant to an expansion chamber at the distal tip for expansion therein and
a return line for exhausting expanded refrigerant therefrom, said system

5 comprising:
an adjustable valve for varying a pressure at a pre-selected
location in the return line;
a means for measuring a temperature at the distal tip of said
cryoablation catheter; and
10 a control unit for comparing the measured temperature with a
pre-selected temperature to create an error signal and for adjusting
said valve to make the error signal a nullity to obtain the pre-selected
temperature at the distal tip of said cryoablation catheter. |

11. A system as recited in claim 10 wherein said measuring means
15 comprises a sensor positioned in the expansion chamber.

12. A system as recited in claim 10 wherein the pre-selected
location is positioned wherein said valve remains at an extracorporeal location
during a cryoablation procedure.

12
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13. A method for cryoablating tissue at a treatment site in the
vasculature of a patient, said method comprising the steps of:
providing an elongated catheter tube having a central lumen and
formed with a closed distal tip;

5 placing the distal end of a supply line in the central lumen of said
catheter tube at a distance from the distal tip thereof to establish an
expansion chamber therebetween and a return line;

positioning a valve along the return line;
advancing the distal tip of said catheter tube through the
10 patient’s vasculature to the treatment site;
introducing a refrigerant into said supply line for outflow from the
distal end thereof and expansion in the expansion chamber; and
adjusting said valve to vary a pressure in the return line to
control a temperature at the distal tip of said catheter tube.

15 14. A method as recited in claim 13 further comprising the step of
measuring a temperature at the distal tip of said catheter tube.

15. A method as recited in claim 14 wherein said measuring step is
accomplished using a sensor positioned in the expansion chamber.

16. A method as recited in claim 14 further comprising the steps of:
20 comparing the measured temperature with a reference
temperature to create an error signal; and
adjusting said valve to make the error signal a nullity.

17. A method as recited in claim 13 wherein said catheter tube has

an inner surface, said supply line has an outer surface and the return line is

25 established between the inner surface of said catheter tube and the outer
surface of said supply line.

13
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18. A method as recited in claim 13 wherein said supply line
comprises a supply tube and a capillary tube, said supply tube is formed with
a lumen having a lumen diameter, D, and said capillary tube is formed with a
lumen having a lumen diameter, d, with D > d.

5 19. A method as recited in claim 13 wherein said supply line and
said catheter tube are arranged co-axially.

20. A method as recited in claim 13 wherein said valve adjusting
step varies a pressure in the return line to control a temperature at the distal
tip of said catheter tube in accordance with a predetermined schedule.

14
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