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(57) Abstract

A miniature refrigeration system and method of operation. A primary refrigerant is pressurized by a compressor (130) to a relatively
low pressure, for safety reasons. The compressed primary refrigerant is passed through a primary-to—secondary heat exchanger (240), to
precool the gas mixture. The secondary side of the primary-to-secondary heat exchanger (240) is cooled by a secondary refrigeration
system. The primary refrigerant exiting the primary outlet of the primary—to-secondary heat exchanger passes to a primary Joule-Thomson
expansion element (150) where the high pressure gas is expanded to a lower temperature. This low temperature gas cools a heat transfer
element mounted in the outer wall of the catheter of cryoprobe, to cool surrounding tissue. Return gas can flow back through a distal
primary~to—primary heat exchanger (160) to further cool the incoming high pressure gas mixture. A proximal primary-to—primary heat
exchanger (140) can be added between the primary-to-secondary heat exchanger (240) and the primary compressor (130).
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TITLE OF THE INVENTION

Precooling System for Joule-Thomson Probe

BACKGROUND OF THE INVENTION

Field of the Invention - This invention is in the field of cooling biological tissues
to very low temperatures, for treatment of medical conditions, as in cryosurgery.

Background Information - It is desirable to be able to selectively cool miniature
discrete portions of biological tissue to very low temperatures in_the performance of
cryosurgery, without substantially cooling adjacent tissues of the orga'nv.- Cryosurgery has
become an important procedure in medical, dental, and veterinary fields. Particular
success has been experienced in the specialties of gynecology and dermatology. Other
specialties, such as neurosurgery and wurology, could also benefit from the
implementation of cryosurgical techniques, but this has only occurred in a limited way.
Unfortunately, currently known cryosurgical instruments have several limitations which
make their use difficult or impossible in some such fields. Specifically, known systems
are not optimally designed to have sufficient precision and flexibility to allow their
widespread use endoscopically and percutaneously.

In the performance of cryosurgery, it is typical to use a cryosurgical application
system designed to suitably freeze the target tissue, thereby destroying diseased or
degenerated cells in the tissue. The abnormal cells to be destroyed are often surrounded
by healthy tissue which must be left uninjured. The particular probe, catheter, or other
applicator used in a given application is therefore designed with the optimum shape, size,
and flexibility or rigidity for the application, to achieve this selective freezing of tissue.
Where a probe or catheter is used, the remainder of the refrigeration system must be
designed to provide adequate cooling, which involves lowering the operative portion of
the probe to a desired temperature, and having sufficient power or capacity to maintain
the desired temperature for a given heat load. The entire system must be designed to
place the operative portion of the probe or catheter at the location of the tissue to be
frozen, without having any undesirable effect on other organs or systems.

Currently known cryosurgical systems typically use liquid nitrogen or nitrous
oxide as coolant fluids. Liquid nitrogen is usually either sprayed onto the tissue to be
destroyed, or it is circulated to cool a probe which is applied to the tissue. Liquid
nitrogen has an extremely low temperature of approximately 77K, and a high cooling
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power, making it very desirable for this purpose. However, in these systems, liquid
nitrogen typically evaporates and escapes to the atmosphere during use, requiring the
continual replacement of storage tanks. Further, since the liquid is so cold, the probes
and other equipment used for its application require vacuum jackets or other types of
insulation. This makes the probes relatively complex, bulky, and rigid, and therefore
unsuitable for endoscopic or intravascular use. The need for relatively bulky supply
hoses and the progressive cooling of all the related components make the liquid nitrogen
instruments less than comfortable for the physician, as well, and they can cause undesired
tissue damage.

A nitrous oxide system typically achieves cooling by pressurizing the gas and
then expanding it through a Joule-Thomson expansion element, such as a valve, orifice,
or other type of flow constriction, at the end of a probe tip. The typical nitrous oxide
system pressurizes the gas to 700 to 800 psia., to reach practical temperatures of no lower
than about 190K to 210K. Nitrous oxide systems are not able to approach the
temperature and power achieved by the nitrogen systems. The maximum temperature
drop that can be achieved in a nitrous oxide system is to 184K, which is the boiling point
of nitrous oxide. The nitrous oxide system does have some advantages, in that the inlet
high pressure gas is essentially at room temperature until it reaches the Joule-Thomson
element at the probe tip. This eliminates the need for insulation of the system,
facilitating miniaturization and flexibility to some extent. However, because of the
relatively warm temperatures and low power, tissue destruction and other applications
are limited. For many such applications, temperatures below 184K are desirable.
Further, the nitrous oxide must typically be vented to atmosphere after passing through
the system, since affordable compressors suitable for achieving the high pressures
required are not reliable and readily commercially available.

In most Joule-Thomson systems, single non-ideal gasses are pressurized and then
expanded through a throttling component or expansion element, to produce isenthalpic
cooling. The characteristics of the gas used, such as boiling point, inversion temperature,
critical temperature, and critical pressure determine the starting pressure needed to reach
a desired cooling temperature. Joule-Thomson systems typically use a heat exchanger to
cool the incoming high pressure gas with the outgoing expanded gas, to achieve a higher
drop in temperature upon expansion and greater cooling power. For a given Joule-
Thomson system, the desired cooling dictates the required heat exchanger capacity.
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Specifically, it would be desirable to develop a refrigeration system which can
apply the necessary cooling power through a long, slender, flexible catheter, such as a
transvascular cardiac catheter, or a cryoprobe. Cardiac catheters must be very slender, in
the range of less than 5 mm., and they must exhibit considerable flexibility, in order to be
inserted from an access point in a remote blood vessel into the heart. A cryosurgical
catheter to be used in such an application must also have a relatively low operating
pressure for safety reasons. It must have the cooling power to overcome the ambient heat
load imposed by the circulating blood, yet it must be able to achieve a sufficiently low
temperature to destroy the target tissue. Finally, the cold heat transfer element must be
limited to the tip or end region of the catheter, in order to prevent the damaging of tissue
other than the target tissue.

It is an object of the present invention to provide a method and apparatus for
precooling a primary loop high pressure refrigerant with a secondary loop refrigeration
cycle which uses a different refrigerant from the primary loop, and then using the primary
loop high pressure refrigerant to achieve a sufficiently low temperature, utilizing a
pressure which is safe for cryosurgery, with components capable of fitting within a hand

held cryoprobe or flexible intravascular catheter.

BRIEF SUMMARY OF THE INVENTION

The present invention comprises a miniature refrigeration system, including a
method for operating the system, including precooling of the primary high pressure
refrigerant with a secondary closed loop refrigeration cycle using a second refrigerant, to
maximize the available cooling power of the first refrigerant.

The cooling power is an important design parameter of a cryosurgical instrument.
With greater cooling power, more rapid temperature decreases occur, and lower
temperatures can be maintained at the probe tip during freezing. This ultimately leads to
greater tissue destruction. The power of a J-T cryosurgical device is a function of the
enthalpy difference of the primary refrigerant and the mass flow rate. Pre-cooling certain
refrigerants will increase the enthalpy difference available for cooling power. In
addition, pre-cooling will increase the average mass flow rate by making the gas more
dense.

Pre-cooling has two other important ramifications. First, it reduces the size of
primary-to-primary heat exchangers used in the probe or catheter. In the miniature
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environments envisioned for the used of this apparatus, severe size limitations will be
placed upon the heat exchangers used. Second, J-T cryosurgical devices require fixed
size expansion elements, which can become partially or totally blocked by contaminants
such as water or oil. This limits flow rate and decreases cooling power. Pre-cooling
allows these contaminants to be cold-filtered and removed from circulation prior to
reaching the expansion element.

The primary closed loop refrigeration system has a primary loop compressor for
compressing a primary refrigerant to a pressure up to 350 psia. An example of a suitable
primary refrigerant is SUVA-95 made by DuPont Fluoroproducts, Chestnut Run Plaza,
Wilmington, Delaware. Primary refrigerant mixtures of three or more constituent gases
may also be used, as disclosed in parent application 08/698,044. The method and
apparatus of the present invention can be used equally well in a rigid hand held
cryoprobe, or in a catheter.

The high pressure primary refrigerant from the primary compressor is fed into a
high pressure supply tube, such as an inner tube of a coaxial dual lumen tube leading to
the handle of a cryoprobe, or to the proximal end of a flexible catheter. The dual lumen
tube feeds the high pressure refrigerant into the inlet port at the proximal end of a
miniature primary-to-secondary heat exchanger, which can be located in the handle of the
cryoprobe, or at the proximal end of a flexible catheter. The high pressure primary
refrigerant passes through the high pressure passageway within the primary-to-secondary
heat exchanger and exits through a port at the distal end of the primary-to-secondary heat
exchanger. If required, a primary-to-primary heat exchanger can be interposed between
the compressor and the primary-to-secondary heat exchanger.

The primary-to-secondary heat exchanger is part of the secondary closed loop
refrigeration system which has a secondary compressor and a secondary expansion
element, in addition to the primary-to-secondary heat exchanger. The secondary
compressor unit compresses and condenses a secondary refrigerant, different from the
primary refrigerant, to a pressure which can be relatively higher than that used in the
primary loop. A suitable secondary refrigerant is a 50/50 mix of difluoromethane and
pentafluoroethane, or a 50/50 mix of pentafluoroethane and 1,1,1 trifluoroethane. Since
the secondary loop does not flow into the probe or catheter, a higher pressure can be used

safely. After passing through the condenser, the secondary refrigerant liquid passes
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through the secondary expansion element, in which the secondary refrigerant liquid
evaporates and expands to a lower temperature.

The low pressure secondary refrigerant then passes through a low pressure
secondary passageway in the primary-to-secondary heat exchanger and returns to the
secondary compressor.

The outlet of the high pressure primary passageway of the primary-to-secondary
heat exchanger can be connected to the inlet of a high pressure passageway in a miniature
primary-to-primary heat exchanger located in the probe handle or at the proximal end of
the catheter. The high pressure primary refrigerant passes through the high pressure
passageway within the miniature primary-to-primary heat exchanger and exits through a
port at the distal end of the heat exchanger. The high pressure passageway is then
connected to the inlet of the primary Joule-Thomson expansion element located in the
cold tip, in which the primary refrigerant is expanded to a lower pressure and a lower
temperature, which can be as low as 148K. If the primary-to-secondary heat exchanger
has sufficient capacity, it may not be necessary to incorporate the first primary-to-primary
heat exchanger.

The primary refrigerant exiting the primary Joule-Thomson expansion element is
exposed to the inner surface of a heat transfer element mounted in the wall of an outer
tube which is coaxial with the inner tube. The expanded primary refrigerant cools the
heat transfer element to a lower temperature and then returns through the low pressure
return passageway of the miniature primary-to-primary heat exchanger. This cools the
primary high pressure refrigerant from its pre-cooled temperature to a lower temperature.
From the low pressure outlet of the miniature primary-to-primary heat exchanger, the low
pressure expanded primary refrigerant flows to the first primary-to-primary heat
exchanger, if present, or directly into the lumen of the outer coaxial tube, outside the
inner high pressure tube, to return to the primary compressor.

Both the primary-to-secondary heat exchanger and the primary-to-primary heat
exchanger can be coiled tube heat exchangers or finned tube heat exchangers. The
primary-to-primary heat exchanger can be a coiled coaxial tube, with the inner lumen
being the high pressure passageway and the outer lumen being the low pressure
passageway. The secondary passageways of the primary-to-secondary heat exchanger
can be a coiled coaxial tube, with the outer lumen being the low pressure secondary
passageway. Attached to the side of this outer tube, in a parallel arrangement, is a tube
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which forms the high pressure primary passageway. The high pressure primary tube can
have a plurality of inner tubes, which can be nested and placed in contact with the outer
tube for improved heat exchange. High pressure primary refrigerant flows in all of the
nested tubes and in the interstitial spaces between the nested tubes and the outer tube.
The secondary tube and the primary tube can be formed of metal and soldered together.

Alternatively, the primary-to-secondary heat exchanger can consist of a coiled
finned tube for the primary refrigerant, within a can into which the secondary refrigerant
is expanded.

The miniature primary-to-primary heat exchanger can be a single coiled finned
tube surrounded by a low pressure return passageway.

The primary Joule-Thomson expansion element can be a sintered metal plug
made by sintering a plurality of metal beads into a metal cup, to provide the required
pressure drop. Alternatively, the expansion element can be a properly sized orifice or
some other type of restriction. The two different stages of the sintered plug expansion
element, if present, can utilize different sizes of beads, different cross sectional areas, and
different packing densities. The heat transfer element can take the optimum shape for
matching the object or tissue to be cooled. For example, a metal plug can be installed in
the tip of the outer tube or catheter, for applying cooling through the extreme distal tip of
the catheter. Alternatively, a relatively narrow metal strip can be mounted in a side wall

of the catheter, near the distal tip, for applying cooling to a narrow strip of tissue.

The novel features of this invention, as well as the invention itself, will be best
understood from the attached drawings, taken along with the following description, in

which similar reference characters refer to similar parts, and in which:

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

Figure 1 is a schematic of the primary and secondary closed loops of the present
invention;

Figure 2 is a section view of one embodiment of a portion of the primary closed
loop and the secondary closed loop of the present invention, with coaxial tube heat
exchangers, as they could be arranged in the handle of a cryoprobe;

Figure 3 is a section view of a hand held cryoprobe incorporating the embodiment

of the present invention shown in Figure 2;
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Figure 4 is a transverse section view of the coaxial dual lumen tube used in the
first primary-to-primary heat exchanger shown in Figure 2;

Figure 5 is a transverse section view of the multiple lumen tubes used in the
primary-to-secondary heat exchanger shown in Figure 2; and

Figure 6 is a partial longitudinal section of a second embodiment of the present

invention, with finned tube heat exchangers.

DETAILED DESCRIPTION OF THE INVENTION

The present invention lies in the appropriate use of a secondary closed loop
evaporative refrigeration system to precool the primary high pressure refrigerant, before
passage of the primary refrigerant through the primary Joule-Thomson expansion
element. This is intended to maximize the available cooling power at the tip of the
cryosurgical probe or catheter.

Pre-cooling the primary refrigerant prior to feeding it to the miniature primary-to-
primary heat exchanger is the focus of the present invention. This pre-cooling could be
done prior to introducing the primary refrigerant into the catheter, by the use of a
conventional, relatively large, heat exchanger. However, for ease of handling and for
maximum efficiency, the present invention focuses on the provision of pre-cooling near
the treatment area, such as in the handle of a cryoprobe, or at the proximal end of a
catheter. This is because minimizing the length of the flow path of precooled refrigerant
maximizes the efficiency of the pre-cooling system.

An important parameter in the design of a cryosurgical device is the cooling
power which the refrigeration system can develop. The cooling power determines the
rate of cooling in degrees per second, and the temperature which can be maintained at the
probe tip during freezing of the tissue. The rate of freezing is important in achieving cell
death, since more rapid freezing results in better formation of intracellular ice crystals,
resulting in cell lysis. The rate of freezing also determines the length of time required to
perform a given procedure on the patient. The quicker the procedure, the less traumatic
the procedure is to the patient.

The temperature which can be maintained at the probe cold tip determines the
size of the ice ball formed in the surrounding tissue. This, of course, determines the total
volume of tissue destroyed at each location, and the speed with which the procedure can
be completed. For example, if a first cryoprobe, using a given refrigerant, has 30 watts of
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cooling power, assume that it can maintain a cold tip temperature of minus 100 degrees
C, creating an ice ball of up to 4.5 cm diameter in 15 minutes, in a test gel. Because of
the rapid temperature drop, a significant percentage of cell death would occur within a
similar size ball of living tissue. By contrast, consider a second cryoprobe, using the
same refrigerant, which has only 10 watts of cooling power. The second cryoprobe could
only maintain a temperature of minus 50 degrees C, creating an ice ball only 2.5 cm
diameter within 15 minutes. Therefore, the aforementioned high percentage of cell death
would only occur in a 2.5 cm diameter ball of living tissue, rather than a 4.5 cm diameter
ball. Furthermore, if the required size of the ice ball is only 2.5 ¢m, the first cryoprobe
could achieve such an ice ball within 5 minutes, rather than 15 minutes. So, by either
standard, the first cryoprobe will achieve a better result, and more quickly, than the lower
power second cryoprobe.

In Joule-Thomson cryosurgical devices, high pressure fluid expands across a
restriction of some kind, such as a small orifice, or a crimped tube. The sudden drop in
pressure results in a corresponding drop in temperature. The cooling power of the device
is the product of the mass flow rate of the cryogen and the enthalpy difference at the
different pressures and temperatures. The flow rate is a function of orifice size and the
temperature and pressure of the cryogen. For a given orifice size, under non-choking
conditions, the density of the cryogen is higher at higher pressures and lower
temperatures, resulting in a higher mass flow rate. The maximum flow rate is found at
the point where the cryogen is a liquid. The enthalpy difference is also a function of the
pressure and temperature, with the enthalpy difference between two conditions being
higher at higher pressures and lower temperatures. For a given temperature and a given
pressure, the maximum enthalpy difference between two conditions occurs at the
liquefaction point of the cryogen. Incorporating one or more pre-cooling heat exchangers
into the refrigeration system promotes cooling or liquefaction of the warm, high pressure
cryogen, thereby increasing the power of the system.

Nitrous oxide is the most commonly used cryogen in Joule-Thomson cryosurgical
systems. If the high pressure of the system is above 4.5 MPa, nitrous oxide will liquefy
upon expansion, without the help of a heat exchanger, and achieve the maximum cooling
power. However, nitrous oxide must be operated at this high pressure, and the lowest
temperatures available are between minus 50 and minus 70 degrees C, which is relatively
warm for some cryosurgical applications. Therefore, the safety and the efficiency of a
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nitrous oxide system are less than desirable for some applications, such as catheter
ablation of heart tissue, and ablation of endometrial tissue.

The refrigerants discussed in this application operate at lower pressures, and they
can achieve lower temperatures, making them both safer and more effective. However,
these refrigerahts will not reach their maximum cooling power, without the aid of a heat
exchanger.

This creates a problem, if this type of refrigerant is to be used. Since the
refrigerant is in the warm, gaseous state upon startup of the refrigeration system, the early
flow rate is very low, and the power is very low. If the heat exchanger used is not very
efficient, the initial cool down is very slow at overcoming the low flow rate. Further, the
cold tip is typically placed within the patient, and in contact with the target tissue, before
commencement of cooldown, placing a significant heat load on the tip. This means that
cooldown can be unacceptably slow, and in some cases, it may not occur at all.

Another problem that may occur is the clogging of the expansion element by
contaminants. If present, water and oil will liquefy and freeze as the temperature of the
cryogen drops. Because of the small size of the orifice or other expansion element, it can
be plugged easily. In larger cryosystems, an adjustable orifice can be used, to offset this
clogging. However, in the small medical systems, adjustable orifices are too large and
unwieldy to be used.

In order to maximize the performance of the present cryosurgical system, and to
eliminate the problems normally associated with slow cooldown rates and low cooling
power, an independent closed loop secondary evaporative refrigeration system is
incorporated. The secondary system uses a refrigerant such as a 50/50 mix of
difluoromethane and pentafluoroethane, or a 50/50 mix of pentafluoroethane and 1,1,1
trifluoroethane, to pre-cool the primary refrigerant in the handle of the cryoprobe or at the
proximal end of the catheter, prior to flow of the primary refrigerant to the cold tip. The
secondary system accomplishes this pre-cooling through a primary-to-secondary heat
exchanger placed as close as possible to the cold tip, to prevent excessive warming of the
cooled primary refrigerant before it reaches the cold tip.

This pre-cooling causes the initial flow rate and the cooling power of the system
to be higher, making the initial cooldown rate much faster. With some refrigerants, and
with pre-cooling, there may be no need for a heat exchanger at the cold tip next to the
primary expansion element. A further advantage is that the pre-cooler may act as a cold
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filter, to eliminate contaminants such as oil and water, which may otherwise clog the
expansion element as the system cools down.

The size and inherent heat transfer capacity of the primary-to-primary heat
exchanger are limited, regardiess of the design used. This suggests that the overall
refrigeration system be kept at the highest possible level of performance by the use of a
secondary closed loop refrigeration system. When appropriate precooling is combined
with the optimum refrigerant, the system will perform cooling as well as possible, in
spite of the size limitations. The goal of this precooling system is to maximize the
cooling power of the combination of the heat exchangers and the expansion elements.

Figure 1 shows a schematic of the dual closed loop refrigeration system 10 of the
present invention, incorporating the pre-cooling concept. The primary loop 100 consists
of a high pressure path 110 and a low pressure path 120. A primary loop compressor 130
compresses the primary refrigerant to a selected pressure and temperature. The high
pressure primary refrigerant, such as SUVA-95, then flows from the outlet 132 of the
primary compressor 130, through an optional first primary-to-primary heat exchanger
140, which can be a miniature heat exchanger located in the handle of a cryoprobe.
Specifically, the high pressure primary refrigerant passes through the high pressure
passageway 142 of the first primary-to-primary heat exchanger 140, where it is cooled to
a lower temperature. Depending upon the reqired temperatures and cooling power, some
applications may not require the first primary-to-primary heat exchanger 140.

The high pressure primary refrigerant then passes through a primary-to-secondary
heat exchanger 240, specifically through the high pressure primary passageway 170 of
the primary-to-secondary heat exchanger 240, where it is further cooled to a lower
temperature. The high pressure primary refrigerant then passes through a second
primary-to-primary heat exchanger 160, specifically through the high pressure
passageway 162, where it is still further cooled. This second primary-to-primary heat
exchanger 160 can be located in the distal tip of a cryoprobe or catheter, or it can be
located in the handle of the cryoprobe or at the proximal end of the catheter.

The high pressure primary refrigerant then flows to the primary Joule-Thomson
expansion element 150. After expansion in the primary expansion element 150, to a final

temperature such as 148K, the expanded low pressure refrigerant cools the target tissue
T.
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Then, the low pressure primary refrigerant passes back through a low pressure
passageway 164 in the second primary-to-primary heat exchanger 160, where it is
warmed, and through a low pressure passageway 144 in the first primary-to-primary heat
exchanger 140, where it is further warmed. The low pressure primary refrigerant then
returns to the inlet 134 of the primary compressor 130.

The secondary loop 200 consists of a high pressure path 210 and a low pressure
path 220. A secondary loop compressor unit 230 compresses and condenses the
secondary refrigerant, such as a 50/50 mix of difluoromethane and pentafluoroethane, or
a 50/50 mix of pentafluoroethane and 1,1,1 trifluoroethane, at a pressure which can be
relatively higher than the pressure found in the primary system, since the secondary
system does not enter the cannula of the probe, or the catheter. The high pressure
secondary refrigerant liquid then can flow from the outlet 232 of the secondary
compressor unit 230, either through or bypassing a primary-to-secondary heat exchanger
240, which can also be a miniature heat exchanger located in the handle of the cryoprobe.
If the high pressure secondary refrigerant liquid passes through a secondary high pressure
passageway 242 of the primary-to-secondary heat exchanger 240, it is cooled to a lower
temperature.

The high pressure secondary refrigerant then passes through a secondary
expansion element 250. After vaporization and expansion in the secondary expansion
element 250, the expanded low pressure secondary refrigerant gas passes through a low
pressure passageway 244 in the primary-to-secondary heat exchanger 240. The low
pressure secondary refrigerant then returns to the inlet 234 of the secondary compressor
unit 230.

Figure 2 shows a first embodiment of the portion of the dual loop refrigeration
system that might be located in the handle of a cryoprobe, or at the proximal end of a
catheter. The primary loop 100 enters the handle as a coaxial dual lumen tube, with the
high pressure path 110 being in the inner lumen, and the low pressure path 120 being in
the outer lumen. The first primary-to-primary heat exchanger 140 in this embodiment is
constructed as a coaxial coiled tube, with the high pressure passageway 142 being in the
inner lumen, and the low pressure passageway 144 being in the outer lumen. The details
of the dual lumen coaxial tube are shown in Figure 4. Both the high and low pressure
paths 110, 120 pass into a first splitting tee fitting 180. In the splitting tee fitting 180, the
high pressure path 110 is split from the low pressure path 120. From the first tee fitting
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180, the high pressure path 110 passes to the high pressure primary passageway 170 in
the primary-to-secondary heat exchanger 240.

The primary-to-secondary heat exchanger 240 in this embodiment is constructed
as a coiled multi-lumen tube, as shown in Figure 5. The high and low pressure secondary
paths 210, 220 can pass through a dual lumen coaxial tube, or the high pressure
secondary path 210 can bypass the primary-to-secondary heat exchanger 240. If the high
pressure secondary path 210 passes through the primary-to-secondary heat exchanger
240, it passes through the inner lumen, high pressure secondary passageway 242, and the
low pressure secondary path 220 passes through the outer lumen, low pressure secondary
passageway 244. Whether or not the high pressure secondary path 210 goes through the
primary-to-secondary heat exchanger 240, the high pressure primary passageway 142 is
soldered to the outside of the low pressure secondary passageway 244. The high pressure
primary passageway 142 can have a plurality of inner lumens 143, with the high pressure
primary refrigerant flowing through all of the inner lumens 143, and through the
interstitial spaces between and around the inner lumens 143. This arrangement promotes
improved heat transfer to the solder and to the low pressure secondary passageway 244.

After exiting the primary-to-secondary heat exchanger 240, the high pressure
primary path 110 flows through a high pressure primary connector 192, which can be
connected to the cannula of the cryoprobe or the proximal end of a flexible catheter, and
to the primary expansion element 150 in the cold tip. After expansion in the expansion
element 150, the low pressure gas mixture flows back through a low pressure primary
connector 194 to the tee fitting 180. In the tee fitting 180, the low pressure primary
passageway 144 rejoins the high pressure primary passageway 142 in a coaxial
relationship to return to the primary compressor 130.

The secondary loop 200 also enters the cryoprobe handle, coming from the
secondary compressor unit 230, as a coaxial dual lumen tube, with the high pressure path
210 being in the inner lumen, and the low pressure path 220 being in the outer lumen.
The secondary high and low pressure paths 210, 220 pass through the primary-to-
secondary heat exchanger 240 as described above, and connect to a second splitting tee
fitting 280. In the second tee fitting 280, the high pressure secondary path 210 splits
from the low pressure secondary path 220 and passes through the secondary expansion
element 250. After expansion in the secondary expansion element 250, the low pressure
secondary refrigerant passes into the low pressure secondary path 220, which rejoins the
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high pressure secondary path 210 in the second tee fitting 280. Alternatively, the
secondary high pressure path 210 can bypass the primary-to-secondary heat exchanger
240, go directly through the secondary expansion element 250, and the low pressure
secondary path 220 can then pass back through the primary-to-secondary heat exchanger
240.

Figure 3 shows how the first embodiment of the present invention might be
arranged in a rigid cryoprobe P, having a handle H. The primary and secondary closed
loop systems 100, 200 enter the end of the handle H. The primary refrigerant passes
through the first primary-to-primary heat exchanger 140, while the first primary-to-
primary heat exchanger 140 is bypassed by the secondary refrigerant. Both the primary
high pressure refrigerant and the secondary low pressure refrigerant pass through the
primary-to-secondary heat exchanger 240 as described earlier. The secondary refrigerant
is vaporized and expanded in the secondary expansion element 250 and returns through
the primary-to-secondary heat exchanger 240. The low pressure secondary refrigerant
then exits the handle H to return to the secondary compressor unit 230. The primary
refrigerant passes through the connectors 192, 194 to the cold tip CT. In this
embodiment, in the cold tip CT, the high pressure primary refrigerant passes through the
primary-to-primary heat exchanger 160, and then through the primary expansion element
150. The primary-to-primary heat exchanger 160 can be a coiled high pressure tube, with
the low pressure primary refrigerant returning through the coils. Having expanded and
cooled, the low pressure primary refrigerant flows back through the second primary-to-
primary heat exchanger 160, and the first primary-to-primary heat exchanger 140, if
present, before exiting the handle H to return to the primary compressor 130.

Figure 6 shows how a second embodiment of the present invention might be
arranged in a rigid cryoprobe P, having a handle H. The handle H can be formed as a
vacuum jacketed dewar. The primary and secondary closed loop systems 100, 200 enter
the end of the handle H. In this embodiment, the high pressure primary path 110 and the
low pressure primary path 120 are not coaxial. The high pressure primary refrigerant
passes through a finned tube 141, which is coiled within a can 243 encompassing the
primary-to-secondary heat exchanger 240. The high pressure primary refrigerant then
exits the primary-to-secondary heat exchanger 240 and enters the primary-to-primary

heat exchanger 160, which in this embodiment is located in the cryoprobe handle H.
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The secondary refrigerant is vaporized and expanded in a capillary tube 251,
which comprises the secondary expansion element. The capillary tube 251 is coiled
around the outer periphery of the high pressure primary finned tube 141, in the helical
groove formed by the outer edges of the fins. After exiting the outlet 253 of the capillary
tube 251, the low pressure secondary refrigerant passes between the fins of the finned
tube 141 as it returns through the primary-to-secondary heat exchanger 240. The low
pressure secondary refrigerant then exits the handle H to return to the secondary
compressor unit 230.

The primary refrigerant passes through a second high pressure primary finned
tube 161 in the primary-to-primary heat exchanger 160, and then through the primary
expansion element 150. Having expanded and cooled, the low pressure primary
refrigerant flows back through the primary-to-primary heat exchanger 160, passing

between the fins, before exiting the handle H to return to the primary compressor 130.

While the particular invention as herein shown and disclosed in detail is fully
capable of fulfilling the objects previously stated, it is to be understood that this
disclosure is merely an illustration of the presently preferred embodiments of the
invention and that no limitations are intended other than those described in the appended

claims.
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CLAIMS

We claim:

1. A dual stage cryosurgical device, comprising:

a primary compressor for compressing a primary refrigerant;

a secondary compressor for compressing a secondary refrigerant to a higher
pressure than said primary refrigerant, said secondary refrigerant being
different from said primary refrigerant;

a secondary expansion element for expanding said secondary refrigerant;

a primary-to-secondary heat exchanger for cooling said primary refrigerant with
said expanded secondary refrigerant;

a conduit for conducting said primary refrigerant from said primary-to-secondary
heat exchanger to a selected cryosurgical target tissue;

a cold tip on a distal end of said conduit; and

a primary expansion element in said cold tip for expanding said primary
refrigerant, said cold tip being cooled by said expanded primary

refrigerant, for applying cooling to said cryosurgical target tissue.

2. A dual stage cryosurgical device as recited in claim 1, further comprising
a primary-to-primary heat exchanger for cooling said compressed primary refrigerant

with said expanded primary refrigerant.

3. A dual stage cryosurgical device as recited in claim 2, wherein said
primary-to-primary heat exchanger is between said primary compressor and said primary-

to-secondary heat exchanger.
4. A dual stage cryosurgical device as recited in claim 2, wherein said

primary-to-primary heat exchanger is between said primary-to-secondary heat exchanger

and said primary expansion element.

15



10
1
12
13
14
15
16
17
18
19

20

WO 99/57494
5.

PCT/US99/10054

A miniature cryosurgical system, comprising:

a closed primary loop for circulating a primary refrigerant, with a high pressure

primary flow path and a low pressure primary flow path, said primary
loop including a primary compressor, and a primary expansion element
for expanding said primary refrigerant from a high pressure gaseous state
in said high pressure primary flow path to a low pressure gaseous state in

said low pressure primary flow path; and

a closed secondary loop for circulating a secondary refrigerant, with a high

pressure secondary flow path and a low pressure secondary flow path, said
secondary loop including a secondary compressor, a condenser, a primary-
to-secondary heat exchanger, and a secondary expansion element within
said primary-to-secondary heat exchanger for vaporizing and expanding
said secondary refrigerant from a liquid state in said high pressure
secondary flow path to a gaseous state in said low pressure secondary flow

path;

wherein said high pressure primary refrigerant and said low pressure secondary

refrigerant pass through said primary-to-secondary heat exchanger in a

heat exchange relationship; and

wherein said low pressure primary refrigerant bypasses said primary-to-secondary

6.

heat exchanger.

A miniature cryosurgical system as recited in claim 5, further comprising

a primary-to-primary heat exchanger, having high pressure and low pressure primary

flow paths.

7.

A miniature cryosurgical system as recited in claim 6, wherein said

primary-to-primary heat exchanger is between said primary compressor and said primary-

to-secondary heat exchanger.
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8. A miniature cryosurgical system as recited in claim 6, wherein said

primary-to-primary heat exchanger is between said primary-to-secondary heat exchanger

and said primary expansion element.

9. A miniature cryosurgical system as recited in claim 6, wherein said
primary-to-primary heat exchanger comprises a coaxial dual lumen coiled tube, with said
high pressure primary flow path connected to an inner said lumen and said low pressure

primary flow path connected to an outer said lumen.

10. A miniature cryosurgical system as recited in claim 6, wherein said
primary-to-primary heat exchanger comprises a coiled finned tube, with said high
pressure primary flow path in an inner lumen and said low pressure primary flow path

between fins of said finned tube.

11. A miniature cryosurgical system as recited in claim 5, wherein said
primary-to-secondary heat exchanger comprises a coiled finned tube, with said high
pressure primary flow path in an inner lumen and said low pressure secondary flow path

between fins of said finned tube.

12. A miniature cryosurgical system as recited in claim 5, wherein said
primary-to-secondary heat exchanger comprises a multi-lumen coiled tube, with said
high pressure primary flow path in at least one lumen of said multi-lumen tube, and said

low pressure secondary flow path in at least one lumen of said multi-lumen tube.
13. A miniature cryosurgical system as recited in claim 5, wherein_ said

primary-to-secondary heat exchanger is located proximal to said primary expansion

element.
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14. A method for performing cryosurgery on selected tissue, comprising:

providing a closed primary loop, said primary loop including at least one primary-
to-primary heat exchanger and a primary expansion element distal of said
primary-to-primary heat exchanger;

providing a closed secondary loop, said secondary loop including a primary-to-
secondary heat exchanger and a secondary expansion element within said
primary-to-secondary heat exchanger;

compressing a secondary refrigerant in said secondary loop;

vaporizing and expanding said secondary refrigerant to a lower temperature
within said primary-to-secondary heat exchanger, with said secondary
expansion element;

adding enthalpy to said expanded secondary refrigerant in said primary-to-
secondary heat exchanger;,

compressing a primary refrigerant, different from said secondary refrigerant, in
said primary loop;

removing enthalpy from said compressed primary refrigerant in said primary-to-
secondary heat exchanger;

removing enthalpy from said compressed primary refrigerant in said primary-to-
primary heat exchanger;

expanding said primary refrigerant with said primary expansion element to still
further remove enthalpy from said primary refrigerant;

applying said expanded primary refrigerant to a cold tip of a cryosurgical probe,
to lower the temperature of said cold tip; and

applying said cold tip to the selected tissue.

15. A method for performing cryosurgery, as recited in claim 14, wherein said

primary refrigerant contains a mixture of at least three constituent gases.
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16. A method as recited in claim 14, wherein said at least one primary-to-
primary heat exchanger is distal to said primary-to-secondary heat exchanger, said
method further comprising:

providing a proximal primary-to-primary heat exchanger;

removing enthalpy. from said compressed primary refrigerant in a high pressure

side of said proximal primary-to-primary heat exchanger; and

adding enthalpy to said expanded primary refrigerant in a low pressure side of

said proximal primary-to-primary heat exchanger after passage of said
expanded primary refrigerant through a low pressure side of said distal

primary-to-primary heat exchanger.

17. A method for cooling a cold tip of a cryosurgical probe, comprising:

providing a closed primary loop having a compressor, at least one primary-to-
primary heat exchanger, and a primary expansion element adjacent to a
heat transfer element in said cold tip;

providing a closed secondary loop having a compressor unit and a primary-to-
secondary heat exchanger;

compressing and condensing a secondary refrigerant in said secondary loop;

vaporizing and expanding said secondary refrigerant in a low pressure secondary
section of said primary-to-secondary heat exchanger;

compressing a primary refrigerant, different from said secondary refrigerant, to a
selected pressure pressure lower than said secondary refrigerant;

removing enthalpy from said compressed primary refrigerant in said high pressure
primary section of said primary-to-secondary heat exchanger;

expanding said primary refrigerant in said primary expansion element to further
cool said primary refrigerant to a selected temperature; and

absorbing heat from said heat transfer element by contact with said expanded
primary refrigerant, to cool said heat transfer element to a selected

temperature.
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18. A method as recited in claim 17, wherein said at least one primary-to-
primary heat exchanger is distal to said primary-to-secondary heat exchanger, said
method further comprising:

providing a proximal primary-to-primary heat exchanger between said primary-

to-secondary heat exchanger and said primary compressor;

removing enthalpy from said compressed primary refrigerant in a high pressure

side of said proximal primary-to-primary heat exchanger; and

adding enthalpy to said expanded primary refrigerant in a low pressure side of

said proximal primary-to-primary heat exchanger after passage of said
expanded primary refrigerant through a low pressure side of said distal

primary-to-primary heat exchanger.
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