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1
CRYOTHERAPY SYSTEM

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application is a nonprovisional application of, and
claims the benefit of the filing date of, U.S. Prov. Pat. Appl.
No. 60/440,662, entitled “CRYOSURGICAL SYSTEM,”
filed Jan. 15, 2003 by Peter Littrup et al., the entire disclo-
sure of which is incorporated herein by reference for all
purposes, including the appendices.

This application is related to concurrently filed, com-
monly assigned U.S. patent application Ser. No. 10/757,768,
entitled “CRYOTHERAPY PROBE,” by Peter Littrup et al.
which is a nonprovisional application of U.S. Prov. Pat.
Appl. No. 60/440,541, entitled “CRYOSURGICAL
PROBE,” filed Jan. 15, 2003 by Peter Littrup et al., the entire
disclosures of both of which are incorporated herein by
reference for all purposes, including the appendices.

BACKGROUND OF THE INVENTION

This invention relates to generally to cryotherapy. More
specifically, this application relates to image-guided control
of cryoprobes and cryocoolers by a separate self-contained
cryotherapy system.

Cryotherapy probes are used to treat a variety of diseases.
The cryotherapy probes quickly freeze diseased body tissue,
causing the tissue to die, after which it will be absorbed by
the body or expelled by the body or sloughed off. Cryo-
therapy has traditionally been used within the operative
setting to freeze liver and prostate tumors. Intraoperative
ultrasound provided sufficient guidance for probe placement
and progression of the ice front in relation to tumor margins.
Cryotherapy for multiple outpatient treatments has a long
history, due in part to its relatively painless delivery and
ability to treat pain syndromes. The transition to outpatient
cancer treatments requires rapidly freezing probes along
with a convenient cryotherapy system. Without a relatively
small, self-contained, easy-to-use cryosystem employing
lower priced probes (i.e., currently each Endocare probe
costs ~$400-1500), the patient benefits of cryotherapy (i.e.,
lower pain, clear imaging of ablation zone and minimal
scarring) will not adequately challenge the current popular-
ity enjoyed by heat-based systems. For example, radiofre-
quency (RF) ablation has become the most common ablation
modality perhaps more for its convenient set-up for physi-
cians and lower disposable costs for hospital administrators
than any distinct benefit over cryotherapy.

Percutaneous cryotherapy (PC) for breast, liver, kidney,
bone and lung tumors has recently been described by
Littrup, et al., copies of which are attached as Appendices A
and B of U.S. Prov. Pat. Appl. Nos. 60/440,541 and 60/440,
662, both of which have been incorporated by reference. PC
monitoring is more difficult with standard ultrasound since
it visualizes the treatment site from limited external posi-
tions. Therefore, CT and MRI have become the PC guidance
modalities of choice due to their circumferential imaging
and multi-slice rendering of a three dimensional volume.
The phase change that occurs when tissue freezes (and
resultant necrotic treatment margins) is much better seen by
US, CT or MRI than the ablation margins of heat-based
therapies. In addition, the necrotic treatment margin is much
smoother and more predictable for ice than heat. When
compared to heat-based ablation techniques, PC treatments
are relatively painless and better preserve the underlying
collagenous architecture of the ablated tissue. This produces
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better healing and less tissue disruption during, or after, the
procedure. As long as bowel and major nerves are avoided,
PC cancer treatments can be performed with safety of
adjacent tissues via accurate treatment planning.

Adequate coverage of the tumor by ice, but with minimal
side-effects, often requires several accurately placed cryo-
probes. Multiple patents and applications have been pub-
lished which attempt to address these issues. These cover
cryoprobe design or freeze method [Cryomedical Sciences
(U.S. Pat. Nos. 5,254,116 and 5,334,181); Endocare (U.S.
Pat. Nos. 5,800,487 and 5,800,488); Cryogen (U.S. Pat. Nos.
5,910,104 and 6,475,212); Galil (U.S. Pat. Nos. 6,142,991
and 6,179,831)], computer controlled/interaction [Endocare
(U.S. Pat. No. 6,139,544 and U.S. Pat. Publ. No. 2002/
0016540A1); Cryogen (U.S. Pat. Nos. 5,513,742 and 6,471,
694)] or MRI guidance [Galil (U.S. Pat. No. 5,978,697)].
Each of the foregoing patents and publications is incorpo-
rated herein by reference for all purposes. The Cryomedical
Sciences efforts attempted to combat the flow difficulties
encountered by liquid nitrogen (LN,,) in smaller probes (e.g.,
=3 mm) but required a highly complex system using large
LN, volumes. While the Cryogen patents referred to a
closed-loop gas system, no thermodynamic optimization
was described to reduce engineering complexity. Therefore,
companies with units which use large flow rates, or amounts
of gas, to produce maximal freeze capacity per probe
generally acknowledge the desire for an open system since
the required compressors for such closed systems would
become too large, expensive and unwieldy for portable use.
In addition, the lack of optimized cryogenic design and
probe configuration to produce the greatest freeze power for
the minimal gas flow configuration prevents the design of
smaller (i.e., <1.5 mm) probe diameters. While Galil has a
1.5 mm probe, its freeze capacity remains less than the
Endocare 2.4 mm probe.

A combined effort is needed to optimize cryoprobes and
the main driving system. A variety of cryotherapy instru-
ments, variously referred to as cryoprobes, cryotherapy
ablation devices, cryostats and cryocoolers, have become
available. Currently preferred cryotherapy systems use
Joule-Thomson (JT) cooling in devices known as JT cry-
ostats. These devices take advantage of the fact that non-
ideal gases, when rapidly expanded, become extremely cold.
In these devices, a high pressure gas such as argon or
nitrogen is expanded through a nozzle inside a small cylin-
drical sheath made of steel, and the JT expansion cools the
steel sheath to sub-freezing cryogenic temperature very
rapidly. An exemplary device is illustrated in U.S. Pat. No.
3,800,552, the entire disclosure of which is herein incorpo-
rated by reference for all purposes. This patent shows a basic
Joule-Thomson probe with a sheath made of metal, a fin-
tube helical gas supply line leading into a Joule-Thomson
nozzle which directs expanding gas into the probe.
Expanded gas is exhausted over the fin-tube helical gas
supply line, and pre-cools incoming high pressure gas in
what is known as a ‘counterflow heat exchanger’. The
counterflow heat exchanger is beneficial because by pre-
cooling incoming gas with the outgoing gas flow the probe
obtains lower temperatures.

U.S. Pat. No. 5,522,870, the entire disclosure of which is
herein incorporated by reference for all purposes, applies the
general concepts of Joule-Thomson devices to a device
which is used first to freeze tissue and then to thaw the tissue
with a heating cycle. Nitrogen is supplied to a Joule-
Thomson nozzle for the cooling cycle, and helium is sup-
plied to the same Joule-Thomson nozzle for the warming
cycle. Preheating of the helium is used to provide warming
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to a sufficiently high temperature. Furthermore, since the
helium gas inversion temperature of approximately —240° C.
is well below the base temperature of liquid nitrogen (-193°
C.) helium is essentially an ideal gas at —240° C. and higher
temperatures, and hence it does not cool during the gas
expansion process. Various cryocoolers use mass flow
warming, flushed backwards through the probe, to warm the
probe after a cooling cycle [Lamb, Refrigerated Surgical
Probe, U.S. Pat. No. 3,913,581; Longsworth, Cryoprobe,
U.S. Pat. No. 5,452,582]. Each of these patents is also
incorporated herein by reference for all purposes. A defi-
ciency to broad adoption of gas-based systems by physicians
and hospitals appears to be their lack of efficient self-
contained systems.

Finally, cryotherapy needs to be considered as an adju-
vant, or complementary, treatment with other cancer thera-
pies. Successful reports from many papers on image-guided
tumor ablation (including both heat-based and cryotherapy)
were noted at the Radiological Society of North America’s
annual meeting for 2002 and 2003. Several prominent
radiologists considered it to be “the fourth branch of oncol-
ogy”, in conjunction with surgery, radiation therapy and
chemotherapy. Littrup, et al, have also noted the possible
potentiation of cryotherapy, as well as reduced bleeding risk,
by pre-injecting the region to be frozen with macro-aggre-
gated albumin (MAA), hypertonic saline and epinephrine.
This technique has been described by Dr. Order for treat-
ment of pancreatic cancer with P2, whereby the MAA
creates an interstitial ‘gel” effect and thus decreases subse-
quent fluid extravasation of the P*? out of the tumor injection
site (U.S. Pat. Nos. 5,538,726 and 5,424,288). In addition,
injection of radiotherapeutic, or chemotherapeutic, agents
directly into the tumor before or after the freeze may provide
more thorough tumor ablation. Combining cryotherapy with
radiation therapy, or chemotherapy, may reduce the overall
risks of either chemotherapy or radiation therapy alone.
Therefore, probe modifications which could deliver fluid
through the probe, associated sheath system, or separate
probe injection system would be of distinct benefit for future
cryotherapy applications. In addition, probe modifications to
allow minimal size with injection capacity would also
benefit and re-invigorate the interest in PC for localized
nerve ablation in pain management.

BRIEF SUMMARY OF THE INVENTION

Embodiments of the invention thus provide a cryotherapy
system that avoids certain deficiencies of the prior art. The
cryotherapy system includes a plurality of cryoprobes, each
of which has a shaft with a closed distal end adapted for
insertion into a body and conduits for flowing a cryogenic
fluid through the shaft to reduce a temperature of the distal
end. A source is provided for the cryogenic fluid, and a
plurality of flow-control metering valves is provided in fluid
communication with the conduits of the plurality of cryo-
probes and with the source of the cryogenic fluid. A com-
pressor is provided in fluid communication with the conduits
of the plurality of cryoprobes to define a self-contained fluid
system. The plurality of flow-control metering valves and
the compressor are controlled by a computer processor to
provide the desired flows of the cryogenic fluid through the
conduits of the self-contained fluid system.

In some embodiments, the self-contained fluid system is
an open-loop system, while in other embodiments it is a
closed-loop system. Furthermore, in different embodiments,
the cryogenic fluid may be a gas or may be a liquid. In one
embodiment where it is a gas, each cryoprobe further has a
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heat exchanger disposed within the shaft in thermal com-
munication with the conduits of the cryoprobe. In addition,
each cryoprobe may include a Joule-Thomson port disposed
in the distal end of the shaft in thermal communication with
the heat exchanger, with the computer processor additionally
controlling operation of each of the Joule-Thomson ports. In
one embodiment where the cryogenic fluid is a liquid, the
computer processor controls the compressor and flow-con-
trol metering valves to provide an initial flow of the liquid
under physical conditions near a critical point of a liquid-
vapor system for the liquid. Vapor lock associated with
freezing of the cryoprobes is thereby avoided. The computer
processor may subsequently control the compressor and
flow-control metering valves to reduce a pressure of the
liquid in the cryoprobes, allowing colder liquid temperatures
to be maintained without vapor lock after the initial flow is
established. In one instance, a source of warmed gas may be
flowed through the conduits as part of an active-thaw
procedure.

The compressor may comprise a submersible pump for
compressing ambient cryogenic liquids. In one such
embodiment, the compressor comprises a heat exchanger to
remove heat of compression through heat exchange of the
compressed cryogenic liquid with the ambient cryogenic
liquids. In another such embodiment, the plurality of cryo-
probes are in fluid communication with the submersible
pump through respective supply lines; the computer proces-
sor is further adapted to set a freeze power of the plurality
of cryoprobes by regulating flow through the respective
supply lines. In an alternative configuration, the compressor
comprises a push-pull bellow system and a linear actuator
motor. In one such embodiment, the computer processor is
further adapted to control a force exerted by the linear
actuator motor to set a pressure of the cryogenic liquid.

In some embodiments, the computer processor may deter-
mine the desired flows from predefined imaging parameters.
For example, the predefined imaging parameters may cor-
respond to a definition of freeze margins in the body.

In other embodiments, each of the cryoprobes further has
a plurality of multifunction electrical wires, with the com-
puter processor being adapted to monitor the operation of
the multifunction electrical wires. For instance, the multi-
function electrical wires may be used to monitor a tempera-
ture, to provide heat, to stimulate a nerve within a living
body, to permit spatial localization of the cryoprobes, and
the like. In one embodiment, ends of the cryoprobes com-
prise an electrically insulating material and the computer
processor is further adapted to force current between the
ends of the cryoprobes to heat intervening portions of the
body. In another embodiment, the computer processor is
further adapted to initiate injection of a cryosensitizing
substance into the body.

The methods of the present invention may be embodied in
a computer-readable storage medium having a computer-
readable program embodied therein for directing operation
of a cryotherapy system such as described above. The
computer-readable program includes instructions for oper-
ating the cryotherapy system in accordance with the embodi-
ments described above.

BRIEF DESCRIPTION OF THE DRAWINGS

A further understanding of the nature and advantages of
the present invention may be realized by reference to the
remaining portions of the specification and the drawings
wherein like reference numerals are used throughout the
several drawings to refer to similar components. In some
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instances, a sublabel is associated with a reference numeral
and follows a hyphen to denote one of multiple similar
components. When reference is made to a reference numeral
without specification to an existing sublabel, it is intended to
refer to all such multiple similar components.

FIG. 1 is a phase diagram illustrating the phase structure
of a liquid like LN,;

FIG. 2 is a schematic illustration of an embodiment of a
gas-based cryoprobe in accordance with an embodiment of
the invention;

FIG. 3 is a schematic illustration of a gas-based cryosys-
tem that uses the gas-based cryoprobe of FIG. 2 according
to one embodiment of the invention;

FIG. 4 is a schematic illustration of a tumor treatment
using six cryoprobes in accordance with an embodiment of
the invention;

FIG. 5 is a schematic illustration of a cryoprobe in an
embodiment of the invention using a liquid-nitrogen circu-
lation cycle;

FIG. 6A provides a schematic view of a cryoprobe and
simplified near-critical system according to an embodiment
of the invention;

FIG. 6B and 6C provide illustrations of a compressor for
LN, systems used in embodiments of the invention;

FIG. 6D provides an illustration of one embodiment of a
LN, cryotherapy system suitable for tumor-ablation appli-
cations;

FIG. 6E provides an illustration of one embodiment of a
LN, cryotherapy system suitable for nerve/pain applica-
tions;

FIG. 7 displays experimental data illustrating certain
properties of cryoprobes made in accordance with embodi-
ments of the invention; and

FIG. 8 provides an illustration of the use of cryoprobes
within an irregular tumor.

DETAILED DESCRIPTION OF THE
INVENTION

1. Introduction: Thermodynamics of Cooling Cycles

As an initial matter, we analyze and compare two methods
of cryogenic refrigeration that are currently being used in
various cryotherapy tools: a) isoenthalpic expansion cooling
(the Joule-Thomson process) from a high-pressure gas (Ar
or N,), and b) direct injection of a liquid coolant (liquid N,
hereafter LN,) into the tip of a cryoprobe.

a. Joule-Thomson (JT) Cooling

This refrigeration technique uses a high pressure gas
supply (=6000 psi), a JT expansion jet that cools the tip of
the probe, and a small heat exchanger that is mounted inside
the cryoprobe. Assuming ideal (perfect) heat exchange
between the gas streams, the maximum cooling power of the
JT cooling is equal to 1.86 kJ/mol for Ar gas at its boiling
temperature (and one atmosphere pressure) T, =87 K. If
nitrogen gas is used, the maximum cooling power is about
1.6 times less i.e. 1.15 kJ/mol.

The main disadvantage of this method is very large gas
consumption since the vapor/liquid ratio after expansion is
about 2.5. In practice this ratio is considerably larger since
the heat exchange between the streams in a small probe is far
from being ideal. This provides a limitation on the probe’s
diameter—in order to achieve a reasonable cooling power,
the geometrical impedances of the gas channels in the probe
should be sufficient to allow for the adequate amount of gas
to be supplied to/from the JT junction.
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6
b. Cooling with Liquid Nitrogen

A direct injection of the liquid coolant into a freeze zone
of the cryoprobe appears to be much more effective when
compared to JT cooling. For example, to achieve the same
cooling power as in the JT process the required molar flow
of the liquid coolant can be 3—4 times less (3.5 times for Ar
and 4.5 times for N,). Liquid nitrogen is the most commonly
used and cheapest cryogenic liquid, and its boiling tempera-
ture is about 10 K lower under one atmosphere of pressure
than that of argon. Thus, the analysis presented below is for
LN,.

LN, encounters vapor lock when standard pressures (1
atm) are considered since the volume expansion from liquid
to gas is 171 fold (see molar volume in Table 1 below). The
flow of LN, is thus rapidly blocked, and the flow of the very
low density vapor phase at one atmosphere has very poor
cooling power, eliminating the potential benefits of LN,
cooling and its low costs. Considering the high pressures for
the JT effect and our optimized flow considerations, it then
follows that LN, may also be pressurized to eliminate flow
disruption due to marked volume expansion. As the pressure
is increased toward the critical point the vapor density
increases, greatly reducing the negative impact to the refrig-
eration system when vapor forms. The critical point for LN,
is reached at ~33.5 atm (Table 1) where the molar volumes
are substantially equivalent for liquid and gas. While the
fluid temperature has increase from 77K to ~130K (Table 1),
a post compression heat exchanger may be used to cool the
compressed LN, to the ambient bath temperature of 77K
again. A typical phase diagram for a liquid like LN, can be
seen in FIG. 1, whereby the critical point is noted, along with
the projected compression sequence to a cooler operating
point. Compression is first used to increase the pressure of
LN, along the liquid-vapor curve; then, the heat exchange
with the LN, bath lowers the compressed liquid temperature
to the probe operating point as shown. We use the term ‘near
critical nitrogen’ to refer to liquid nitrogen held near its
critical pressure of 33.5 atmospheres.

The only complication to the technical design in this case
is the need to thermally isolate the inlet (coolant supply) tube
so that the compressed LN, will arrive at the cryoprobe at a
temperature close to 77 K. It is also desirable that the liquid
flow not form gaseous bubbles anywhere except possibly at
the probe tip under large heat loads, so as not to create a
vapor lock condition that limits the cooling power. By
operating near the critical point of the liquid-vapor system
the vapor phase is much more dense than it would be if
operated near atmospheric pressures. This makes the volume
expansion of the liquid into the vapor phase much less, and
it makes the resulting vapor phase a much more effective
coolant.

The design of the LN, circulation cryoprobe itself
becomes significantly simpler in comparison to that of the JT
cycle based cryoprobe - both the internal heat exchanger and
the JT jet are no longer required. The overall internal
structure of the probe can be reduced to a very simple design
discussed below in connection with FIG. 5. This simplified
design results in lower manufacturing costs for the probe,
which is important in markets where the probe is disposed
of after each use, or returned for a re-cycling credit. The
optimal performance of the probe and its main characteris-
tics can be estimated based on the thermodynamic properties
of nitrogen, which are summarized in the Table 1 below.
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TABLE 1

Thermodynamic Properties of LN,
Properties of LN, along liquid/gas equilibrium

Molar Enthalpy Molar Volume

Is Vi Vs Latent Heat  Quiax

P(atm) T (K) Iy (J/mol) (/mol) (em*mol) (ecm®mol) L (J/mol)  (J/mol)
1 77.36 3550 9100 35 6000 5560 5560
2 84 3900 9150 37 3200 5250 5600
3 88 4200 9250 38 2300 5050 5700
5 94 4500 9350 39 1600 4850 5800
7 99 4750 9400 40 1000 4650 5850
10 104 5100 9450 42 750 4350 5900
15 111 5500 9400 45 450 3900 5850
20 116 6000 9250 48 320 3250 5700
25 120 6450 9100 53 240 2550 5500
30 124 6950 8750 60 165 1850 5200

Critical point
335 126.15 7950 90 0 4400
Overcritical Nitrogen
35 130 8850 115 — 5000

The last column of the table Q,,, is the maximum value
of the cooling power that can be achieved in this process
assuming that nitrogen is “overcooled” through heat
exchanged with the ambient LN, bath at 77.4 K. As we see,
under these conditions the cooling power is almost indepen-
dent of pressure up to approximately 30 bars. Moreover,
almost the same level of refrigeration per unit mass flow can
be produced in the supercritical regime at the pressure =35
bar (bottom line in the Table 1). After initially establishing
flow with overeritical nitrogen, the Q,,,, can still be
increased by 18% (5900/5000 J/mol) by dropping the oper-
ating pressure to 10-15 atm. Operating at this level still
represents a 6% increase in Q, ., (5900/5560) over trying to
use LN, at 1 atm, even if vapor lock could somehow be
avoided at this pressure.

It is worth noting that “classical” evaporating cooling
(where the cooling effect is due to the latent heat only) is
able to provide a comparable cooling power only in the low
pressure limit. However, running the cryoprobe in the low
pressure regime is difficult because of possible vapor lock-
ing. It is much more desirable to design a probe that cools
by liquid flow, with little or no evaporation at the cooling tip.
By avoiding the huge volume expansion into the vapor
phase within the conventional LN, cooled probe (when the
LN, pressure is near ambient pressure of one atmosphere) it
is possible to use a much smaller diameter return flow line
from the tip, permitting the overall probe diameter to be
reduced greatly without sacrificing freeze power. Under very
large heat loads, evaporation will occur at the probe tip, but
this will have little adverse consequence on the probe freeze
power if the liquid nitrogen pressure is close to the critical
pressure. Near the critical pressure the vapor phase density
is almost the same as in the liquid phase, reducing adverse
effects on the probe freezing power when vapor phase forms.
This is one advantage of operating near the critical pressure.
In order to achieve the required cooling power, the flow of
the LN, coolant through the cryoprobe has to be maintained
on a reasonably high level. This imposes a restriction on the
geometrical sizes of the cryoprobe; an estimation of the flow
dynamics follows in the next section.
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c. Flow Dynamics

In the following estimates it is assumed that the desired
cooling power of the probe is 25 W. From Table 1 we find
that in an evaporative LN, refrigerator this cooling power
corresponding to a flow rate 0.005 mol/s. This value is used
in the calculations below.

Regrettably, the available nitrogen viscosity data is
incomplete. The known values are summarized in the Table
2 below:

TABLE 2

Viscosity of gaseous and liquid nitrogen

at different temperatures

Viscosity, 1076 (Pa - 5)

T (K) Gas at 1 atm Gas at 25 atm Liquid N,
80 5.4 130 =150
90 6.3 91 110
100 7.0 72.8 90
110 7.4 55.6 65
120 8.3 38.5 —
130 8.9 10.6 —

(1) Reynolds Numbers

The corresponding Reynolds numbers (R) can be esti-
mated using the following equation:

vd  4pV 4
P

nmd " xad

where p is the density, v is the flow velocity, V is the
corresponding volumetric flow rate, and m=pV is the mass
flow rate. Numerically, assuming the flow rate of 0.005
mol/s and d=0.5 mm, we obtain:
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R 428.102%.5-10%  0.356
Tx 0 5-10% plPas]

(ii) Pressure Drop
1. Case of the Liquid Flow

Assuming initially that in liquid 1=10~* Pa-s (some aver-
age value) we obtain that for a 0.5 mm capillary the
Reynolds number has to be on the order of 3500 (1800 for
a 1 mm capillary or 6000 for a 0.3 mm one). This indicates
that the flow is in the transition zone (laminar to turbulent)
and in this case the Colebrook equation of an ideally smooth
circular pipe is used to estimate the pressure drop Ap. The
resistance coefficient K in this formula can be estimated as
K=fl/d =20, where £=4-107 is the friction factor, =25 cm is
the length of the capillary and d=0.5 mm is its inner
diameter. Then the pressure drop Ap can be defined as

P
Ap=K=-

taking into consideration that

= mm
we finally obtain

8 .
Ap=K

The average molar volume of the liquid is v, ~40 cm®/mol.
This multiplied by our optimal circulation rate of 0.005
mol/s results in V~0.2 cm’/s. Finally, from the above
equation and with d=0.5 mm, we obtain Ap,s=~7260 Pa.
Similarly, for d=0.3 mm we obtain =0.037, K=30.8, and
Ap**=8.7-10* Pa. Hence at 0.3 mm we suffer a pressure drop
of about 87% of an atmosphere, which is manageable in the
engineered support system.

The probability of the vapor lock for this flow can be
estimated using so called Weber number that is the ratio of
the kinetic energy of the flow to the characteristic surface
tension energy. The average velocity of the liquid is given by
v=4V/nd*~1 m/s for a 0.5 mm capillary. Surface tension of
the liquid nitrogen at 90 K (average) is equal to 6=6-107>
N/m. Hence the Weber number becomes W, s=pv>d/o~600
indicative of a very low probability of a vapor lock. Corre-
spondingly, W, ;=270.

2. Case of the Gaseous Return Flow

Assuming the circulation rate 5-10~> mol/s, the volumetric
flow rate and the corresponding flow velocity for saturated
N, vapor in the 0.5 mm ID capillary are calculated and
presented in the Table 3 below:
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TABLE 3

Volumetric flow rate and flow velocity

P (atm)

1 2 3 5 7 10 15 20 25 30
v 30 16 115 80 50 38 22 1.6 12 082
(em®/
s)
v 153 81.5 586 407 255 194 112 82 61 42
(m/s)
Note that the flow velocities at the low pressure end appear

to be very close to the sound velocity in nitrogen at these
temperatures—at 77K the speed of sound is ~180 m/s and it
slightly raises with temperature reaching 200 m/s at 100K.
Thus, the applicability of the incompressible liquid approxi-
mation used in our analysis is restricted to the region of
relatively high pressures (in practice >5 bars).

The Reynolds numbers can be estimated using the equa-
tion in the previous subsection, although we need to inter-
polate the viscosity data. That gives the following estimates
for a 0.5 mm capillary: R, , ,,~610%, Ry5 .. =~5-10%,
R,s5.05 po~1-10* An estimation for the pressure drop is more
difficult than in the case of liquid flow and is done in the
limit of an incompressible gas. Then, taking R=5-10%
=0.021, asnd the friction coefficient K=fl/d~10, we obtain
Ap=~2.2-10 Pa, which is about 2.2 atmospheres. Again, the
pressure is manageable with embodiments of the invention
described herein.

(ii1) Volume of LN, Required

The problems with prior high volumes of LN, usage in the
other cryosystems have also been overcome. Namely, such
units would use up the 50 liters of supercooled LN, within
a “slush” dewar well before even a single large case was
over. This required a time consuming “regeneration” cycle
of re-cooling the LN, within the return dewar to re-supply
the slush dewar. Such systems pressurized LN, to only 5
atmospheres, which was not adequate to obtain the near
critical properties discussed above. Then the compressed
LN, was supercooled to about 63 K through heat exchange
to a LN, bath in a ‘slush dewar’ that was held at a vacuum
of about 98 torr to reach the triple point on the liquid
nitrogen phase diagram. This supercooling of the LN, at 5
atmospheres to the temperature of the slush dewar provided
only small additional cooling power than would be obtained
if the compressed liquid nitrogen had been cooled to 77K
through heat exchange with a liquid nitrogen bath at one
atmosphere. Hence the engineering complexity of the slush
dewar did not justify the very minimal improvement in
cooling capacity of their liquid nitrogen flow following heat
exchange with the slush dewar. As displayed in Table 1,
liquid nitrogen at 25 atmospheres has essentially the same
cooling power, Qmax, as does liquid nitrogen at its one
atmosphere boiling point, but at 25 bar the vapor phase
density is more than one fifth of the liquid density, and over
thirty times more dense than the vapor phase under one
atmosphere of pressure. Hence flowing liquid nitrogen at 25
bar will provide the full advantages of liquid nitrogen flow
cooling at lower pressures without the adverse effects of
cooling system failure due to vapor lock at the lower
pressures.

In the prototype small probe tested within this application
we found that 0.02 STP liter per second of nitrogen was
required to produce full cooling power. This flow rate
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corresponds to one liquid liter per hour of LN, under its
‘ambient’ conditions (at its boiling point under one atmo-
sphere of pressure). This liquid must be compressed to
pressures near its critical point, and the heat of compression
from one atmosphere to this pressure must be taken away by 5
evaporation of the surrounding liquid nitrogen bath which
cools the compressed LN, back to 77 K following its
compression to 30 atmospheres. This removal of the heat of
compression to 30 bar corresponds to an additional evapo-
ration of 0.81 liters per hour of LN, under ambient condi- 10
tions, as discussed below.

In summary, 36 W of additional cooling are required to
remove an assumed heat of compression from the 0.2
standard liters per second (SLPS @ 1 atm.) flow rate per
probe. This means that each probe will require 0.8 liters of 15
LN, per hour to remove the heat of compression. This adds
to the direct probe consumption of one liter per hour to give
a total system LN, consumption of 1.8 liter per hour per
probe of LN, for this fully self-contained system configu-
ration running full-out. At lower flow rates the consumption 20
will be much less, but we have therefore assumed ~2 liters
of LN, per probe per hour as the absolute worst case
estimate.

TABLE 4

,612 B2
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the vacuum jacketed cryoprobe may be made as small as
about 1.2 mm. For a JT-based probe the probe is generally
at least 2.5 mm in diameter to provide a comparable cooling
power. As described earlier, this greater diameter in the JT
probe is used to support the counterflow heat exchanger
without exceeding the speed of sound in the return gas flow
line.

A very small diameter cryoprobe can be built if super-
critical, or near critical, nitrogen is used in its cooling cycle.
This may involve working at 29-35 bars of pressure and
temperatures 78—80K. The cooling power for this cycle rises
with temperature and for 0.005 mol/s flow rate reaches 25 W
at 130K.

2. Cryotherapy System

a. Overview

This disclosure details several self-contained cryotherapy
probe designs for both liquid and gas-based systems, where
“self-contained” is intended to refer to open or closed-loop
configurations that permit sustained use without repeated
refilling or exchange of tanks. The optimal physics-based
probe and system configurations are described for various
embodiments which address the prior problem of vapor-

Physical properties of LN,
From Jacobsen and Stewart, N, tables
J. Phys. Chem. Ref. Data 2, 757 (1973)

mol/l g/em3 T(K) S(J/mol/K) H (J/mole)
density at SVP and 77 K 28.865 0.808607  77.347 79.53 -3401.75
density at SVP = 30.574 bar 16.388  0.459084 124 -13.85
density at 30 bar and 78 K 28.998 0.812333 78 79.45 -3307.3
Once at 30 bar and 78 K: Cp (J/mol/K)
56.82
Heat of Compression = T AS = 6.24 J/mol
Compression factor = 1.004608
Heat of compression = 6.24 J/mol
180.9475 J/1
36.1895 W/(0.2 Us)
Latent Heat (77 K/1 atm) = 199 J/g
160.9128 J/em?
So, 36 W boils 0.224901 cm’/s
809.6451 cm®/hr = 0.81 Vhr
45

d. Comparison

For a small diameter cryoprobe it may be more advanta-
geous to use LN, in the freeze zone as compared to the
JT-cooling cycle—the flow rate required to provide the same
cooling power is much less. This is especially true since the
flow velocities in the gas phase appear to be already very
close to the sound velocity in the return line assuming a JT
process. This problem is alleviated by using liquid nitrogen.

A temperature of the compressed liquid nitrogen has to be
supercooled close to its boiling temperature under one
atmosphere (77K); in this case the increase in working
pressure does not result in a decrease of cooling power up to
the pressures almost as high as the critical pressure, as
displayed in Table 1.

55

60

For a designed cooling power 25 W (or flow rate 5
mmol/s) the acceptable diameters of the inlet/outlet capil-
laries can be estimated assuming reasonable pressure dif-
ference on its ends and the flow velocities. To deliver this
cooling power in practice the inlet capillary may be larger
than about 0.3 mm (ID) and the outlet capillary may be
larger than about 0.5 mm (ID). Thus the outer diameter of

65

locking with liquid based systems and optimized flow con-
siderations to allow more efficient and/or closed-loop gas-
based systems.

Methods, cryoprobe device(s), and cryotherapy systems
for delivering percutaneous cryosurgery and cryotherapy
that overcome deficiencies of the prior art are now
described. The process can either use a number of small
isenthalpic cooling probes which have greater freeze capac-
ity per unit size (and gas flow rate), or may utilize a new
form of delivery of liquid cryogens (i.e., LN,) that avoids
vapor-lock by compressing the liquid to its near-critical
point. These probes may clinically achieve increased freeze
capacity without increasing engineering complexity or cost,
yet allowing significant operator-interactive control as
desired. The cryoprobe design may achieve increased ther-
modynamic and/or hydrodynamic efficiency so that the
reduced size and cost of the engineered system are achieved
in an associated closed-cycle system for gas-based systems,
or a self-contained system for the delivery of near-critical
fluids. A closed-cycle system design for gases, or an efficient
near-critical liquid system, reduces the operational complex-
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ity by being fully self-contained, so compressed gas tank
changes or lengthy regenerative/re-filling cycles are not
required during extended medical procedures. Once multiple
probes are inserted their position within the intended freeze
zone is determined using an imaging modality, such as CT,
MRI or ultrasound. The flow of the closed-cycle gas through
each of the multiple probes is adjusted automatically to
sculpt the freeze zone to match the intended freeze region
specified by the physician. The probe construction has thus
been matched to programmable, interactive, self-contained
system operation. A new thermocouple design allows probe
tip measurement in even smaller probes (i.e., <2 mm), can
facilitate probe heating for thawing, simplifies construction
and lowers manufacturing costs. The injection ports of the
cryoprobe(s), or separate multiprong injection probe system,
also allows modulation of the freeze parameters, or extent of
freeze, within the adjacent tissues.

As illustrated above, the principles of vapor lock effec-
tively limit the cooling capacity of conventional flow liquid-
nitrogen systems. For example, U.S. Pat. Nos. 5,254,116 and
5,334,181 described an approach that increased cooling rates
of probes to less than a minute and allowed probe tempera-
tures around -200 C, which was lower than the boiling
temperature of LN, under ambient conditions (-197 C).
However, this required a complex system that sub-cooled
LN, to ~200-208 C via two large dewars that supplied and
recycled the LN, one of which (the ‘slush dewar”) had to be
maintained at a reduced pressure of approximately 100 torr.
The probe design allowed N, gas to escape via tiny holes
from the supply line to the return line to allow continuous
flow of LN,, even during the ~170-fold gaseous expansion
of LN, within the probe tip that caused evaporative cooling
of the biological tissues adjacent to the conductive metal of
the probe tip. In addition to minimizing vapor-lock, the
concentric position of the supply line inside the return line
also allowed some escaping [N, to create cooling of the
returning LN, for capture in the receptacle dewar. However,
this system was quite large for most operating rooms, let
alone more crowded imaging suites (e.g., CT), and wasn’t
efficient in operating procedures or LN, consumption. The
sub-cooling process took additional preparation time after
the machine was set-up and the high volume flow frequently
emptied the “slush” dewar during large cases, requiring
another time-consuming “regenerative” cycle to re-fill the
slush dewar. The time of nearly a minute for each probe to
be frozen stuck and several minutes to thaw to become free
from the surrounding tissue, so that the probe may be
moved, made the system more frustrating for time-conscious
operating room or imaging suites.

The embodiments described herein provide for improve-
ments in thermodynamic and hydrodynamic efficiencies for
gas-based probes and allows better consideration of future
closed-cycle systems using mixed gases. Our observation of
properties of the transition of compressed gas to the liquid
state, at and beyond the JT port of the expansion chamber,
also suggested certain concepts incorporated in some
embodiments for avoiding flow problems with liquid nitro-
gen as it expanded to a gaseous state within the expansion
chamber of the tip.

Prior liquid nitrogen based (LN,) probe cooling systems
operated near or slightly above atmospheric pressure, where
the liquid is 170 times more dense than its vapor at the same
temperature. This is far from ideal, since if heat absorbed by
the flowing LN, cryogen exceeds a threshold level, then the
vapor phase of LN, will form in an uncontrollable way
within the liquid flow and this vapor phase will displace
suddenly a much larger volume, equal to this same factor of
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170 times the volume of the liquid evaporated (see Section
1 above). This fills the probe tubing with a large quantity of
gas that is far less efficient at removing heat from the
surrounding tissue through the probe wall. The excess heat
from the tissue around the probe that now can not be carried
away by circulating liquid causes more and more evapora-
tion of the LN, in the probe until the entire probe is filled
with vapor. This vapor lock is a significant limitation to the
reliable operation of LN, systems at low pressure. Similar
vapor lock problems have been a significant limitation to the
use of LN, flow cooling to support long-wavelength infrared
sensors on the image planes of systems on satellites, aircraft,
and other remote platforms for imaging various objects of
interest, and a significant limitation in cooling many other
devices by LN, circulation.

The threshold heating power (Q,,, in Table 1 times the
molar flow rate) to create the vapor phase in the probe
depends on both the rate of LN, flow through the probe, and
the pressure of the LN, within the flow. If L is the latent heat
per unit volume of the LN,, and H is the amount of heat
energy necessary to warm the LN, to the temperature where
vapor may form, then this threshold heating power level to
create vapor in the probe, in watts, is simply (L+H) dV/dt,
where dV/dt is the volume flow rate of LN, through the
probe.

As discussed by many authors [see, for example H.
Eugene Stanley, Introduction to Phase Transitions and Criti-
cal Phenomena (Oxford University Press, 1971)], as the
pressure is increased the difference in the densities between
the liquid and vapor phases becomes less and less, until at
the critical point pressure and temperature the liquid and
vapor have the exact same density. Hence, as the pressure of
the circulating LN, cryogen is increased, the consequence of
vapor formation on the proper operation of the probe
becomes far less significant, since the volume expansion of
the vapor phase beyond the original liquid volume evapo-
rated becomes less as the pressure is increased, until it
becomes zero at the critical point. Furthermore, the much
higher density of the vapor phase near the critical point
makes it far more efficient at circulation cooling than the
vapor phase far from the critical point. Hence if the LN, is
circulated at exactly its critical point pressure and tempera-
ture, then the catastrophic failure of probe freezing associ-
ated with vapor lock, which occurs at lower working pres-
sures, physically can not occur. This results in a vastly more
reliable and hence easier to use cryogenic freeze cycle.

As discussed in Section 1 above, the Weber Number,
which is the ratio of the kinetic energy of flow to the surface
energy of the liquid-vapor interface, is a good indicator of
the likelihood of vapor lock. When the Weber number is
large, then the likelihood of vapor formation is small. Hence
it is possible to design the circulation system to operate away
from the critical point conditions, where vapor lock is
impossible, to lower pressures where vapor formation is
very improbable, provided that the Weber number is suffi-
ciently large. This implies that the optimal control cycle for
the LN, flow system may start at high pressure (critical or
near-critical conditions) and then relax to lower pressures as
the LN, flow is well established, provided that the Weber
Number remains large. At a given sub-critical operating
pressure the Weber Number may be increased by increasing
the flow, however this option is less desirable because the
increased flow expends the LN, more rapidly, resulting in
more frequent refills and hence in a more complex engi-
neered system to cool the cryoprobe. As discussed above,
near the critical point two-phase flow remains efficient in
cooling applications, since the vapor density is large. This






