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(57) ABSTRACT 

Systems for phase-change particulate slurry cooling equip 
ment and methods to induce hypothermia in a patient through 
internal and external cooling are provided. Subcutaneous, 
intravascular, intraperitoneal, gastrointestinal, and lung 
methods of cooling are carried out using saline ice slurries or 
other phase-change slurries compatible With human tissue. 
Per?uorocarbon slurries or other slurry types compatible With 
human tissue are used for pulmonary cooling. And traditional 
external cooling methods are improved by utilizing phase 
change slurry materials in cooling caps and torso blankets. 
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FIGURE 1 
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FIGURE 2 
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METHOD FOR INDUCING HYPOTHERMIA 

RELATED APPLICATIONS 

[0001] This application is a continuation of US. patent 
application Ser. No. 11/124,958 ?led May 9, 2005, now US. 
Pat. No. 7,422,601, issued Sep. 9, 2008, Which is a continu 
ation of US. patent application Ser. No. 10/162,442, ?led 
Jun. 3, 2003, by Lance B. Becker et al., entitled “Method for 
Inducing Hypothermia,” now US. Pat. No. 6,962,601 issued 
Nov. 8, 2005, Which is a continuation-in-part of US. patent 
application Ser. No. 09/586,576, ?led Jun. 2, 2000, by Ken 
neth E. KasZa, entitled “Method And Apparatus For Produc 
ing Phase Change Ice Particulate Saline Slurries,” now US. 
Pat. No. 6,413,444 issued Jul. 2, 2002, and US. patent appli 
cation Ser. No. 09/632,195, ?led Aug. 2, 2000, by Lance B. 
Becker, Terry Vanden Hoek, and Kenneth E. KasZa, entitled 
“Method For Inducing Hypothermia,” now US. Pat. No. 
6,547,811 issued Apr. 15, 2003, each of Which claims the 
bene?t of priority under 35 U.S.C. § 119(3) to US. Provi 
sional Application No. 60/146,753, ?led Aug. 2, 1999, by 
Kenneth KasZa et al., entitled “Method for Inducing Hypoth 
ermia.” 

FEDERALLY SPONSORED RESEARCH OR 
DEVELOPMENT 

[0002] The United States Government has rights in this 
invention pursuant to Contract No. W-31-109-ENG-38 
betWeen the United States Department of Energy and the 
University of Chicago. 

BACKGROUND OF THE INVENTION 

[0003] The present invention relates to the production and 
use of engineered phase-change particulate slurries, such as 
ice slurries, With high cooling capacity, ?uidity, and stability 
to induce protective hypothermia through internal and exter 
nal cooling. 
[0004] It is Well knoWn that hypothermia can postpone 
damage to tissues caused by inadequate blood How and oxy 
gen deprivation. One important example of the potential pro 
tective properties of hypothermia is in the area of cardiac 
arrest. Sudden cardiac arrest is one of the leading causes of 
death in the United States, affecting about 1,000 people every 
day, most of them outside of a hospital setting. 
[0005] Despite Widespread use of basic life support and 
advanced cardiac life support by paramedics, survival of car 
diac arrest patients is usually less than 2-4%, in large part 
because cells of the brain and the heart begin to die Within 
minutes folloWing global ischemia, or inadequate blood How. 
[0006] The ability of these cells to survive severe ischemia 
can be signi?cantly enhanced by transient hypothermia. 
HoWever, rapid and signi?cant cooling (Within 10 minutes, 
and to a temperature of 34° C. or less) of a patient Without 
blood How in a pre-hospital setting has been unachievable. 
[0007] External cooling methods have not been found 
effective in achieving the desired rates of cooling. Several 
studies by the applicants highlight the fact that current tech 
niques of surface cooling alone are not effective for the rapid 
induction of hypothermia. In patients With normal circula 
tion, the core cooling rates achievable With external cooling 
blankets and/or evaporative convection methods do not 
exceed 0.1° C./min. With rates on the order of 005° C./min. 
being more typical. This results in a cooling rate of less than 
60 C. per hour, not rapid enough for protective use during 
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cardiac arrest. Even With complete immersion of a human in 
an ice slush Water bath (0° C.), achieving a nearly maximally 
effective surface heat transfer coe?icient, the lack of blood 
?oW during cardiac arrest prevents achieving the desired pro 
tective core cooling rates. 
[0008] Accordingly, there is a need for a rapid and safe 
method of internally cooling the target Zonesithe heart, the 
brain, and other regions, Which can be used in an out-of 
hospital setting. The rapid induction of protective hypother 
mia using internal phase-change slurry cooling can have a 
signi?cant impact on the rate of survival for patients suffering 
from a variety of conditions including, but not limited to, 
ischemia due to cardiac arrest, myocardial infarction, and 
stroke, hemorrhage, traumatic injury, and asphyxia. 
[0009] There are signi?cant theoretical advantages to 
inducing hypothermia in ischemic patients under ?eld condi 
tions, including the ability to cool ischemia-sensitive organs 
like the heart and brain more rapidly, and, therefore, reduce 
tissue injury caused by the sudden reperfusion of normother 
mic ischemic tissue. 
[0010] The physics of thermal heat-transfer creates a for 
midable challenge to rapid cooling of a human With little or no 
circulation. This is particularly problematic since the brain 
and heart are the targets of the cooling process. External 
methods of cooling can loWer the temperature of these oxy 
gen-sensitive organs but only very sloWly at rates of less than 
005° C./min (only 3° C./hr). The dif?culty is that Without a 
pulse or adequate perfusion, there is very little transfer of heat 
from the deeper tissues to the super?cial tissues. External 
cooling techniques (i.e. cooling blankets or even full ice 
Water immersion) during conditions of no or loW blood ?oW 
only cools core organs via direct tissue thermal conduction. 
Unfortunately, the speed of cooling With these techniques is 
too sloW to avoid a lethal outcome due to ischemic reperfu 
sion injury to vital organs, including the heart and brain. 

BRIEF SUMMARY OF THE INVENTION 

[001 1] The present invention provides for the application of 
phase-change particulate slurry cooling systems, equipment, 
and methods designed for cooling patients rapidly and safely. 
Subcutaneous, intravascular, intraperitoneal, gastrointesti 
nal, and lung methods of cooling are carried out using saline 
ice slurries or other phase-change slurries compatible With 
human tissue. Per?uorocarbon slurries or other slurry types 
compatible With human tissue are used for pulmonary cool 
ing. And traditional external cooling methods are improved 
by utiliZing phase-change slurry materials in cooling caps and 
torso blankets. 
[0012] Since cardiac arrest represents a no or loW blood 
?oW state (loW blood How is achieved, for example, With chest 
compressions) in Which cells begin to die Within minutes, the 
rapid induction of moderate to profound hypothermia during 
cardiac arrest can serve a highly protective function. The use 
of high ?uidity phase-change slurry materials With the capac 
ity for effective internal cooling of such patients makes it 
possible to cool a victim of cardiac arrest Within minutes. 
Rapid induction of hypothermia during cardiac arrest in a 
pre-hospital setting can signi?cantly improve a patient’s out 
come by protecting cells of the brain and heart until blood 
How can be reestablished at the hospital using existing cardiac 
bypass technology. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1. Small 0.1 to 0.3 mm ice crystals formed in a 
beaker of 0.9% sodium chloride solution. 
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[0014] FIG. 2. Large 3 to 25 mm entangled ice crystals 
formed in a beaker of pure Water. 
[0015] FIG. 3a. Microscopic vieW of a pure Water slurry. 
[0016] FIG. 3b. Microscopic vieW ofa 0.9% sodium chlo 
ride aqueous solution slurry. 
[0017] FIG. 4. Cell death versus time. 
[0018] FIG. 5. Predicted versus measured core temperature 
for a ham suddenly immersed in ice slush. 
[0019] FIG. 6. Transient temperature at the brain core. 
Head initially at 37° C. subjected to a sudden immersion in an 
ice bath at 0° C. Depicts in?uence of surface cooling only and 
combined effect of surface and internal cooling by cooled 
carotid blood ?oW into brain. 
[0020] FIG. 7. Transient temperature at the center of a 
spherical heart model of mass 400 g and initial temperature of 
37° C. for 2 modes of cooling. 
[0021] FIG. 8. Combined intravenous and pulmonary cool 
ing during cardiac arrest With chest compressions. 
[0022] FIG. 9. A schematic vieW of one exemplary tech 
nique. 

DETAILED DESCRIPTION OF THE INVENTION 

[0023] The present invention relates to the use of phase 
change particulate slurries designed speci?cally for medical 
use and the cooling equipment used to rapidly induce hypo 
thermia in a patient. 
[0024] A phase-change particulate slurry comprises small 
particles of a phase-change media suspended in a transporting 
?uid. Preferably, the phase-change particulate slurry has a 
high heat of fusion. One example of such a phase-change 
material is ice, but other materials With a heat of fusion may 
also be used. Examples of transporting ?uids include, but are 
not limited to, Water, saline solution, and per?uorocarbon 
solution. The terms “slurry” and “phase-change slurry” are 
also used to refer to “phase-change particulate slurries,” 
examples of Which include, but are not limited to, saline ice 
slurries and per?uorocarbon slurries as discussed. 
[0025] Hypothermia is de?ned as a body temperature sig 
ni?cantly beloW 37° C. Various levels of hypothermia have 
been de?ned. Mild hypothermia is de?ned as a body tempera 
ture of about 34° C., moderate hypothermia as a body tem 
perature of about 23-32° C., and profound hypothermia as a 
body temperature of about l2-20° C. (See Stedman’s Medical 
Dictionary, 26th Edition, 1995.) The term “signi?cant cool 
ing” as used herein means cooling to a temperature of about 
34° C. or less. 

[0026] A preferred method for producing phase change 
particulate saline slurries, Water and a ?rst set amount of 
sodium chloride are provided to produce a saline solution. 
The saline solution is cooled to a speci?c temperature. A 
selected percentage of chunk ice is added to the saline solu 
tion and the chunk ice is broken into ice particles. The ice 
particles have a small siZe. Next a second set amount of 
sodium chloride is added and distributed for smoothing of the 
ice particles. 
[0027] HoWever, this is not to say that the preferred method 
is the only method of producing a phase change particulate 
saline slurry. For example, another method for producing 
phase change particulate saline slurries includes providing a 
liquid With a set percentage of freeZing point depressant to 
form a ?rst solution, such as, a set percentage saline solution; 
cooling the ?rst solution to a set temperature to produce ice 
particles; and increasing an ice particle concentration under 
controlled temperature for a period of time to provide a set ice 
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particle concentration for the phase change particulate saline 
slurry. Other methods are provided in the applications incor 
porated by reference. 
[0028] In one embodiment, the slurry is delivered through a 
subcutaneous injection. The location of inj ection depends on 
the desired target for cooling. In one example of a subcuta 
neous injection, cooling of the brain and the heart are 
achieved through a pericarotid artery injection of a saline 
slurry or other suitable phase-change slurry into the soft tis 
sues of the neck. The pericarotid soft tissues alloW the 3-4 
inches of exposed carotid artery and jugular vein in both sides 
of the neck to function as a heat exchanger for blood traveling 
to the brain and heart during CPR. This method of cooling 
may be used alone for selectively cooling the brain cooling, as 
desired, for example, With a stroke patient. Alternatively, this 
method can be used in combination With other cooling meth 
ods discussed beloW. 

[0029] In another embodiment, the slurry is delivered 
through an intravascular injection. The vessel for injection is 
chosen based, in part, on the desired cooling target. In one 
example of delivery through intravascular injection, the heart 
is cooled through a direct aortic “?ush” infusionusing a saline 
phase-change slurry or other suitable phase-change slurry. In 
another example of delivery, an IV may be loaded With the 
slurry and the slurry introduced to the target through an intro 
ducer in the femoral artery. Cooling through injection of the 
slurry into other blood vessels is also possible. 
[0030] In another embodiment, cooling is achieved by 
delivering the slurry intraperitoneally. For example, delivery 
can be through a percutaneous puncture of the intraperitoneal 
cavity. 
[0031] In another embodiment, cooling is achieved by 
delivering the slurry through the gastrointestinal (GI) tract. 
Examples include rectal delivery or delivery through a naso 
gastric (NG) tube. 
[0032] In yet another embodiment, an oxygenated sodium 
chloride saline or per?uorocarbon saline ice slurry or other 
suitable slurry is delivered to the lungs to achieve pulmonary 
cooling and cooling of the heart. Delivery of slurry to the 
lungs offers the advantage of a huge surface area for heat 
exchange and almost direct contact With the heart on one side 
While simultaneously providing oxygen. Cooling the lungs 
also cools the heart indirectly by inducing cooler blood ?oW 
from the lungs to the heart through CPR. 
[0033] The methods of treatment described in each of the 
embodiments can be used alone or in any combination, 
depending on the condition of the patient, the target tissue for 
cooling, and the degree of cooling desired. 
[0034] The present invention provides a treatment protocol 
for the induction of resuscitative hypothermia during cardiac 
arrest, stroke, or other conditions in Which blood ?oW is 
restricted. In one example according to the present invention, 
in an emergency setting, paramedics at the scene of a cardiac 
arrest attempt the usual advanced cardiac life support thera 
pies. If, hoWever, these traditional methods fail, they initiate 
an additional series of procedures. First, With intubation and 
CPR already started, they inject the soft tissues in the perica 
rotid region bilaterally With a saline ice slurry to begin cool 
ing of the brain. Next, they administer an oxygenated sodium 
chloride or per?uorocarbon ice slurry to the lungs to provide 
additional cooling to the heart and then brain While ventilat 
ing the patient. An aortic ?ush saline ice slurry adds addi 
tional cooling as they begin transporting the patient. Finally, 
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external cooling of head and other surfaces begins While the 
patient is taken to the hospital. 
[0035] With these combined methods, the patient is cooled 
to a protective temperature upon arrival at the emergency 
department 5-10 minutes later. Once at the hospital, a resus 
citation team administers additional drugs to maintain critical 
cellular functions While cardiac bypass is established for the 
patient. 

External Cooling 

[0036] One aspect of the present invention provides 
improved surface cooling blankets. For cardiac arrest 
patients, conventional cooling blankets and head caps have 
not by themselves been able to supply anyWhere near the 
protective cooling needed for the heart and brain. HoWever, 
the use of external surface cooling, When used in conjunction 
With internal cooling phase-change ice slurries is still bene? 
cial. Conventional blanket devices do not achieve the thermal 
boundary condition and cooling associated With immersion in 
an ice bath. Colder coolant medium temperatures Would 
improve the cool-doWn rate, hoWever, the risk of freeZing 
tissue is increased. 
[0037] Cooling blankets according to the present invention 
are improved through the implementation of phase-change 
materials that have transition temperatures near 0° C. and 
have improvedblanket contact With the skin to reduce thermal 
contact resistance. There are conventional cooling blankets 
currently available Which use phase-change media, hoWever, 
these devices, When in their chilled state, are stiff and do not 
?t very snuggly or adapt to the shape of the head, neck, or 
torso. This causes a lack of contact With tissue (air gaps), and 
hence Zones of greatly reduced heat transfer. Furthermore, 
these blankets are also often covered With a cloth outer layer 
Which reduces skin contact and reduces cooling effectiveness. 
[0038] According to the present invention, preferably, 
phase-change materials Which exhibit less rigidity in the 
cooled state and have transition temperatures near 0° C. are 
used for blankets and other external cooling devices. Prefer 
ably, the coverings for containing the phase-change sub 
stances are very smooth, thin, compliant, and can be fabri 
cated into slip-on devices for cooling the regions of interest. 
One example of such a covering material is plastic Mylar 
having a metallic coating. This material is very strong, pro 
duced in very thin layers, readily fabricated into complex 
form ?tting shapes, and it is very smooth, reducing surface 
contact resistance. The contact resistance is further reduced 
by coating or Wetting the areas to be cooled before applying 
the cooling device. 

Internal Cooling 

[0039] The present invention relates to methods of rapidly 
inducing hypothermia in a patient using phase-change par 
ticulate slurries for internal cooling. Cells Within the brain 
and heart are the most sensitive among the tissues of the body 
to reduced blood How and oxygen deprivation and are, there 
fore, the principle sites to protect ?rst With hypothermia. The 
protection of resuscitative hypothermia is important in car 
diac arrest, as Well as other ischemic conditions including 
stroke, myocardial infarction, hemorrhage, traumatic injury, 
and asphyxia. 

Brain Cooling 

[0040] For cooling the brain, in addition to cooling the head 
externally, as discussed above, With cooling jackets or pads 
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containing a phase-change material at a temperature of 
around 0° C., the carotid artery on each side of the neck is 
used over its length as a heat exchanger for cooling the blood 
transported directly into the brain. LikeWise, the jugular vein, 
next to the carotid artery, Which carries blood back to the heart 
can also be cooled. Much of the folloWing discussion for 
carotid artery cooling also applies to cooling the jugular vein 
blood How and the heart. In a cardiac arrest patient, blood How 
is induced by chest compressions. The cooling of the carotid 
blood How is greatly enhanced by injection of a saline ice 
slurry into both sides of the neck for near intimate contact 
betWeen the artery external Walls and the slurry. The slurry is 
not injected directly into the carotid artery or the jugular vein, 
but into the soft tissue surrounding these blood vessels. 
[0041] One method of delivering the slurry for brain cool 
ing through a neck injection is as folloWs: The operator ?rst 
identi?es the region of the carotid artery and the jugular vein 
in the neck. The skin is punctured With a needle and a catheter 
is inserted into the pericarotid region of the soft tissue of the 
neck. The external portion of the catheter is attached to a 
syringe containing the slurry. A speci?ed volume of slurry is 
then injected into the soft tissues of the neck in the vicinity of 
the carotid artery and the jugular vein. Another method of 
delivery is to use a directed mechanical metered feed of 
slurry. 

Heart Cooling 

[0042] In addition to cooling the heart With externally 
applied cooling jackets or pads containing a phase-change 
material at a temperature of around 0° C., the present inven 
tion involves various methods of internal cooling Which 
directly target the heart. In one embodiment, the heart is 
cooled in the same manner discussed above for cooling the 
brain. Injecting ice slurry into both sides of the neck for 
cooling blood How to the brain from the carotid artery also 
cools blood ?oWing in the jugular vein returning directly to 
the heart. 
[0043] In a second embodiment, the heart is cooled by 
charging the lungs With an oxygenated sodium chloride or 
per?uorocarbon slurry. Cooling the lungs results in heart 
cooling by taking advantage of the thermal conduction result 
ing from the close proximity of the lungs With one side of the 
heart. 
[0044] In another embodiment, the lungs are charged With 
an oxygenated sodium chloride or per?uorocarbon slurry, 
and chest compressions move cool blood from the lungs into 
the heart, enhancing the rate of heart cooling. 
[0045] In one method of delivering the slurry into the lungs, 
an endotracheal tube is inserted into the trachea. The external 
portion of the endotracheal tube is connected to a ventilation 
type bag Which has been speci?cally modi?ed to deliver 
slurry. A speci?ed volume of slurry is delivered to the lungs 
through the endotracheal tube. 
[0046] The ventilation bag and delivery tube are modi?ed 
to minimize slurry plugging the How passages and to facilitate 
the controlled delivery of the required amount of slurry. The 
bag is also modi?ed for interface With the chiller and other 
equipment needed to form the slurry. One alternate method of 
delivering slurry to the lungs is directly through a mechanical 
tube feed into the lungs. 
[0047] In a third embodiment for heart cooling, the slurry is 
introduced through a direct aortic “?ush” or infusion, produc 
ing cooling in the target Zones. For the aortic ?ush, the slurry 
is delivered to the aorta through the use of a percutaneous 
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open femoral artery puncture. A larger bore long catheter is 
advanced through the puncture toward the head until the 
catheter is in the region of the aortic arch. A syringe is 
attached at the external end of the catheter. The syringe is then 
loaded With slurry and a speci?ed volume of slurry is pushed 
through the syringe and through the tubing into the aorta. 

Phase-Change Slurries 

[0048] Phase-change slurries in the form of high concen 
trations of small ice particles in a liquid carrier dramatically 
increase coolant capacity compared to other liquids such as 
Water or blood that lack heat of fusion effects. Methods and 
apparatus for the production of phase-change slurries are 
discussed in greater detail in US. patent application Ser. No. 
09/585,770, ?led Jun. 2, 2000, by Kenneth E. KasZa, entitled 
“Method And Apparatus For Producing Phase Change Ice 
Particulate Per?uorocarbon Slurries,” US. patent application 
Ser. No. 09/586,576, ?led Jun. 2, 2000, by Kenneth E. KasZa, 
entitled “Method And Apparatus For Producing Phase 
Change Ice Particulate Saline Slurries,” and US. patent appli 
cation Ser. No. 09/632,195, ?led Aug. 2, 2000, by Lance B. 
Becker, Terry Vanden Hoek, and Kenneth E. KasZa, entitled 
“Method For Inducing Hypothermia,” all of Which are incor 
porated herein by reference in their entirety. 
[0049] Phase-change ice slurries have been used for cool 
ing in large building complexes. The use of slurries for cool 
ing buildings has shoWn that ice particles suspended in Water, 
if engineered to have the correct characteristics, can be 
pumped as readily as Water and are stable for signi?cant 
periods of time Without agglomeration. The cooling capacity 
of such a slurry can be 5 to 10 times that of an equal mass of 
Water Which exhibits only sensible heat cooling capacity, as 
opposed to heat of fusion effects. 
[0050] For use in cooling buildings, the particles preferably 
are small relative to the conduit diameter, not loaded to a level 
of more than 30% ice in order to enhance delivery to the target 
cooling Zone, and relatively smooth to avoid particle 
entanglement and formation of large clusters. Small additions 
of chemical adjuvants to a slurry, such as freeZing point 
depressants, have been shoWn to dramatically improve the 
?uidity and storability of the slurry by altering the micro scale 
features of the individual particles comprising the slurry. 
[0051] For background information on phase-change slur 
ries, and speci?cally ice slurries, see KasZa, K. E., and Chen, 
M. M., Assessment of impact of advanced energy transmis 
sion ?uids on district heating and cooling systems (phase I), 
Argonne National Laboratory, 1987; KasZa, K. E., and Chen, 
M. M., Improvement of the performance of solar energy and 
Waste heat utiliZation systems by using phase-change slurry 
as an enhanced heat-transfer storage ?uid, ASME J Solar 
ENG. 107: 229-236, 1985; KasZa, K. E., and Hayashi, K., Ice 
slurry cooling research: Storage Tank Ice Agglomeration and 
Extraction, ASHRAE Transactions Annual Meeting, Seattle, 
Wash., June 1999; Liu, K. V., Choi, US, and KasZa, K. E., 
Pressure drop and heat transfer characteristics of particulate 
slurry channel ?oWs, ASME FED Vol. 75, 1988; and Hayashi, 
K., and KasZa, K. E., A method for measuring ice slurry 
particle agglomeration in storage tanks, ASHRAE Presenta 
tion Winter Meeting, 1999. Each of the references above are 
incorporated herein by reference in their entirety. 
[0052] For human use, ice, With its large heat of fusion (80 
cal/gm) is a good candidate for the basis of phase-change 
slurries. For example, a 50/50 mixture of ice and Water fur 
nishes nearly 10 times the cooling capacity as an equal mass 
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of Water at 00 C. containing no ice. One example of a slurry 
suitable for use in humans is about a 0.9% saline (sodium 
chloride) phase-change ice slurry Which has a temperature of 
—0.30 C. The sodium chloride serves as a freeZing point 
depressant, and the slurry has a temperature and a salt con 
centration that are compatible With human or other animal 
tissue. Such a slurry may also be described as containing 
medical grade sodium chloride (i.e. a medical grade saline 
solution) With ice particles. The term medical grade is Well 
knoWn in the art to describe compatibility With the tissue at 
issue (for example, a medical grade sodium chloride saline 
solution for the human body comprises 0.5% to 6.0%, pref 
erably 0.9%, sodium chloride by Weight). 
[0053] Other slurry examples, although not exhaustive, 
include sugar-based or sucrose-based aqueous solutions or 
solutions containing biological antifreeZe chemicals. The 
various additives to Water can also be used in different com 
binations to engineer a slurry having altered medical 
attributes. A slurry can be used as a vehicle to administer other 
drugs or biologically active compounds at the earliest stages 
of treatment for purposes in addition to cooling the patient. 
Such biologically active compounds include, for example, 
anti-oxidants and anti-apoptosis proteins. 
[0054] The phase-change particulate slurries of the present 
invention are generally characterized by their high cooling 
capacity, ?uidity, stability, and compatibility With human tis 
sue. Preferably, the slurries have a transition temperature 
(freezing and melting point) that does not cause tissue dam 
age. 
[0055] The saline ice slurries according to the present 
invention preferably contain sodium chloride concentration 
in the range of about 0.5% to 6.0% (inclusive of both the 
liquid in the solution and the ice particles). The loadings, or 
percentage of ice crystals, are preferably in the range of about 
5% to 74%. Although any range of loading may be used, for 
example, about 30% or about 40% loading, it is more prefer 
able to highly load the slurries With a concentration of ice 
particles of about 50% or greater. A slurry loaded With the 
maximum amount of ice particles is desirable as the cooling 
rate increases With an increase in the ratio of ice particles to 
solution. The percentage 74% above is maximum overall 
percentage of ice particles in a solution as it is the maximum 
theoretical percentage of ice particles in a solution (hexago 
nal close packed structure). As above, for internal delivery to 
a target cooling Zone, the particle siZe may be small relative to 
the diameter of the delivery system (eg endotracheal tube to 
the lungs) to enhance delivery to the target cooling Zone and 
relatively smooth. 

EXAMPLE 1 

[0056] The ?rst example is an ice slurry made from medical 
grade sodium chloride saline solution. This slurry is used to 
cool major blood vessels Which ?oW to the head and the heart 
as With the aortic ?ush and neck injections described above. 
The movement of the slurry and the transport of cooled blood 
into the critical Zones is enhanced by chest compressions. 
[0057] The sodium chloride in aqueous solution serves as a 
freeZing point depressant and alters the nature of the ice 
crystals formed in solution When the solution is cooled to its 
freeZing point. Using about a 0.9% saline solution, a slurry is 
formed in a saline solution con?ned in a container or in a 
saline solution directly in a plastic medical injection bag 
ensuring sterility for the patient and convenience for the sup 
pler. The solution is cooled to the point Where ice crystals 
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form. The freezing point for a 0.9% concentration, for 
example, of sodium chloride is —0.3° C. In contrast to pure 
Water, the saline solution in the beaker and the medical inj ec 
tion bag forms very small separated ice crystals of a siZe less 
than 0.1 mm initially. These very small ice crystals groW to 
approximately 0.2 or 0.3 mm as the ice crystal loading groWs 
With time after initial nucleation of the solution and are typi 
cally no more than about 1 mm in siZe. The slurry is alloWed 
to further increase in ice crystal concentration for about 15 
minutes, yielding an ice crystal concentration of approxi 
mately 15 to 20%. The ice particles are quite smooth due to 
the presence of the sodium chloride. At this concentration of 
ice crystals, the mixture remains very ?uid and syrupy in 
texture. FIG. 1 shoWs the saline slurry created in the beaker. 
This slurry readily ?oWs through 3 mm diameter tubing. FIG. 
2 shoWs the larger 3 to 25 mm entangled ice crystals formed 
in a beaker of pure Water. 

[0058] FIGS. 3a and 3b shoW pure Water and saline slurries, 
respectively, vieWed under a long range microscope. In the 
sodium chloride solution, the small individual crystals are 
quite smooth. In the pure Water slurry, the crystals are rough. 
The saline slurry, therefore, is quite ?uid compared to the pure 
Water slurry Which has very large dendritic-type crystals. 
[0059] Saline ice slurries, and other suitable slurries of the 
present invention, are made using several different 
approaches. One approach is a batch approach in Which bea 
kers of solution or plastic IV bags containing saline solution 
are immersed in a recirculating Water bath chiller. The solu 
tions are cooled until a slurry is formed. A second approach 
uses a signi?cantly modi?ed commercially available continu 
ous ?oW ice particle generator and particle concentrator/ac 
cumulator (for time of need production) to generate a slurry. 
[0060] Preferably, the commercially available continuous 
?oW ice particle generator and particle concentrator/accumu 
lator are reduced in siZe to be compatible With medical needs 
and neW control features are implemented to alloW generation 
and storage of ice particles suitable for medical use. Equip 
ment for feeding the slurry to the medical delivery devices is 
also designed into existing slurry generators. The equipment 
is also designed to eliminate the potential of slurry contami 
nation. 
[0061] Preferably, a stable (storable), ?uid and highly 
loaded (50% or greater) ice particle slurry With medical grade 
saline solution is produced. An example of the rapidity of 
cooling may be seen from a slurry With 50% ice particles, 
Which has 10 times the cooling capacity of saline solution 
Without particles. The characteristics of slurries are strongly 
dependent on: the temporal and thermodynamic pathWays 
under Which the slurries are formed; the concentration of the 
sodium chloride in the aqueous solution; the actual cooling 
equipment used; and the presence of other trace chemicals or 
impurities Which act as ice crystal nucleation sites. The slur 
ries preferably have a transition temperature (melting point) 
that does not cause tissue damage. 
[0062] It is knoWn that slurry ?oWability also depends on 
loading, surface roughness, and particle siZe. Preferably, a 
stable saline slurry of the maximum loading (maximum cool 
ing capacity) and the ?oWability necessary for tubing delivery 
and ?oW in blood vessels is produced. 
[0063] To determine the in?uence of the various parameters 
Which in?uence slurry characteristics, batches of saline ice 
slurry for several sodium chloride concentrations in the range 
about 0.5 to 6.0% using 2 different approaches are generated. 
The ?rst consists of the batch approach involving containers 
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of solution or plastic IV saline bags immersed in a recircu 
lating Water bath chiller. The second approach is to modify a 
commercially available continuous ?oW ice particle genera 
tor and particle concentrator/accumulator (time of need pro 
duction) and to generate a slurry. These tWo approaches alloW 
evaluation of different production methods and alloW evalu 
ation of the in?uence of production devices on slurry charac 
teristics. For both devices various cool-doWn rates, tempera 
ture hold conditions, and storage periods are imposed on the 
slurries during formation and storage to assess the in?uence 
on slurry characteristics. 

[0064] The slurry ?oWability through plastic tubing in the 
siZe range about 1 to 6 mm diameter is evaluated for tubing 
having a length in the range of about 0.3 to 2 m for both 
methods of slurry production, various loadings in the range 5 
to 74%, and for the various saline concentrations. FloW is 
induced both by squeeZing plastic IV saline bags and by 
metered ?oW pumping at various rates from 10 to 1000 
cc/min. FloWability is assessed by visual detection of ice 
particle blockage aided by microscope and video recording 
and by measuring any pressure drop over the length of tubing. 
Because particle siZe and roughness strongly in?uence slurry 
behavior, these characteristics are quanti?ed using the micro 
scope/video images of slurry. Slurry storability is evaluated 
by storing the slurry for various time periods and checking its 
?oWability. 

EXAMPLE 2 

[0065] In another embodiment, cooling of the heart is 
achieved by charging the lungs With a phase-change slurry. 
Due to the almost intimate contact of the lungs With one side 
of the heart, charging the lungs greatly improves the rate of 
cooling of the heart. One example of a phase-change ice 
slurry used for the lungs is in the form of liquid per?uorocar 
bon or sodium chloride solution either of Which may be used 
as the carrier of ice particles into the lungs. When oxygenated, 
the sodium chloride solution or per?uorocarbon liquid can 
also serve as a liquid ventilator or oxygen transporter. 

[0066] During cardiac arrest, the lungs are effectively a 
dead air space and behave as an insulating layer that signi? 
cantly reduces heat transfer to and from the heart, impeding 
cooling applied externally to the chest. Because the heart lies 
immediately behind the lungs, With only a thin membrane 
layer separating the tWo regions, the heart can be more rapidly 
cooled by using a coolant delivered to the lungs to supplement 
external cooling. The coolant to the lungs can be administered 
to a patient through a tube extending into the lungs as part of 
a modi?ed breathing apparatus or by direct tube feed from the 
slurry-producing equipment. 
[0067] Among their unique properties, per?uorocarbon liq 
uids are immiscible With Water, very chemically and biologi 
cally inert, and have an extraordinary capacity for dissolving 
oxygen. The ice particle per?uorocarbon liquid slurry is 
formed by cooling an emulsion of saline solution (or other 
suitable liquid) and sodium chloride solution or per?uorocar 
bon liquid to create a slurry. To oxygenate such a per?uoro 
carbon slurry or a saline ice slurry, microbubbles of oxygen 
may be infused into the slurry by forcing oxygen through a 
micropore porous stone. The micropore porous stone forms 
micro-bubbles that are incorporated/entrained into the slurry 
by mixing them in as a gaseous third phase in the mixing 
apparatus. The oxygen may also be introduced into the slurry 
just prior to using the slurry by imbedding the micropore 
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porous stone into the delivery line to the body, thereby alloW 
ing careful metering of the delivered oxygen. 
[0068] In one example, the ice slurry Was made by emulsi 
fying saline solution (0.9% or higher concentration) in per 
?uorocarbon liquid in a container and then batch chilling the 
mixture to the freezing point. The freezing point for this 
mixture Was 0° C. and the slurry Was loaded With about 15% 
ice particles. The slurry of about 15% ice particle loading Was 
quite ?uid and the particles Were quite smooth, thereby per 
mitting easy ?oW along the delivery lines. 
[0069] The initial relative proportions of the constituents 
dictate the ice particle slurry concentration. It is knoWn that 
slurry ?oWability also depends on loading, surface roughness, 
and particle size. Preferably, a stable saline/per?uorocarbon 
slurry of the maximum loading (maximum cooling capacity) 
and the ?oWability necessary for tubing delivery into the 
lungs is produced. Saline solution concentrations are prefer 
ably in the range of about 0.5 to 6.0% and ice particle loading 
is preferably in the range of about 5 to 74%. 
[0070] There are several different methods of combining 
the liquids. The saline solution, prior to freezing the mixture, 
is broken into very small droplets suspended in the immis 
cible per?uorocarbon liquid. The size of the saline solution 
droplets prior to freezing determines the slurry ice particle 
size after freezing. The formation of small smooth ice par 
ticles enhances slurry ?oWability. 
[0071] One approach for forming the small saline solution 
droplets involves mechanically mixing the constituents in a 
beaker With a variable speed mixer. The more intense and 
longer the duration of the mixing, the smaller the droplets. A 
second method consists of using an ultrasonic mixer to 
achieve small saline solution droplet sizes. The ultrasonic 
approach is preferred because it alloWs the use of closed 
sterilized containers of the desired mixture Without concerns 
of contamination. The mixing energy is transferred through 
the Walls of the container. In both cases, the containers of 
mixed solutions are batch cooled to the ice particle formation 
temperature by immersion in a recirculating bath chiller or 
other suitable cooling device. The slurry can also be made in 
a continuous process device for on-demand delivery. 

[0072] Preferably, stable (storable), ?uid, and highly 
loaded (50% or greater) ice-particle slurry With medical grade 
saline/per?uorocarbon liquids for pulmonary cooling is pro 
duced. These desired slurry characteristics, just as in the case 
of saline slurries, are strongly dependent on: the temporal and 
thermodynamic pathWays under Which the slurries are 
formed; the concentration of the slurry constituents; the 
actual cooling equipment used; and the presence of other 
trace chemicals or impurities Which act as ice crystal nucle 
ation sites. Furthermore, the slurries preferably have a tran 
sition temperature (melting point) that does not cause tissue 
damage. 
[0073] To determine the effect of the various parameters 
Which in?uence slurry characteristics, batches of saline/per 
?uorocarbon ice slurry for several emulsi?ed/highly mixed 
mixtures of saline solution concentrations in the range of 0 to 
6.0%, for various loading concentrations in the range of 5 to 
74%, using the different methods of combining the liquids, 
are produced. 
[0074] These tWo approaches to the production of the 
saline/per?uorocarbon ice slurry alloW evaluation of different 
production methods and alloW evaluation of the in?uence of 
the production device on the slurry characteristics. For both 
slurry preparation methods, various cool-doWn rates, tem 
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perature hold conditions, and storage periods are imposed on 
the slurries during formation and storage to assess the in?u 
ence on slurry characteristics. 

[0075] The slurry ?oWability through plastic tubing in the 
size range of 4 to 12 mm diameter is evaluated for tubing in 
the length range of 0.3 to l m for both methods of slurry 
production, various loadings in the range 5 to 74%, and for the 
various saline concentrations. FloW is induced both by 
squeezing a plastic ?exible container such as those similar to 
ventilating bag-valve systems and by metered ?oW pumping 
at various rates from 200 to 1000 cc/min. FloWability is 
assessed by visual detection of ice particle blockage aided by 
microscope and video recording and by measuring pressure 
drop over the length of tubing. Because particle size and 
roughness strongly in?uence slurry behavior, these charac 
teristics are quanti?ed using the microscope/video images of 
slurry. Slurry storability is evaluated by storing the slurry for 
various time periods and checking its ?oWability. Preferably, 
a slurry With large cooling capacity, su?icient ?uidity, and 
stability is produced. 

Equipment for Making Slurry 

[0076] The equipment for generation of each type of slurry 
may involve either batch processing in a chilled bath or the 
use of a signi?cantly modi?ed commercially available con 
tinuous ?oW ice particle generator and particle concentrator/ 
accumulator (time of need production) to alloW generation of 
slurry characteristics suitable for medical use in a continuous 
on-demand basis. 
[0077] Ice slurry generation and storage equipment and the 
protocols for using them should be compatible With patient 
use. Preferably, the equipment design alloWs cooling devices 
Which provide an optimum slurry With large cooling capacity, 
suf?cient ?uidity, and stability under the conditions and use 
scenarios needed for out-of-hospital treatment. 

Cell Data 

[0078] The focus of resuscitation treatment for ischemic 
diseases involving impairment of blood ?oW and reduced 
oxygen ?oW to tissues, including stroke, myocardial infarc 
tion, hemorrhagic shock, and cardiac arrest, has been to 
shorten the time of ischemia, and reperfuse at normal physi 
ologic conditions as quickly as possible. HoWever, recent data 
suggest that altering the conditions Within the ?rst minutes of 
reperfusion may be even more important than shortening the 
time of ischemia. 

[0079] Studies on the rapid induction of hypothermia prior 
to the time of reperfusion indicate that lengthening the time of 
ischemia from 60 to 70 minutes improves outcome When the 
additional time of ischemia Was used to induce hypothermia. 
As seen in FIG. 4, if cardiac cells exposed to normothermic 
(37° C.) ischemia for 60 minutes are made ischemic for an 
additional 30 minutes at 25° C. (90 minutes total Without 
oxygen), and reperfused at 25° C. for an additional 60 min 
utes before being Warmed back to 37° C., their rate of cell 
death (just over 20% cell death) is signi?cantly better than if 
cells Were exposed to ischemia for 60 minutes at 37° C. and 
reperfused immediately With normal physiologic solution 
(i.e., at 37° C.)iresulting in almost 50% cell death. Control 
cells made ischemic for 90 minutes at normothermic condi 
tions had over 60% cell death. Thus, shortening the time of 
ischemia may be less important than ensuring that ischemic 
cells are hypothermic at the time of reperfusion. 
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[0080] The implications are that total body cooling for car 
diac arrest, and selected organ cooling of the heart and brain 
for myocardial infarction and stroke respectively, can signi? 
cantly open the WindoW of opportunity to save these organs 
from ischemia/reperfusion injury by giving physicians more 
time to treat the patient. For example, for stroke patients, the 
current time WindoW in Which physicians can safely admin 
ister thrombolytics to dissolve blood clots and reperfuse 
ischemic regions of the brain is 3 hours, far too little time for 
mo st patients to bene?t from this therapy. These results indi 
cate that, if cooled prior to reperfusion (i.e., prior to the time 
of administering thrombolytic drugs), as With the pericarotid 
cooling technique, the time WindoW of opportunity to reper 
fuse Would be extended Well beyond 3 hours. 

Models 

[0081] A simpli?ed spherical text book classical multilayer 
heat conduction model, With and Without an internal heat 
sink, has been implemented to analyZe cooling of the head 
and the heart. The model is found in CarslaW, H. S, and J aeger, 
J. C., Conduction of Heat In Solids, Oxford University Press, 
1973, pp. 233-237, Which is incorporated herein by reference. 
For the head, the sphere model has four layers. The heart is 
modeled as a single element sphere. Both the head and heart 
are modeled With and Without an internal heat sink. The heat 
sink alloWs simulation of internal organ cooling resulting 
from the cooler blood entering induced by chest compres 
sions. To verify the accuracy of the simpli?ed model, cooling 
data on the cooling rate associated With a ham suddenly 
immersed in an ice slush bath is compared With model pre 
dictions. The folloWing summarizes the results from the ham, 
head, and heart cooling assessments. 

Experiments 

[0082] Heat transfer modeling results: Examples 3-6 

EXAMPLE 3 

[0083] Ham: surface cooling/no blood How 
[0084] As a means of obtaining an indication of a cool 
doWn rate associated With external surface cooling only of a 
large tissue mass of siZe and surface area similar to the head, 
an experiment Was conducted on a 9.8 pound ham (shank 
portion) With an imbedded bone mass. The ham Was cooled 
doWn from an initial temperature of29.4° C. to 167° C. in 30 
minutes by direct full immersion in a tightly packed ice slush 
Water bath at 0° C. With a thermocouple imbedded 3 .5 inches 
into the thickest part of the ham. The resulting core cool-doWn 
rate Was 0.42° C./min. These results con?rm that surface 
cooling only, in the absence of blood ?oW, falls far short of 
achieving the desired cooling. 
[0085] FIG. 5 shoWs the results of the sphere heat conduc 
tion model applied to the ham compared With the measured 
ham core temperature history based on a sphere of radius 
b:3.5 inches for thermal diffusivities ranging from 1.5 to 
5 0x10“7 m2/S. 

EXAMPLE 4 

Head Model 

[0086] Models for brain core temperature using external 
surface cooling alone and for the combined effect of external 
and internal pericarotid cooling are presented in FIG. 6. 
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[0087] The external surface cooled model of the head/brain 
has the folloWing features. The head is modeled as a 4-layered 
sphere With heat conduction to an ice slurry bath at 0° C. upon 
sudden immersion. The 4 layers of the sphere from the outer 
to the inner Zones are the scalp, the skull, the cerebrospinal 
?uid (CSF), and the brain, respectively, as shoWn in FIG. 6. 
The mass of the brain considered is 1500 g Which is equiva 
lent to a volume of 1388 cm3 and a radius of 69.2 mm. The 

thickness of the scalp, the skull, and the CSF are 5 mm, 5 mm, 
and 2 mm, respectively. The radius of the brain is divided into 
10 equal partitions. The governing classical heat conduction 
equation Was discretiZed into the ?nite difference form and 
solved numerically for temperature. The equation used is 
aZ-TZ-IbZ-TZ-+1 +cl-Tl-_ 1 +dl- Where i represents the number of parti 
tions. The equations Were solved by the Tri-Diagonal-Matrix 
Algorithm. (See S. V. Patanker, Numerical Heat Transfer and 
Fluid Flow (Hemisphere Series on Computational Methods 
in Mechanics and Thermal Science), Hemisphere Publishing, 
pp. 52-54, 1980. See also CarslaW, H. S, and Jaeger, J. C., 
Conduction of Heatln Solids, Oxford University Press, 1973, 
pp. 233-237.) 
[0088] FIG. 6 shoWs the transient temperature at the center 
of the brain. The cooling time of the center of the brain from 
37° C. to 25° C. is 93 minutes. The brain core cools very 
sloWly. HoWever, the brain outer edge sees protective tem 
peratures of 25° C. at 10 minutes into the cool doWn. The head 
model indicates that the rate of cooling of the brain is 
improved signi?cantly by utilization of internal pericarotid 
blood cooling in conjunction With the external cooling. 
[0089] The heat transfer to the carotid artery has been mod 
eled and the resulting cooling capacity of the blood ?oWing 
into the brain resulting from chest compressions is used to 
evaluate Whether the cooling capacity needed in the brain in 
the form of a distributed heat sink could be achieved. The 
carotid artery on each side of the neck is assumed to have the 
folloWing characteristics: diameter:1.2 cm; length:10 cm; 
blood ?oW rate from chest compressions:125 cc/min; and 
surface temperature due to ice slurry:0° C. 

[0090] The analysis of the carotid artery shoWs that at the 
beginning of the cooling process, the blood enters the 10 cm 
effective cooling length of artery at 37° C. and exits at 248° 
C. 14.8 cal/ s are removed from the blood per carotid. As time 
proceeds, the blood exiting the carotid heat exchanger 
becomes cooler. Hence, the blood entering the brain also 
becomes cooler, even at the beginning of the cooling, With a 
temperature near the desired cool-doWn cell protection target 
temperature of 25° C. 

[0091] The head heat conduction transfer model used for 
predicting the in?uence of surface cooling alone is imple 
mented With a uniform heat sink per unit volume represented 
by q"' for the brain region and the core temperature predicted 
versus time With both external and internal heat sink cooling 
modes operating. The value of q"' used is 0.02 cal/s-cm3 
Which is based on cooling a brain of mass 1500 g, having 
volume 1388 cm3, and speci?c heat of 3850 J/kg-° C. from 
37° C. to 25° C. in 10 minutes. The average brain cooling rate 
based on these assumptions is 27.6 cal/ s. As shoWn in FIG. 6, 
the addition of the internal brain cooling resulting from cool 
ing of the carotid blood ?oWing into the brain fumishes a 
signi?cant improvement in cooling over the case of external 
cooling alone. The brain core temperature reaches 25° C. in 
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10 minutes and, mo st importantly, the internal heat sink effect 
is obtainable from the carotid cooling. 

Heart Model 

[0092] The cool blood entering the heart is modeled, as for 
the brain, as a uniformly distributed heat sink. The effective 
ness of these cooling methods are discussed beloW for tWo 
simulated cases (EXAMPLE 5 and EXAMPLE 6). The 
spherical heart heat conduction transfer model assumes a 
heart mass of400 g, a volume of370 cm3, and a radius of44.6 
mm. 

EXAMPLE 5 

[0093] Heart Model Case 1: Pulmonary cooling With no 
blood ?oW, no chest compressions, lungs ?lled With ice slurry, 
and trunk packed in ice. 
[0094] This case calculates the heart core cool-doWn rate 
associated With the scenario of the lungs being ?lled With ice 
slurry at 0° C. at time Zero and the heart separated by only a 
thin tissue layer (2 to 5 mm thick) from the lungs With the 
heart initially at 37° C. The trunk is subjected to an ice bath. 
Chest compressions Which Would induce blood How are not 
used. The lungs could hold 3 or 4 liters of ice slurry in a single 
charge and the slurry contains approximately 30% by volume 
of ice particles (ice has a heat of fusion of 80 cal/g or 144 
Btu/1b.). This analysis, in addition to predicting heart cooling 
rate, also yields an estimate of hoW much cooling it takes to 
cool the heart from its initial uniform temperature of 37° C. to 
a target core temperature of 25° C. This estimate also provides 
information on hoW much ice slurry is needed to charge the 
lungs to achieve the target cool doWn. 
[0095] In this model, it is assumed that the surface of the 
heart is 100% in contact With the lungs and maintained at 0° 
C. surface temperature resulting from the injection of the ice 
slurry into the lungs and the trunk in an ice bath. The transient 
temperature at the heart core is shoWn in FIG. 7. It takes about 
28.4 minutes to cool from 37° C. to 25° C. This is longer than 
the target time of 10 minutes. For the present case, the amount 
ofheat loss from 37° C. to 25° C. is calculated to be 38.8 Btu, 
Which is equivalent to the latent heat of 0.27 lbs. of ice. For a 
30% ice particle loaded slurry charged into the lungs of 3 to 4 
liters capacity, a single charge Would place over 2 lbs. of ice 
in the lungs Which is adequate to achieve cooling, but as 
above, not optimal. 

EXAMPLE 6 

[0096] Heart Model Case 2: Combined pulmonary cooling 
With blood How. 

[0097] In this case, the full combination of cooling modes is 
considered. That is, the heart is cooled doWn through the 
conductive heat transfer due to the contact betWeen the slurry 
?lled lungs and the heart (see Heart Model Case 1, 
EXAMPLE 5), and cooling due to cooler blood ?oWing 
through the heart. The heart is cooled as a result of the com 
bination of the injection of ice slurry into the aorta, cooled 
jugular blood, and blood cooled in the lungs ?oWing into the 
heart as a result of chest compressions in the absence of a 
naturally pumping heart. 
[0098] To simulate internal cooling, a uniformly distributed 
heat sink, q"', in the heart sphere model is used to represent the 
convective heat transfer betWeen the heart and the blood ?oW. 

May 14, 2009 

The heart core temperature for q"':0.018 cal/s-cm3 Which 
corresponds to an energy removal rate of —6.63 cal/ s is shoWn 
in FIG. 7. The appropriate value of q"' is determined in the 
same Way as for the brain calculations. Signi?cant improve 
ment is obtained With the cooled blood ?oW over Heart Model 
Case 1, EXAMPLE 5. From FIG. 7, it is noted that the cooling 
time from 37° C. to 25° C. at the center of the heart under the 
condition of no blood ?oW contribution, i.e., q"':0 is 28.4 
min, the result from Heart Model Case 1, EXAMPLE 5. 
HoWever, the cooling time is reduced to 10 minutes for the 
volumetric heat sink value of 0.018 cal/s-cm3 applied to the 
heart. The tWo cases shoW that the cooled blood How is very 
important for cooling the heart core quickly folloWing cardiac 
arrest. This cooling by blood How is achieved With the use of 
internal ice slurry cooling. 
[0099] These scoping models are based on simpli?ed 
spherical geometry and lumped parameter textbook classical 
heat conduction heat transfer model approximations. 
(CarslaW, H. S, and Jaeger, J. C., Conduction ofHeaZ In 
Solids, Oxford University Press, 1973, p. 233-237.) 
[0100] The cooling model studies of the brain and heart 
regions yield numerical models that are used to develop and 
evaluate the various cooling approaches. The initial target is a 
cool-doWn from 37° C. to 25° C. in 10 minutes. 

[0101] Scoping assessments of cooling rates are used to 
evaluate combined external and internal cooling for the lungs 
and heart. A ?rst cut model of the heart cool-doWn rate With 
the lungs ?lled With ice slurry at 0° C. at time Zero and the 
heart separated by only a thin tissue layer (2 to 5 mm thick) 
from the lungs With the heart initially at 37° C. has been 
developed. This analysis, in addition to predicting heart cool 
ing rate, also yielded an estimate of hoW much ice slurry it 
Would take to cool the heart from its initial uniform tempera 
ture of 37° C. to a center temperature of 25° C. 

[0102] These scoping models are based on simpli?ed 
spherical geometry and lumped parameter approximations. 
Additional heat transfer models are developed based on ?nite 
element representations of the complex geometries, the 
boundary conditions, and the material property variations of 
the various body elements involved. The commercial code 
PROSTAR (pre-processor of STAR-CD Code) is used to 
generate the computational meshes to more accurately repre 
sent the actual geometry of head and heart and represent 
spatial variations in the applied boundary conditions and 
tissue properties. 

EXAMPLE 7 

[0103] In this study, the ability of a phase-change ice slurry 
to provide targeted cooling of the heart and brain When deliv 
ered intravenously, and through an endotracheal tube into the 
pulmonary space during cardiac arrest With chest compres 
sions in a swim model of cardiac arrest Was tested. 

Phase-Change Ice Slurry 

[0104] The slurry used for these experiments Was a saline 
based ice slurry Which consisted of 30% ice generated from a 
0.9% saline solution. Ice particle siZe Was less than 0.1 mm 
(measured microscopically); ?oWability through IV tubing 
Was good; and the slurry did not degrade after 4 hours of 
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storage. The temperature of saline ice slurry produced Was 
—0.3° C., a temperature that is Well tolerated by biological 
tissue. Other similar experiments have been performed With a 
saline based ice slurry having over 40% and 50% by Weight of 
ice particle loading. 

Animal Instrumentation 

[0105] The use of sWine as a model of cardiac arrest has 
been Well described in the literature. (See, for example, Idris, 
A. H., WenZel, V., Becker, L. B., Banner, M. 1., Orban, D. 1., 
Does hypoxia or hypercarbia independently affect resuscita 
tion from cardiac arrest?, Chest, 108(2): 522-28 (1995); Idris, 
A. R., Becker, L. B., Fuerst, R. S., WenZel, V., Rush, W. 1., 
Melker, R. 1., Orban, D. 1., Effect of ventilation on resuscita 
tion in an animal model of cardiac arrest, Circulation, 90(6): 
3063-69 (1994); and SWindle, M. M., The use of animals in 
surgical research, Jlnvesl Surg, 1(1): 3-4 (1988). 
[0106] Domestic sWine Weighing 30-40 kg Were intubated 
With a #7 endotracheal tube, folloWing anesthetic induction 
With ketamine (20 mg/kg IM). Animals Were placed in the 
dorsal recumbent position. Anesthesia Was maintained With 
iso?uorane inhalant gas and 100% oxygen. Vital signs Were 
continually monitored and anesthetic levels Were adjusted to 
maintain physiologic homeostasis and absolute absence of 
discomfort. Animals Were ventilated With a time-cycled, 
pressure-controlled electronic ventilator to maintain an end 
tidal CO2 of 35-45 torr. 
[0107] Normal saline solution Was administered at a rate of 
10 cc/kg/hr, through a 22 g intravenous catheter placed in the 
auricular vein. A cut doWn Was performed in the area of the 
femoral triangle to alloW placement of a longdWelling cath 
eter into the femoral artery. To place needle temperature 
probes in the brain, a 2 cm incision Was made through the skin 
overlying the skull. A bone drill Was positioned through the 
skin incision, and a 4 mm hole Was placed through the skull 
just above the orbital rim. The dura Was visualiZed and pen 
etrated With a needle thermistor probe inserted to the frontal 
lobe to a depth of 4 cm. The procedure Was repeated on the 
other side for bilateral temperature monitoring. Baseline tem 
peratures Were taken from all sites. During chest compres 
sions, continuous temperature measurements Were taken 
from the right and left brain, esophageal, and rectal probes. 
Immediately folloWing termination of the experiment, heart 
temperature Was measured via direct insertion of a needle 
probe into the muscle of the left ventricle. 

[0108] A compression cylinder (Thumper, Michigan 
Instruments) Was positioned over the sternum With the com 
pression pad centered at the midstemum to provide 80 com 
pressions per minute at a compression depth of 3-4 cm. The 
device is tested prior to induction of cardiac arrest to con?rm 
the presence of an adequate arterial Waveform during 
“thumping.” 

Experimental Protocol 

[0109] Cardiac arrest Was induced by intravenous injection 
of 5 cc’s of saturated KCl, and con?rmed by the complete 
absence of EKG Waveform and blood pressure. Upon death, 
CPR Was begun and slurry Was administered. Ice slurry Was 
delivered doWn a 5 French tube inserted into the lumen of the 
endotracheal tube, until slurry over?oWed the endotracheal 
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tube. The animal Was simultaneously ventilated through the 
endotracheal tube using a 3 L ventilation bag, such as an 
“Ambu” bag and ventilations Were performed at a rate of one 
ventilation per 5 compressions. At approximately 2-minute 
intervals, the previously instilled ice slurry Was removed and 
replaced With approximately 100-150 cc of fresh slurry. In the 
experiment adding ice slurry to the venous system, approxi 
mately 1500 cc ice slurry Was additionally administered via 
the femoral venous line. CPR and slurry administration Were 
continued until the brain temperature decreased from base 
line (approximately 38° C.) to approximately 30° C. A tho 
racotomy Was performed and three temperatures Were taken 
under direct visualization from the anterior ventricular Wall at 
a depth of about 0.5-1.0 cm. 

Data Analysis 

[0110] Simple descriptive statistics are used for tempera 
ture data. Temperature Was recorded each minute for 30-40 
minutes and data points Were collected for each site per ani 
mal. TWo-tailed t-tests Were performed as tests of signi? 
cance, With p<0.05 considered to be signi?cant. 

Results 

Pulmonary Cooling Only 

[0111] The results are presented in Table 1. Over the 40 
minutes of cardiac arrest With chest compressions and pul 
monary cooling, rectal temperature decreased by 1.1° C., 
While brain temperature decreased by 6.3° C., and heart tem 
perature by 14° C. More frequent instillation of ice slurry 
produced more rapid cooling With a maximal cooling rate 
sustained over 10 minutes of —2.8° C. (per 10 min). An addi 
tional temperature probe in the esophagus shoWed similar or 
cooler temperatures to those in the heart (data not shoWn). 

EXAMPLE 8 

[0112] Combined Pulmonary And Intravenous Slurry 
Administration 

[0113] An experiment Was performed With pulmonary 
cooling as above, but in addition, there Was direct injection of 
ice slurry into the femoral venous line. Approximately 1500 
cc of ice slurry Was injected over 30 minutes via a catheter. As 
seen in Table 1, cooling rates With additional venous ice slurry 
appear faster than With pulmonary cooling alone. While rectal 
temperature decreased by only 1.3° C. over the 30 minute 
experiment, brain temperature decreased by 8. 6° C., and heart 
temperature decreased by 16° C. Over the best 10 minute 
cooling period the brain temperature decreased by 5.2° C. A 
detailed temperature chart for the experiment is seen in Table 
1 

[0114] Data from a single experiment With combined intra 
venous and pulmonary cooling during cardiac arrest With 
chest compressions are shoWn in Table 2 and FIG. 8. Data 
from a single experiment over time shoWs heart, brain (aver 
age of right and left hemispheres), and rectal temperature over 
the initial tWenty minutes of cooling and cardiac arrest. Note 
that time Zero (0) represents the moment of cardiac arrest, and 
the heart cooling is averaged (hence, the straight line esti 
mate) over the experiment as it Was measured after termina 
tion, not continuously. 






