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In the present study, 54% of the PIDs in the hypothermic rats
enlarged the high-intensity area of fluorescence, similar to that
seen in normothermia (53%). In addition, we found that the area
enlarged by each PID was significantly larger in hypothermia than
in normothermia. Since the increase in NADH fluorescence indi-
cates disproportion in oxygen balance [11] and correlates with
low ATP and high lactate levels [18], and since the cortex corre-
sponding to the enlarged area showed infarction 24 h after the
onset of ischemia in the present study, we suggest that PIDs in
hypothermia contribute to the increase in infarct volume more
than those in normothermia and that therapies designed to prevent
the development of PIDs in the presence of hypothermia might be
important in any treatment strategy designed for stroke. This con-
clusion is supported by the results of a study by I[konomidou et al.
[10] demonstrating that hypothermia combined with MK-801, an
NMDA antagonist, is more effective against hypoxic/ischemic brain
damage than hypothermia or MK-801 alone.

NADH fluorescence images showed that hypothermia delayed
the initiation of the first and second PIDs. Since PIDs can be sup-
pressed by administration of glutamate antagonists [9,13] and since
PIDs are initiated at the edge of the ischemic core, the increase in
glutamate in the margin of the ischemic core is considered to be
related to the mechanism of initiation of PIDs. Baker et al. [2] found
that hypothermia delayed the increase in glutamate tissue concen-
tration in the ischemic core. Thus, it is possible that the delay in
increase in glutamate in the ischemic core during hypothermia is
due to a delay in the initiation of PIDs.

In conclusion, we elucidated the effects of hypothermia on the
manner of propagation of PIDs with temporal and spatial resolu-
tions by using NADH fluorescence images. Although hypothermia
delayed the appearance of PIDs, it did not suppress the occurrence
of PIDs. Therefore, we suggest that the lack of hypothermic protec-
tion against permanent focal ischemia contributed to the lack of
reduction in PID generation. The high-intensity area of NADH fluo-
rescence that was enlarged by each PID was larger in hypothermia
than in normothermia. These results suggest that PIDs in hypother-
mia could have a greater effect on growth of infarction than those in
normothermia. These findings emphasize the importance of ther-
apies designed to suppress PIDs even during hypothermia in the
acute stage of focal ischemia.
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Abstract

In the present study, the characteristics of both flow and heat transfer in a
pharyngeal cooling cuff for the treatment of brain hypothermia were investigated
experimentally and numerically. The pharyngeal cooling cull, which is a
balloon-like structure placed in the pharynx, was developed for medical purposes.
As a method for controlling the brain temperature, cooling water, which is
physiological saline at 5°C, is injected into the cuff in order to cool the common
carotid artery, which is adjacent to the pharynx. In this study, the heat transfer
characteristics between the cufl wall and phantom body, which was considered to
be equivalent to the human body, were experimentally determined, and the flow
behaviour in the cuff was observed in detail. Furthermore, a three-dimensional
numerical simulation was carried out to investigate both the flow velocity and
temperature distribution in the cuff.

Key words: Pharyngeal  Cooling, Brain  Hypothermia, Medical Engineering,
Numerical Simulation, Heat Transfer

1. Introduetion

In Japan, cerebropathy, including cerebrovascular disorder, is one of the causes of death
following malignant ncoplasms and heart discases'”. Crisis prediction in the case of
cercbrovascular disorders and clucidation of the mechanism underlying the development of
these disorders are the need of the day. Further, the establishment of a good method for
treating the recurrence of neurological condition, including the society return, is strongly
desired. Hayashi®™ ™ @ revealed that one of the therapies for lowering the brain temperature
in the case of serious wound injurics to the head, severe cerebrovascular disorders, or brain
ischemia was cardiopulmonary stop; Patients treated with this method were found to have a
good neurological prognosis™ ™. At present, low-temperature brain therapy cnables the
controls of the brain temperature and intracranial pressure in the case of patients with severe
brain damage who satisfy the condition variously. This therapy has been introduced to
repair nerve cells damaged during the initial brain damage, and to prevent the development
of sccondary brain damage. Since the release of neurotransmitters and action of free
radicals are both drastically suppressed at brain temperatures of 32°C or less, it is said that

60



the brain is protected against damage. For the purpose of treatment, brain hypothermia is
divided into mild hypothermia (core temperature, 34°C) and moderate hypothermia (32°C).
The temperature of the brain is lowered and maintained at low temperatures by lowering the
body temperature. The latter is achieved by covering the whole bady with a water-cooled
blanket. In this method, the patient’s body is wrapped with a water-cooled blanket, and cold
water (approximately 20°C) is circulated through the blanket. It is also possible to
simultancously maintain the brain temperature at the desired degree and strictly monitor the
temperature. However, this management strategy, i.e., conventional hypothermia treatment,
requires a great deal of time to bring about changes in body temperature and for acute state
transition of the pathology. Therefore, research and development on medical instruments
such as water-cooling blankets, headgear, and mufflers for the purpose of cooling of body
parts and lowering the brain temperature are widely being conducted™,

Takeda et al.”"~® developed the pharyngeal cooling cuff by analyzing the anatomy of
the pharynx diviston. This cuff is inserted through the oral cavity of the patient, and it can
cool the common carotid artery, which is located approximately 10 mm outside the pharynx
division. Thus, cooling and temperature control of the brain is possible via the cooling of
the main blood vessel that supplies the brain, In comparison with conventional whole-body
cooling, the pharyngeal cuff method rapidly lowers the brain temperature. Moreover, the
counlermeasures of acute brain temperature management and carly brain cooling during
life-threatening emergencies related to brain diseases are possible with the latter method,
For acute phase of brain cooling, we assume that physiological saline at 5°C should be used
to cool the cuff. During animal testing®, this cuff has been shown to produce a good
cooling effect on the brain. However, the optimum cooling efficiency of this cuff has not
been determined since the structure of this device is based on the pharynx shape.

On the basis of this background, we aimed to understand the flow and heat transfer
characteristics of the pharyngeal cooling cuff. In this report, in order to evaluate pharyngeal
cooling, we analyzed the heat transfer between the cuff and a phantom body (hereafler
referred to as phantom), which was considered to be equivalent to the human body. In
particular, we focused on the thermal transport characteristics within the cuff. Further,
computational fluid dynamics (CFD) analysis was carried out to analyze the flow in the
cuff, and the cooling efficiency was examined under various conditions. These results are
useful as they provide the basic information required to develop the clinical applications of
the cuff and to improve the cuff to ensure better cooling of the pharynx. Future studies will
address transport within the surrounding tissue and the effectiveness of carotid artery blood
cooling.

Momenclature

D ¢ Diameter

L ¢ Length

Q : Heat quantity

q : Heat flux

3 Surface area

T Temperature

AT Temperature difference t
U Velocity

v Inlet flow

X Local position

1 Cooling efficiency
) Density
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Subscript

1-6  : Thermocouple
in :  Inflow

L 1 Liguid phase
out : Outflow

Pha  : Phantom

2. Experimental setup and proecdures

2.1. Pharyngeal cooling cuffl

The structure of the pharyngeal cooling cuff and a schematic diagram of the working of
the cooling cuff are shown in Figures | and 2, respectively. In the case of patients with
difficulties in voluntary respiration, the pharyngeal cooling cufT is inserted into the pharynx
division along with the tube for artificial respiration. Therefore, the shape of the cuff is
based on the shape of the pharynx division. The upper and lower parts of the cuff are placed
in the pharynx and upper esophageal divisions, respectively. The cooling cuff, which is a
balloon-like structure, is 0.5 mm in thickness and made of polyvinyl. It is 250 mm long with
a tolal volume of 100 mi. The cooling cuff has an inlet tube and 2 outlet tubes, which are 4
mm in diameter. The basic flow behavior within the cooling cuff is as follows, Caoling
waler, which is physiological saline at around 5°C, flows into the inlet tube. The cooling
waler passcs through the cuff and reaches the tip of the cuff. At the tip, the inlet

Spiracle (D=4mm)x 2

Pharynx

Upper esophageal

Trachaal tube

Pharyngeal
cooling cuff

Common carotid artery

Figure 2 Tmage of the pharyngeat cooling cufl for briin hypothermia treatment
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tube has 2 spiracles, 4 mm in diameter, on the tube wall. After passing through the spiracles,
the cooling water, which is between the cuff and inlet tube, flows to the upper part of the
cuff. During this time, the cuff wall is cooled by heat transfer between the inner cuff wall
and the cooling water, Finally, in the upper part of the cuff, the cooling water flows in 2
dircetions and out through the outlet tubes,

2.2. Experimental apparatus and provedures

A schematic diagram of the experimental facility used in the present investigation is
shown in Figure 3. The experimental apparatus includes a heater; a cooling water
circulatory system, including a flow-control device; measuring equipment; and the cuff that
is placed in the phantom. The cooling water circulation apparatus can adjust the temperature
and quantity of cooling water flowing into the cuff. Distilled water was used as the working
fluid. The running water temperature was measured with a K-type thermocouple (D = 0.3
mm) inserted into each tube. The phantom can be maintained at temperatures ranging from
room temperature to 45°C, by adjusting the heater, The K-type thermocouple (D = 0.3 mm)
was positioned in the phantom at 6 poinis (T, ~ T, positions are shown in Figure 7)
between 2 places, cufl and phaatom, and the phantom temperature and local surface
temperature of the cuff were measured. All thermal data were fed into computers through a
data logger at 1s intervals,

The phantom was maintained at the setting temperature, after the specified quantity of
cold water at the desired temperature was passed through the cuff, while the output of the
band heater, which was wound around the phantom circumference, was adjusted by heat
transfer. In the temperature setting of the phantom, the mean values of the 2 thermocouples
installed near the cuff were adjusted to the phantom temperature. The data were collected,
after a steady state was achieved.

For the visualization experiment, the cuff was placed in the standing position afler it was
taken out of the phantom, and the observations were made. The water was mixed with
insoluble fluoreseent particles (d = 165 pm, p = 1050 kg/m’; to trace the water dispersion)
for better visualization. A specified quantity of this water was supplied, and the flow
behavior was recorded with a digital video camera,

The inflow temperature ranged from T, = 3~10°C during the experimental conditions,
and the inflow, V = 100~1500 ml /min. The terperature of the phantom was maintained at

Thermocouple

*

| Cooling system
2 (with pump)

J———

o)
.
fwad
=

Logger — "

:Gomputer

Power
meter |
-~ !
Heater | Transformer
Figure 3 Experimental apparatus

Insulation
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Tena = 35-~38°C., In addition, the measurement accuracy of this experiment was as follows.
The relative temperature difference of the thermocouple was within 0.4 K, The temperature
reading error was within £2.5%, considering the accuracy of the measuring equipment. The
erratic readings of the inflow were within £0.02% of the accuracy of the flow meter.,

2.3. Human body equivalent phantom

The phantom used in this experiment was a wet type one constructed with agar, boric
acid, and water. The mould was removed, and the phantom was left to solidify and form a
cylindrical vessel. This vessel was used for the experiment and placed in an independent
{standing) position. The proportion of the components used (o construct of the phantom is
shown in Table 1. Furthermore, the thermal conductivity of the phantom measured by the
unsteady probe technique as well as the thermal conductivity of the representative organism
is shown in Table 2, In the experiment, the phantom was lap coated to prevent changes in
the water content due to evaporation from the exterior,

Table | Principal components of the phantom body

Component Agar Boric acid Water
Ratio (wi%s) 3.0 1.2 95.8

Table2  Thermal conductivity

Phantom Ref. (10}

Thermal conductivity N
(WHmK)) 0.532 0.34~0.68

2.3. Calculation grid and numerieal analysis method.

The GAMBIT grid gencration software was used for analysis of three-dimensional
CAD data from the cuff to prepare a calculation grid. The calculation grid comprised a
triangular 8-faced cone grid in the cuff interior and in the vicinity of the wall, The
calculation prid is shown in Figure 4 (lefi: coronal plane, right: median section). The
calculation grid number of the cuff is shown in Table 3. In the numerical analysis, the
thermo-hydrodynamic analysis software FLUENT was used.

Figure 4 Numerical grid for the enfT (3D)
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Table 3 Grid size of the cuff model

Cells Faces Nodes
803,759 1,805,366 261,420

3. Results and Discussion

3.1, Surface temperature of euff

The relationship beiween surface temperature and inflow at different positions in the
cuff is shown in Figure 5. The phantom temperature and inflow temperature were fixed at
37°C and 5°C, respectively. The horizontal axis of the figure indicates the thermomeltry
position of the cuff. When the inflow is small, the cuff surface temperature is generally
higher. Furthermore, no large differences in the inflow temperature were observed at the
different cuff positions. However, the surface temperatures at positions 3, 5 and 6 were
fower than the temperature at the other positions in the cufl. Due to these reasons, another
factor was considered. At around position 3, there was an increase in the flow velocity with
a rapid decrease in the water course at the cross section of the cuff center, which led to an
increase in the heat transfer cocfTicient, thereby enhancing the cooling effect. Furthermore,
near position 3, afler the fluid that passed through the center of the cuff was pooled in the
bifurcation, this fluid was divided between both the cuff branches; the water pools again,
and the local heat transfer increases. Thus, there is increased heat transfer at position 6 due
to this complicated flow, including the rotational flow, generated near the cuff exit.

3.2. Heat transfer characteristie from cuff surface

Complicated flow, including rotational flow, through the cuff {acilitates heat transfer to
a large extent within the cuff surface, The purpose of the cuff is to cool the biotissue in the
pharynx division. Therefore, it is important to understand the heat transfer characleristics
between the cooling walter and cuff wall surface through which the water flows, Next, the
cooling water inflow (V) and amount of heat transfer (Q) calculated from the temperature
gradient {iT) were examined, The relationship between the cooling water inflow and

22 T { : 1
V [mlfmin]
20- @ :100
O :300
18k © : 500
® : 700
__ 16}
& °
= 14} ® ® .
5
12t © 3 ® e
o i
® © o
10 (8) é ® J
e
X[-]

Figure 5 Temperature distribution in the cul™within the phantom
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amount of heat transfer and cooling efficiency (1)) of the ouff is shown in Figure 6, The
cooling efficiency is calculated with the following equations,

n =Mx100 [%] H

Tl'ha T

Where, Ti, Tow, and Tpy, ate the culff inlet temperature, outlet temperature, and phantom
temperature, respectively. The phantom temperature and inflow temperature were fixed at
Tip,s = 37°C and T, = 5°C. Since the sensible heat traffic volume increases, as the inflow
increases, there is a synchronous increase in the amount of heat transfer. In addition, the
rapid flow, including the rotational flow, generated in the cuff due to the increased inflow is
considered to be a factor inducing an increase in the amount of heat transfer, Moreover, it
has been proven that the cooling efficiency exponentially decreases with an increase in the
inflow. This is because the increasing temperature gradient (/1T ) of the inflow decreases
with increase in the inflow. In particular, the cooling cfficiency stabilizes at approximately
6% at an inflow of over 750 ml/min.

200 v T =y 20
) e:Q ®
axis O 7
o= ©O:in_
axis -
4o
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e} 6 =
. ® o o |
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00 5(30 1000 ‘15}}0 0
V {mi/min}

Figurc 6 Relation between heat quantity and cooling cfficiency

3.3. Flow characteristics in cuff

Numerical results of temperature distribution (lefl side) and cuff flow pattern (right
side) are shown in Figure 7. (a) and (b), respectively, in the case of cooling water inflows of
500 mi/min and 150 mi/min. The inflow temperature was T, = 5°C in hoth cases. The
temperature conditions of the cuff surface during the analysis have been set as follows. On
the basis of the relationship between heat quantily and cooling efficicncy in Figure 6, in the
boundary condition, the heat flux (g), which was divided by the cuff surface arca (5 =
(.02 1mm), was calculated in terms of the amount of heat transferred (Q). The heat flux (g)
al V = 500 mi/min and 150 mi/min were 3810 W/m® and 2068 W/m", respestively. The
temperature distribution in the cross section of the cuff is shown in Figure 7. In the right
fipure, the three-dimensional locus ef the representative particles is shown in order to
demonstrate the flow characteristics in the cuff in terms of the fluid particles, On the basis
of the temperature distribution, we observe that the temperature at the tip and in the central
section of the cuff is low. In addition, the temperature at the point whereof the fluid pools,
i.c., in the area of the rotational flow, is also low. These results are in agreement with the
measurement results in Figure 5. Furthermore, the temperature in the cuff in general
decreases with the increase in the inflow, and there is insufficient heat exchange. Moreover,
as scen in the flow pattern in Figure 8, the fluid in the cuft exhibits a rotational flow in the
cuff tip, and it turns at the upper part of the cuff. it was confirmed that there is paired
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rotational flow at the cuff center for right and left. These flow patterns are largely affected
by the change in the intlow. As shown in Figure 7, it is understood that the flow al the cuft
central part is runoff without reaching the cuff surface by the rotational flow. This means
that the cooling water which has been flowing from below the cuff did not contribule to the
heat transfer with the cuff surface, Moreover, it is proved that the central part of the
rotational flow is the stagnation point. From these points of view, it seems to be possible
that the thermal efficiency increases by suppressing the rotational flow in the cuff. The
images in Figure 8 (a) and (b) show the streamlined flow in each part of the cuff. Figure 8
{a) shows the central portion of the cufl and (b) shows the cuff tip. The total inflow is 300
ml/min. Figure 8 (2) shows the paired rotational flow for the right and left after the fluid
pooled in the cuff bifurcation and afler it was distributed in the arms, Afler the intense
rotational flow in the cull tip, the fluid wros centrally and flows in a rectilinear manner
(Figure 8 (b)). The flow characteristics are in accordance with the numerical result shown in
Figure 7.

(a) V=>500ml/min (b} V= 150ml/min

Figure 7 Numerieal results of temperasture distribution and flow patterns

(1) Middle part (b} Apical part

Figwe B Results of the visualization experiment
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4. Conclusion

The use of the pharyngeal cooling cuff for the treatment of brain hypothermia was
experimentally and numerically analyzed, and this analysis led to the following conclusions.
(1) It was possible to clarify the heat- transfer characteristics of the pharyngeal cooling cufT

experimentally and numeric-analytic, Furthermore, the resulls of this simulation result

agreed with the experimental resulis.

(2) The cooling efficiency and amount of heat transfer in the culf are dependent on the
inflow, However, it is considered that heat transport efficiency and local heat exchange
lower by the rotational flow in the cuff. The cooling efficiency stabilizes at 6%, when
the inflow is greater than 750 ml/min. This is a very low value, and further
improvements in the cuff are necessary. Currently we are performing both experimental
and computational analysis on a cuff design which suppresses the rotational flow
structure,
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