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Abstract Brain hypothermia induced by a temperature

reduction of the spinal fluid using a torso-cooling pad is

evaluated as a cooling alternative for traumatic injury

patients. A theoretical model of the human head is devel-

oped to include its tissue structures and their contribution

to local heat transfer. The Pennes bioheat equation and

finite element analysis are used to predict the temperature

distribution in the head region. The energy balance in the

cerebrospinal fluid (CSF) layer surrounding the brain dur-

ing mixing of the CSF and cold spinal fluid is also for-

mulated to predict the CSF temperature reduction. Results

show that the presence of cooled CSF around the brain

provides mild cooling (*1�C) to the grey matter within

3000 s (50 min) with a cooling capacity of approximately

22 W. However, large temperature variations (*3.5�C)

still occur in the grey matter. This approach is more

effective during ischemia because it promotes deeper

cooling penetration and results in larger temperature

reductions; the average grey matter temperature decreases

to 35.4�C. Cooling in the white matter is limited and only

occurs under ischemic conditions. The non-invasive nature

of the torso-cooling pad and its ability to quickly induce

hypothermia to the brain tissue are beneficial to traumatic

injury patients.

Keywords Traumatic brain injury � Hypothermia �
Cerebrospinal fluid � Ischemia � Temperature

1 Introduction

Along with the spinal cord, the brain is an essential partner

in the central nervous system (CNS), and similarly, it is

surrounded and protected from the bony skull and from

shock by cerebrospinal fluid (CSF). The brain analyzes

information that is both internal and external to the body,

transforms the information into sensations, and stores them

as memories. Like the spinal cord, the brain is also com-

posed of both grey and white matter, with the grey matter

being in direct contact with the CSF. An adult human brain

weighs around 3 lbs, which is only about 2% of the total

body weight. However, the brain consumes about 20% of

the cardiac output.

The brain, like the spinal cord, is also susceptible to

permanent neurological damage. Traumatic brain injury

(TBI) occurs from external physical trauma, and mostly

affects the young population due to motor vehicle accidents

[9, 12]. Each year in the United States, about 1.6 million

people sustain traumatic brain injuries [12]. Of those

incidents, 80,000 result in permanent disability and 52,000

result in death with TBI being the leading cause of death in

both North America and Europe [12, 15]. Primary neuro-

logical injury to the brain from initial impact trauma

includes hematoma, contusion, and axonal injury [11].

Secondary neurological injury does not always immedi-

ately follow the moment of impact. It may develop over

time following the initial trauma and includes neural cell

death, disruption of the blood–brain barrier, increased

intracranial pressure (ICP), and ischemia [7–9, 11, 27]. In

fact, secondary neurological injury causes the most in-

hospital deaths after TBI.

Although the mechanism of neuro-protection from brain

hypothermia is still not fully understood, several experi-

mental studies have shown that a temperature reduction of
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only 1–2�C in the brain tissue has the potential to preserve

brain function, protect against ischemic injury, decrease

free radical release, reduce inflammation, and stabilize ICP

in the brain [2, 7, 14, 27]. Most clinical studies deal with

small subject groups suffering from TBI, and they have

shown the protective effects of hypothermia in both the

short and long term [4, 15, 16, 22]. One factor that yields a

successful outcome following hypothermia treatment is

initiating cooling immediately after or prior to injury.

Unfortunately, it is not always feasible to reduce the brain

temperature before the injury occurs for TBI patients, so

developing a cooling method to initiate cooling as soon as

possible to TBI patients is desirable.

Since the brain and spinal cord are both integrated into

the CNS, it is likely that traumatic injuries affecting the

spinal cord, due to car accidents, falls, or sports-related

injuries, may also have a negative impact on the brain.

Approximately, 50% of traumatic injuries impact both the

brain and the spinal cord [28]. Research shows that TBI

often occurs with traumatic spinal cord injury (SCI), but

TBI is frequently undiagnosed in the presence of SCI and

can have a strong negative effect on the total neurological

outcome [28]. The feasibility of developing a cooling

protocol to decrease the brain and the spinal cord temper-

atures simultaneously may help provide the most neuro-

protection following traumatic injury that afflicts both the

brain and the spinal cord.

Our previous theoretical study [31], which simulates the

temperature distribution in the spinal cord and its sur-

rounding structures, illustrates the feasibility of reducing

the average spinal cord temperature by approximately

2.7�C with the use of a simple cooling pad placed along the

back of the human torso. Additionally, this proposed

treatment reduces the average global temperature of the

spinal fluid surrounding the spinal cord by approximately

3.5�C within 1800 s (30 min). Since the spinal fluid con-

nects with the CSF surrounding the brain hemisphere, brain

hypothermia may be possible as the cold spinal fluid con-

stantly replaces part of the warm CSF surrounding the

brain hemisphere.

The objective of this study is to evaluate the cooling

extent in the brain tissue due to the cold spinal fluid using a

torso-cooling pad. We have developed a theoretical model

of the human head composed of the scalp, bone, muscle

tissue, CSF, and brain tissue. The Pennes bioheat equation

[26], in conjunction with finite element analysis (FEA), is

used to predict the temperature distribution in the head

region. The energy balance in the CSF during the mixing of

the fluid surrounding the brain with the spinal fluid is also

formulated to predict the temperature reduction in the CSF

due to fluid replacement and thermal interaction between

the CSF and its surrounding tissue. The coupled equations

for the head region and the CSF are solved simultaneously.

The simulations predict the extent of temperature reduc-

tions in the grey and white matters of the brain based on the

temperature of the fluid entering the base of the brain and

the temperature of the CSF excreted within the brain. The

effect of possible grey matter ischemia following traumatic

injury on the temperature reductions is also examined.

2 Mathematical formulation

The mathematical formulation consists of modeling both

the head temperature distribution and the energy balance of

the CSF layer. The Pennes bioheat equation is used to

simulate the tissue temperature field in the head, and a

lumped system analysis is used to predict the CSF tem-

perature reduction during the mixing of the cold spinal

fluid with the warm CSF surrounding the brain during

therapeutic hypothermia using a torso-cooling pad.

2.1 Transient behavior of the spinal fluid temperature

In our previous theoretical simulation [31], the temperature

reduction of the fluid surrounding the spinal cord is

induced by the use of a cooling pad placed along the back

of the torso. The data from that study are used in this

current theoretical model to calculate the temperature of

the CSF surrounding the brain hemisphere during the

cooling process. Cooling from the torso surface penetrates

the skin and bony spinal column to the spinal fluid, and

after about a half an hour, the temperature of the spinal

fluid is reduced by more than 3.5�C. Based on these the-

oretical simulations, the temperature of the spinal fluid

entering the brain cavity is able to establish a steady state

within 5400 s (90 min) and a 4.7�C temperature reduction

in the spinal fluid entering the brain cavity is achieved. The

transient behavior of the average spinal fluid temperature

entering the brain cavity is shown in Fig. 1.
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Fig. 1 Transient temperature distribution of spinal fluid at the spinal

cavity outlet. It takes 5400 s (90 min) for the fluid temperature to

establish a steady state
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2.2 Energy balance in the CSF layer

The temperature of the CSF within the brain cavity, Tcsf,

decreases during the torso cooling due to mixing the cold

spinal fluid with the CSF surrounding the brain. The CSF

also exchanges heat with the surrounding brain and skull

tissue structures. In this study, the CSF compartment is

modeled as a lumped system where the temperature is a

function of time, t, only. The fluid from the spinal region

enters the brain cavity during arterial diastole and exits the

brain region during arterial systole [31]. Therefore, this

study assumes that the total mass of the CSF in the head

region is relatively unchanged. The schematic diagram of

the CSF layer is illustrated in Fig. 2.

Based on the energy balance of the CSF layer control

volume over a small time interval, Dt, the amount of

thermal energy that enters the control volume _Ein

� �
, plus

the amount of thermal energy that is generated within that

control volume _Eg

� �
; minus the amount of thermal energy

that leaves the control volume _Eout

� �
must equal the

changed amount of energy that is stored within the control

volume _Est

� �
. This study assumes that there is no thermal

energy generated within the CSF control volume. There-

fore, _Est is represented by:

qcpV
� �

csf

dTcsf

dt
ð1Þ

where q is the CSF density (kg/m3), V is the CSF volume

(m3), and cp is the CSF specific heat capacity (J/kg K).

Some of the energy that is removed from the control

volume is due to replacing a portion of CSF in the brain

with the cold fluid entering from the spinal region, which is

proportional to the percentage of the CSF being constantly

replaced and the temperature difference between the warm

CSF and cold spinal fluid. As shown in Fig. 2, energy may

also enter the control volume through the CSF-bone

(Qouter) and the CSF-brain (Qinner) interfaces by heat con-

duction. Therefore, the energy conservation equation for

the CSF layer in the head can be written as:

qVcp

� �
csf

Tcsf t þ Dtð Þ � Tcsf tð Þ
Dt

¼ qVcp

� �
csf

psp Tcsf;sp t þ Dtð Þ � Tcsf tð Þ
� �

þ Qouter tð Þ þ Qinner tð Þ½ � ð2Þ

The first term on the right side of Eq. 2 represents the

energy change due to cold spinal fluid replacing part of the

CSF surrounding the brain. Tcsf,sp is the average

temperature of the cold spinal fluid entering the CSF

compartment and is given in Fig. 1, and psp is the

percentage of the CSF in the brain that is replaced by the

cold spinal fluid per second. Therefore, the first term on the

right side provides a cooling capacity (W) by mixing the

cold spinal fluid with the CSF surrounding the brain

hemisphere. The second term on the right side of Eq. 2

represents the thermal interaction between the CSF and

adjacent tissue structures. The heat conduction rate

entering the CSF compartment varies as a function of

time and the temperature distribution of the tissue

structures surrounding the CSF. Therefore, solving Eq. 2

requires determination of the temperature distribution in

the head region. The temperature field in the head region

will be described in the following section.

2.3 Theoretical model of the human head

Similar to previous studies [5, 35, 36, 38], the head region

is modeled as a three-dimensional structure composed of

the grey and white matters, the CSF layer, bone, the scalp

and the muscle tissue. The schematic diagram of the head

is shown in Fig. 3. The human head is modeled using the

continuum approach with the assumption that all the ther-

mal tissue properties are homogeneous and isotropic in

individual structures. In this study, the Pennes bioheat

equation is used to model the heat transfer in the individual

tissue structures and is given by:

qcð Þwm;gm;bo;sc;m

oTwm;gm;bo;sc;m

ot

¼ kwm;gm;bo;sc;mr2Twm;gm;bo;sc:m

þ qcð Þblxwm;gm;bo;sc;m Ta � Twm;gm;bo;sc;m

� �

þ qmwm;gm;bo;sc;m ð3Þ

where the subscripts wm, gm, bo, sc, and m refer to the

white matter, grey matter, bone, scalp, and muscle,

respectively. The second term on the right side of Eq. 3

Fig. 2 Schematic diagram of the energy balance in the CSF. The

CSF control volume is enlarged and is represented by the blue color.

Energy can be added to the control volume through both the CSF-

brain interfaces (Qinner) and the CSF-skull interfaces (Qouter) by heat

conduction
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describes the thermal contribution due the local blood

perfusion rate, x. The third term on the right side of Eq. 3

represents the volumetric heat generation rate due to the

local tissue metabolism. The strength of the volumetric

heat generation rate is proportional to the local blood

perfusion rate and the temperature difference between the

arterial blood, Ta, and the local tissue, Tt. The arterial blood

temperature is assumed to equal the core body temperature

of 37�C.

For the initial condition, the temperature of the simu-

lated domain is the steady-state temperature prior to

cooling. There are three prescribed boundary conditions for

the system. The outside head surface is subjected to radi-

ation and natural convection from the surrounding envi-

ronment (T? = 25�C). The overall heat transfer coefficient

is calculated as h = 10.36 W/m2K (hconv = 4.17 W/m2 K,

hrad = 6.19 W/m2 K) [17]. The bottom head surface is

assumed adiabatic because of the small heat transfer rate

through the bottom surface [35]. The CSF layer is removed

from the simulation domain. Therefore, it becomes a

boundary condition for the head simulation. The tempera-

ture in the CSF, as described by Eq. 2, is modeled as a

time-dependent temperature boundary condition, Tcsf(t), at

the interfaces. Therefore, the temperature field of the head

region is coupled with the energy balance for the CSF

compartment. Both Eqs. 2 and 3 need to be solved simul-

taneously and are described in the next section.

Temperature distributions in the head region are solved

using finite element analysis (FEA). All the finite element

calculations and mesh generation are performed using

FEMLAB 3.1 (COMSOL, Stockholm, Sweden) on an

Apple PowerBook G4 (Mac OS 10.4, 2 GB RAM,

1.67 GHz processor). The Unsymmetric-Pattern Multi-

Frontal (UMFPACK) Method with direct LU factorization

(0.0001 absolute tolerance and 0.001 relative tolerance) is

used to numerically solve Eq. 3. Mesh independency is

tested by doubling the number of mesh elements from the

initial mesh of approximately 90,000 elements. The finer

mesh (186,400 elements) provides a less than 1% differ-

ence in the average global temperature in the CSF and the

grey and white matters. The final volumetric mesh for the

simulated domain contains 186,400 tetrahedral Lagrange

linear elements.

2.4 Procedures for solving coupled equations

The governing equation for the CSF temperature and the

Pennes bioheat equation for the head region are coupled.

This section provides the procedures used to simulta-

neously solve both equations. Equation 2 is first discretized

over a finite time interval, Dt, using the explicit scheme of

the finite difference method as follows:

qVcp

� �
csf

TPþ1
csf � TP

csf

Dt
¼ qVcp

� �
csf

psp TP
csf;sp � TP

csf

� �

þ QP
outer þ QP

inner ð4Þ

where superscripts P and P ? 1 represent the previous and

current time instants, respectively, TPþ1
csf is the temperature

of the CSF within the brain cavity at time, t ? Dt. TP
csf is

the average temperature of the CSF within the brain cavity

at time, t. Microsoft Excel is used to calculate Tcsf at each

time step (Eq. 4). The following general procedures are

used to solve Eqs. 3 and 4 simultaneously:

(1) Use FEMLAB to solve for the steady state temper-

ature field of the head region before cooling is

initiated. The steady state temperature field serves as

the initial temperature field for the transient analysis

Scalp Bone

Muscle

CSF

Grey Matter

White Matter

Fig. 3 Three-dimensional

schematic diagram (left) and

cross section (right) of head

region. The white and grey

matters and the CSF are

modeled as concentric

hemispheres embedded within

the bone, scalp, and muscle

tissue of the head
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(P = 0). For P = 0, the summation of Qinner and

Qouter should equal zero because of the original steady

state condition.

(2) Substitute the spinal fluid temperature Tð Þ as deter-

mined from Fig. 1 and the summation of Qinner and

Qouter into Eq. 4 and calculate the CSF temperature

for the next time instant T1
csf

� �
.

(3) Input the newly calculated value TPþ1
csf

� �
into the

Pennes bioheat equation as the CSF boundary condi-

tion into the FEMLAB software and solve for the

transient temperature distribution of the head region

over a time duration, Dt.

(4) Calculate the values of Qinner and Qouter at the end of

the time duration, Dt, during postprocessing in the

FEMLAB software by multiplying the total surface

area of the inner and outer surfaces with their

respective total normal conductive heat fluxes. Both

the values of Qinner and Qouter and Tcsf,sp from Fig. 1

are then substituted into Eq. 4 to calculate Tcsf for the

next time step.

(5) Repeat Steps 3 and 4 to solve for the transient

temperature fields for the subsequent time steps.

Since the accuracy of the explicit scheme depends on

the time step, Dt, in the study, the sensitivity of the sim-

ulation on the time step is evaluated to determine how

temperature distribution is affected by the time step. Ini-

tially, the time step is selected as 10 min. Then, it is sub-

sequently decreased by 50% until the change in the time

step results in a less than 1% difference in the simulated

temperature field. The final time step is 30 s, and the total

simulation time is 5400 s (90 min).

3 Results

The physical, geometrical, and physiological parameters

under normal conditions used in the proposed model are

provided by previous studies [5, 13, 20, 21, 25, 35, 36] and

are listed in Table 1. The head is modeled as a partial

sphere with a radius of 97 mm. The CSF compartment is

2 mm thick. The brain, which consists of grey and white

matter, is modeled as a hemisphere with an 85 mm radius.

Similar to the spinal cord, the brain also has high metabolic

and blood perfusion rates; the perfusion and metabolic

rates for the grey matter are four times that of the white

matter. During normal and ischemic conditions, the local

blood perfusion rate in each tissue structure is assumed to

be proportional to the local metabolic heat generation rate.

From the literature [23, 24, 29–31], the average amount of

CSF in the body is 137.5 ml and 37% (50.88 ml) of that

amount fills the brain cavity when the body is in a hori-

zontal position. Based on previous theoretical results [23,

31], the volume of cold spinal fluid replacing the CSF in

the brain cavity during a pulsatile cycle with a 1-s period is

calculated as 4.28 ml. From this, the percentage of warm

CSF in the brain that is replaced by cold spinal fluid per

second, psp, in Eq. 4 is calculated as 8.4% per second.

Figure 4 shows the average transient temperature pro-

files for the spinal fluid entering the brain (Tcsf,sp), the CSF

surrounding the brain (Tcsf), the grey matter (Tgm), and the

white matter (Twm) during 5400 s (90 min) of cooling

using the proposed non-invasive hypothermia method. The

decrease in the average spinal fluid is 4.73�C, and there is a

reduction of 3.68�C in the average temperature of the CSF

surrounding the brain. Cooling decreases the average grey

matter temperature by approximately 1�C, and it appears

that the grey brain matter establishes a steady state within

3000 s (50 min). For this study, the characteristic time, tc,

needed to reach a steady state during the transient process

is defined as

T tcð Þ � T 0ð Þ
Tc � T 0ð Þ ¼ 99% ð5Þ

where T(0) is the initial temperature and Tc is the steady

state temperature. However, the brain white matter tem-

perature (*37.14�C) remains almost unchanged during the

entire cooling protocol. The temperature contours of the

Table 1 Physical, geometrical, and physiological parameters under normal conditions

Parameter Specific heat

capacity, c (J/kg K)

Density,

q (kg/m3)

Thermal conductivity,

k (W/mK)

Blood perfusion

rate, x
(1/s)

Metabolic heat

generation rate, qm (W/m3)

Radius,

R (mm)

Blood 3800a 1050a – – – –

Muscle 3700f 1050f 0.5f 0.000167f 180.2f –

Scalp 4000a 1000a 0.34a 3.34e-4a 363.4a 97a

Bone 2300a 1500a 1.12a 3e-4a 368.3a 92a

CSF 4178.3b 1000.3b 0.623b – – 87c,d,e,g

Grey Matter 3700a 1050a 0.5a 0.01333a 16700a 85a

White Matter 3700a 1050a 0.5a 0.00333a 4175a 67a

a [5], b[13], c[20], d[21], e[25], f[35], g[36]
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human head region before and after cooling are shown in

Fig. 5. The brain temperature at the outermost layer is

33.57�C, and temperature continues to increase toward the

deeper regions of the brain matter. From the figure, one can

see that cooling to the brain is limited to the superficial

layers of the grey matter, and cooling is unable to reach the

white matter. Figure 6 illustrates the cooling penetration

through the brain matter along line A–B in Fig. 5 before

cooling and after cooling during normal and ischemic

conditions. The maximum brain temperature prior to

cooling is slightly higher than the arterial blood tempera-

ture of 37�C due to its high metabolic heat generation rate.

Cooling in the CSF results in significant temperature

reductions in the grey matter. The data show that cooling

penetration is limited to the peripheral region in the grey

matter, and the white matter temperature remains constant

during the cooling process.

Table 2 provides the calculated values of Qinner and

Qouter during the cooling process. Although the table only

shows these values for every 450 s (7.5 min), Qinner and

Qouter are calculated every 30 s in the simulation. Initially,

the summation of these two values is zero due to the initial

steady state. A negative value of the heat transfer rate, Q,

from the CSF layer surface implies that heat is released

from the CSF layer to the surrounding tissue, while a

positive value for Q implies that heat is added to the CSF

layer from the surrounding tissue environment. As the

temperature of the CSF surrounding the brain continues to

decrease due to the cold spinal fluid entering the system,

both the values of Qinner and Qouter become positive as

more heat from the surrounding tissue is added to the CSF

layer. It is also shown that the heat from the brain tissue to

the CSF layer (Qinner) is larger than the heat from the bone

to the CSF layer (Qouter) due to the higher temperatures

inside the brain tissue than that in the bone tissue. As

temperatures reach a steady state after 3000 s of cooling,

both Qinner and Qouter stabilize to approximately 0.3 and

22 W, respectively, and balance the cooling capacity

induced by the cold spinal fluid.

A simple parametric study is conducted to test the effect

of grey matter ischemia on the temperature distribution of

both the grey and white brain matters, since the grey matter

is more susceptible to ischemia than the white matter [5].

The local blood perfusion and volumetric heat generation

rates in the grey matter are reduced to 20% of their normal
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values because the rates have a coupled relationship. The

blood perfusion rate under normal conditions,

xgm = 0.01333 s-1 (80 ml min-1100 g-1), is reduced to

the ischemic value, xgm = 0.00267 s-1 (16 ml min-1

100 g-1), and the local metabolic heat generation rate is

reduced from 16700 to 3340 W/m3. Figure 7 compares the

average global transient temperature distributions of the

grey and white matters under normal and ischemic condi-

tions. The red and blue lines represent the temperatures of

the white and grey matters, respectively. Grey matter

ischemia increases the temperature reduction of Tgm by

84% from 1�C under normal conditions to 1.84�C during

grey matter ischemia. Although ischemia is not present in

the white matter, grey matter ischemia provides a slight

temperature reduction of 0.15�C in the white matter. The

presence of ischemia also changes the characteristic time

needed for the grey matter temperature to establish a steady

state. Under normal conditions, the grey matter tempera-

ture reaches a steady state within 3000 s (50 min) of

cooling. During ischemia, the characteristic time needed

for the grey matter temperature to a reach steady state

increases to 5040 s (84 min). As shown in Fig. 6, the

temperature profile along line A–B in Fig. 5 also illustrates

the radial temperature variation in the brain hemisphere

during brain ischemia. Most of the temperature reduction in

the grey matter occurs close to the CSF–grey matter

interface, and limited cooling in the brain white matter can

be seen in the superficial region due to the cooling pene-

tration from the brain grey matter. For this study, cooling

penetration is defined as tissue that has achieved at least a

1�C temperature reduction from the baseline temperature

of 37.31�C along the line A–B. Under normal conditions,

the cooling penetration depth is approximately 5 mm from

the CSF–grey matter interface. Grey matter ischemia more

than doubles the cooling penetration depth to 13 mm.

4 Discussion

Several methods for inducing selective hypothermia within

brain tissue have been proposed and implemented, which

include epidural cooling, cooling helmet, nasopharyngeal

cooling, forced convection using a fan, and cooling the

blood supplied to the brain [1, 3, 6, 10, 18, 19, 22, 34].

These experimental studies show positive neuroprotection

of hypothermia in preventing permanent damage by

decreasing the brain temperature by up to 7�C within an

hour. However, the methods that result in the biggest

temperature reductions within a short duration are the more

invasive methods that may involve surgical intervention

and patient discomfort, such as epidural cooling, direct

cooling of the brain blood supply, and nasopharyngeal

cooling [1, 3, 10, 35].

In this study, the temperature of the brain during a

proposed non-invasive spinal cord hypothermia treatment

session is simulated. The results of the study show that

under normal conditions, a cooling capacity of approxi-

mately 22 W occurs due to the cold spinal fluid that mixes

with the warm CSF surrounding the brain hemisphere using

a torso-cooling pad. It has been predicted that mild hypo-

thermia (*36�C) may be achievable within 50 min in the

grey matter; the white matter temperature remains rela-

tively unchanged. These results are in agreement with

several previous theoretical studies [5, 25, 32, 33, 38],

which all report that most cooling occurs in the outermost

layers of the brain region when surface cooling is imple-

mented. Also, previous theoretical studies have shown that

the reduced blood perfusion and the metabolic heat gen-

eration rates associated with ischemia allow for deep
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Table 2 Calculated values of Qinner and Qouter during the cooling

process

Time (s) Qouter (W) Qinner (W)

0 -2.815828 2.815828

450 -0.661394 9.089275

900 0.899108 14.443219

1350 0.800758 17.490906

1800 0.569807 19.211515

2250 0.412996 20.237975

2700 0.352563 20.973807

3150 0.360061 21.332204

3600 0.31921 21.595816

4050 0.243145 21.832124

4500 0.213226 22.001099

4950 0.270896 22.101844

5400 0.298178 21.523244
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cooling in the affected region [5, 38, 39]. The presence of

ischemic injury provides 84% more temperature reduction

in the grey matter, 1.84�C during ischemia and 1.0�C under

normal conditions. The strength of the blood perfusion rate

in brain tissue affects both the achievable cooling pene-

tration and the characteristic time necessary to reach a

steady state. A smaller blood perfusion rate increases the

cooling penetration to the brain tissue. However, it takes

longer for the brain temperature to establish a steady state

[5].

The CSF within the subarachnoid space of the brain can

be seen as a possible heat exchanger between the brain and

its surrounding environment [37]. The mixture of the cold

CSF from the spinal cavity and the warm CSF excreted

from the brain cavity provides up to 13 mm of cooling

penetration to the brain tissue. This means that the use of

the proposed cooling pad for reducing the spinal cord

temperature has a secondary benefit of inducing hypo-

thermia within the brain tissue, especially in the superficial

layers of the grey matter.

Limitations associated with this study are based on the

simplified geometry of the head region and the imple-

mentation of the Pennes bioheat equation. The shape of the

brain is not exactly hemispherical. However, the assumed

volume of the brain is based on average brain dimensions

and provides a reasonable prediction of the average brain

temperature. Since the Pennes equation is a continuum

model, it is not possible to solve for point-to-point tem-

perature variations with the results of this study. However,

using the Pennes continuum approach is beneficial, since

the main interest of this study is to find how cooling affects

an entire control volume. The current model based on

simple brain geometry provides a reasonable prediction of

the temperature distribution in the brain tissue during the

proposed cooling protocol.

5 Conclusions

The Pennes bioheat equation and finite element analysis are

used to simulate the temperature distribution in the head

region during therapeutic hypothermia using a torso-cool-

ing pad for 5400 s (90 min). The results from the theo-

retical simulation show that the presence of cold CSF from

the spinal cavity provides a mild decrease in the grey

matter temperature with the most significant cooling

occurring in the superficial layers and has no significant

effect on the white matter temperature. However, the

presence of ischemia in the grey matter increases cooling

extent to the brain. The ability to cool the brain tissue

during hypothermia treatment for traumatic SCI may

become especially beneficial, since traumatic spinal cord

injuries often inadvertently promote ischemic injury in the

brain for patients also suffering from TBI.
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