Med Biol Eng Comput
DOI 10.1007/s11517-009-0543-z

ORIGINAL ARTICLE

Theoretical evaluation of a simple cooling pad for inducing
hypothermia in the spinal cord following traumatic injury

Katisha D. Smith - Liang Zhu

Received: 12 May 2009/ Accepted: 23 October 2009

© International Federation for Medical and Biological Engineering 2009

Abstract The Pennes bioheat equation and finite element
method (FEM) are used to solve for the temperature distri-
butions in the spinal cord and cerebrospinal fluid (CSF)
during 30 min of cooling for spinal cord injury (SCI)
patients. The average CSF and spinal cord temperatures are
reduced by 3.48 and 2.72°C, respectively. The 100-mm
wide pad provides the desired cooling and uses the least
amount of material. The presence of zero-average CSF
oscillation under normal conditions decreases the cooling
extent in the spinal cord due to the introduction of warm
CSF surrounding the spinal cord. The temperature decrease
in the spinal cord is more than doubled when the tempera-
ture at the back of the torso is lowered from 20 to 0°C. Spinal
cord ischemia, often observed after traumatic spinal cord
injury, promotes cooling penetration. The proposed tech-
nique can reduce the spinal cord temperature by 2°C within
30 min and may be a feasible treatment for traumatic SCI.

Keywords Spinal cord injury - Cerebrospinal fluid -
Hypothermia - Temperature - Heat transfer

1 Introduction

Each year in the United States, one in every 1,000 individ-
uals suffers from spinal cord injury (SCI) [24]. These injuries
can be caused by both traumatic and non-traumatic events.
However, approximately 90% of all SCIs stem from trauma
that causes dysfunction of the cord and lead to loss of sensory
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and motor function. Such events include motor vehicle
accidents (47%), acts of violence (7%), falls (12%), and
sports (24%) [24]. According to the National Spinal Cord
Injury Database, nearly 50% of all those suffering from SCI
result in permanent damage. In addition to the initial phys-
ical damage, secondary injury can cause additional neuro-
logical damage. Usually, secondary neuro-injury occurs
within the first 12-24 h following injury, but it can also last
up to 5-10 days for more severe injuries [24]. These injuries
initiate a cellular inflammatory response at the injury site and
increase the release of damaging free radicals. These free
radicals contribute to tissue ischemia, cerebral edema, and
disruption of the spinal cord-blood barrier. Therefore, it is
essential to develop an effective method to treat traumatic
SCI and prevent subsequent secondary neuro-injury.

In addition to conventional treatments for traumatic
SCI, hypothermia has been widely studied as a beneficial
approach because of the neuro-protection it provides
against secondary injury. Both clinical studies and animal
experiments have shown that the benefits of hypothermia
include reducing oxygen consumption, decreasing free
radical generation, delaying the release of damaged neu-
rotransmitters, reducing inflammation, lowering metabolic
demand, and preventing cytotoxic edema [6, 27, 48, 50, 51, 55].
Even a temperature reduction of 1-2°C has been demon-
strated to be beneficial against secondary neuro-injury at
the cellular level in any organ or tissue [27, 55]. However,
the major challenge is to develop a cooling protocol that
can be initiated as early as possible, cool tissue quickly,
and provide a uniform temperature reduction. Both sys-
temic and selective hypothermia have been shown to pre-
vent permanent neurological tissue damage following
traumatic injury.

Popular systemic cooling techniques include wrapping
the body in a cooling blanket, immersing the body in cold
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water, or packing the body with ice. It has been shown that
systemic cooling hinders the re-entrance of damaged neu-
rotransmitters into the spinal cord and increases spinal cord
blood flow, as well as improves spinal cord cell survival
rate [9, 19, 52, 55]. However, inducing whole body cooling
in humans can lead to adverse consequences. Severe
decreases in the core body temperature, which are often
associated with inducing systemic hypothermia, can lead to
dangerous complications, such as reducing cardiac output,
increasing blood viscosity, shivering, increasing cardiac
arrhythmias, and even death [7, 29]. The procedure of
inducing whole body cooling in humans presents a reverse
benefit-risk ratio and decreases its ability to be safely
implemented in a clinical setting [39].

In order to avoid the complications associated with
systemic hypothermia and to only cool the injured spinal
cord, it may be more beneficial to apply selective hypo-
thermia. This method allows the core body temperature to
remain at 37°C while the spinal cord temperature is
reduced. Localized cooling can still protect the spinal cord
from permanent neurological damage while reducing the
unnecessary cooling to the rest of the body and avoiding
adverse side effects. Studies have shown that selective
hypothermia can provide the same benefits as systemic
hypothermia, such as reducing spinal cord swelling and
improving spinal cord blood flow [3, 4, 8, 14, 47, 48].
Albin et al. first documented a successful application of
localized spinal cord cooling for experimental SCI in dogs
by perfusing the injured spinal cord with isotonic saline
(5°C) for 2.5 h [2]. Since then, there have been a number of
promising experimental animal studies using similar cool-
ing methods [1, 3, 4, 7, 9]. Recently, two other successful
cooling techniques have been developed, which include
using an epidural cooling catheter [34, 37, 42] and placing
a cooling saddle directly onto the spinal cord [12, 14, 17,
18, 51]. Despite the promising results in both animal and
clinical experimentation, the major disadvantages of these
localized cooling protocols are the invasive techniques
implemented. In order to insert the cooling devices such as
the epidural catheter and the cooling saddle, a laminectomy
is performed, where the back of one or more vertebrae is
removed to give access to the spinal cord. This surgery
may cause additional physical trauma and may delay
cooling initiation [35]. Although there is a select group of
SCI patients who must undergo surgical decompression of
the spine, and integrating hypothermia treatment may be
beneficial for them, laminectomies for the sole purpose of
inducing localized spinal cord cooling are rarely performed
[25]. Therefore, previously presented procedures of locally
cooling the spinal cord cannot be readily implemented.
Currently, there are no studies that explore the option
of inducing local spinal cord cooling without surgical
intervention.
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The objective of this article is to determine the feasi-
bility of reducing the spinal cord temperature by 2°C
within a 30-min duration using a cooling pad. The cooling
pad is placed on the back of the torso along the spine.
Theoretical simulations are performed to predict the tem-
perature distributions in the torso region. Parametric stud-
ies are conducted to test the sensitivity of the cooling
extent in the spinal cord to several design parameters and
physiological conditions.

1.1 Theoretical model of human torso

The spinal cord is a long, thin, tubular bundle of nerves that
extends the central nervous system (CNS) from the brain
and is enclosed and protected by the spinal column. Its
main function is to transmit neural inputs between the
peripheral nervous system and the brain. The human spinal
cord weighs approximately 35 g, and its average length is
around 50 cm [15, 32]. Similar to the brain, it is composed
of both gray and white matter. The grey matter is located in
the center and surrounded by the white matter. The cere-
brospinal fluid (CSF) moves within the cavity surrounding
the spinal cord. CSF is a dynamic fluid that is produced by
the ependymal cells of the choroids plexus inside the
ventricles of the brain and flows through the cavities sur-
rounding the brain and the spinal cord. The purpose of CSF
is to act as a buffer and the plumbing system for the CNS.
The major function of CSF is to provide mechanical and
immunological protection to the brain and the spinal cord.

Several research studies have shown that CSF flow
correlates with the cardiac cycle due to changes in the
intracranial pressure (ICP) within the brain [5, 13, 38]. As
shown in Fig. 1, CSF takes two routes, one within the brain
cavity and the other in the spinal cavity. During arterial
systole, there is an increase in blood flow to the brain,
which results in an increased ICP and prompts the release
of CSF from the ventricles. From there, CSF flows into the
spinal cavity toward the sacral sac and through the cavity
surrounding the brain (leff). Arterial diastole during the
cardiac cycle decreases ICP and allows CSF to flow in the
opposite direction from the sacral sac located at the base of
the spinal cavity toward the brain where a smaller amount
of the CSF enters the brain cavity. As CSF flows within the
brain cavity, some of the CSF is absorbed into the venous
bloodstream through the arachnoid granulations located at
the top of the brain cavity (right). After a certain time, the
small absorption of CSF will decrease the total amount of
CSF in the CNS. In order to maintain the total volume of
CSF within the human body, 125-150 ml, the choroids
plexus produce 0.35 ml of CSF each minute to compensate
for fluid absorption [13, 32, 43, 44]. CSF absorption and
production are a very slow process, and it takes more than
6 h to completely replace all the CSF in the body.



Med Biol Eng Comput

Fig. 1 Schematic diagram of CSF flow within the CNS during
arterial systole (leff) and arterial diastole (right). Green circle—
Arachnoid granulations, Orange circle—Brain cavity, White circle—
Brain, Purple star—Ventricles, Blue rectangle—Spinal cavity, Yel-
low oval—Sacral sac

In addition to the ICP, compliance in the brain and the
spinal cavities and changes in body position also influence
CSF motion. Total compliance of both cavities is inde-
pendent of body position, but the compliance relationship
between the two cavities depends on body position [33].
When the body is in a horizontal body position, the total
amount of CSF in the brain and spinal cavities is 37 and
63%, respectively [33]. In a standing position, the per-
centages are nearly reversed: 66% for the brain cavity and
34% for the spinal cavity [33].

CSF motion within the spinal cavity has periodic
oscillation, but the net flow rate is close to zero [32, 40],
and CSF production is a slow process. Movement within
the cavity is mostly up and down, and changes in the flow
rate are mostly due to postural changes, the cardiac cycle,
respiration, and coughing [40]. There is a decrease in its
velocity descending down the spine, but there are also
indications of fluid acceleration in the spinal cavity near
the skull and at the base of the spine [32, 40]. This can be
attributed to the changes in the cardiac cycle, as well as the
non-uniform cross-sectional area of the spinal cavity.

A three-dimensional model of the human torso is
developed in this study for simulating spinal cord hypo-
thermia and is shown in Fig. 2. The torso is modeled as a
rectangular column. The spinal column, the spinal cavity
housing the CSF, and the spinal cord are embedded within
the torso as concentric tubes. The spinal column, composed
of bone and cartilage, is simplified as a homogenous cyl-
inder with a constant cross-sectional area. The cylindrical-

shaped spinal cord has also been simplified by not distin-
guishing between the gray and the white matters. The rest
of the torso is modeled as muscle tissue.

All the thermal properties are assumed to be homoge-
neous and isotropic, and the Pennes bioheat equation for
the tissue structures is as follows:

T p
(pc)sp,bu,m$ = kspybosmvaSva”v’"
+ (pc)blwsp,bo,m (Tll - Tsp,bo,m)

+ 4msp.bo,m ( 1 )

The governing equation for the CSF consists of heat
conduction terms for an isotropic material, and a
convection term due to the oscillating CSF motion and is
given by:

aTcs
(PC)CSfFf = kcsfvacsf - (PC)CSchstTcsf (2)

The subscripts sp, bo, m, bl, and csf represent spinal
cord, bone, muscle, blood, and cerebrospinal fluid,
respectively, k is the thermal conductivity, p is the
density, ¢ is the specific heat capacity, w is the local
blood perfusion rate, and g, is the local volumetric heat
generation rate. In Eq. 2, u is the velocity of the CSF in
the axial direction and is simplified by varying only as a
function of time. In this study, the arterial blood
temperature, T,, in Eq. 1 is assumed to equal 37°C, the
core body temperature.

There are five prescribed boundary conditions for the
system, as shown in Fig. 3. The thermal effect of the
cooling pad is modeled as a constant temperature (7...) at
the pad-torso interface. The bottom surface of the torso is
assumed to equal the core body temperature, 37°C, under
normal conditions. Separate boundary conditions are pre-
scribed for the top torso surface. The top surface of the CSF
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Fig. 2 Schematic diagram of the torso region. The torso is modeled
as a rectangular prism. The spinal column (white), spinal cord (blue),
and CSF (red) are embedded in the prism and are modeled as
concentric circular cylinders. The cross section of the embedded
anatomy has been enlarged to show the detail
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has a special prescribed boundary condition known as a
convective flux because the convective heat transfer dom-
inates the conduction heat transfer of the fluid in the axial
direction. The peak Peclet number (Pe” = 4100) for the
CSF is calculated using the expression, VLo ! [26, 57],
where V is the peak CSF velocity (0.0764 m/s), L is the
characteristic length (0.008 m), and o is the thermal dif-
fusivity (1.4906e—7 m?/s). Since the Peclet number is
much larger than unity in the current application, the axial
conduction of the fluid can be neglected. The top surface at
the neck-torso interface is assumed adiabatic. This is based
on previous simulation results [49] showing that the con-
duction through that interface is almost negligible. The
area representing the human shoulders is subjected to
radiation and natural convection from the surrounding
environment. The remaining side surfaces of the torso are
also subjected to radiation and natural convection from the
surrounding environment. The ambient temperature of the
environment is prescribed as T, = 25°C, and the overall
heat transfer coefficient is calculated as & = 9.99 W/m°’K
(hyaa = 6.19 W/m?K and heopny = 3.80 W/m?K) [26]. The
initial condition of the model domain is the sustained
temperature field prior to cooling.

Temperature distributions in the torso region are solved
using finite element method (FEM). All the finite element
calculations and mesh generation are performed using
FEMLAB 3.1 (COMSOL, Stockholm, Sweden) on an
Apple PowerBook G4 (Mac OS 104, 2 GB RAM,
1.67 GHz processor), an Apple Intel iMac (Windows XP
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Fig. 3 Schematic diagram of the torso region with prescribed
boundary conditions. The five prescribed boundary conditions are
the cooling temperature, 7T.,,, at the pad-torso interface (blue),
thermal insulation of tissue at the neck—torso interface (gray),
convective flux of CSF at the neck—torso interface (red), temperature
of bottom torso surface, 7T, (orange), and radiation and natural
convection from the surrounding environment (yellow)

@ Springer

SP2, 2.8 GHz processor, 1.5 GB RAM), and a Dell
Pentium IV (Windows XP SP2, 2.79 GHz processor, 2 GB
RAM). The numerical model of Egs. 1 and 2 are obtained
by applying the Generalized Minimal Residual (GMRES)
method with an Incomplete LU pre-conditioner (0.0001
absolute tolerance and 0.001 relative tolerance). Only half
of the torso geometry is included in the numerical model to
accord with geometric symmetry and to conserve compu-
tational memory. The final mesh contains 180,611 tetra-
hedral Lagrange linear elements and is shown in Fig. 4.
The independency of the volumetric mesh is tested by
increasing the number of elements of the initial mesh
(87,566 elements) by approximately 100% (180,611 ele-
ments). The results are compared to the initial mesh, and
the finer mesh results in a less than 1% error in the global
temperature distributions for the spinal cord and CSF, and
also reaches the limit of the available computational
memory capacity. The sensitivity of the time interval used
during transient analysis is also tested by decreasing the
time step by 50%, from 0.25 to 0.125 s. This test helps
determine how small the time interval must be in order to
show the subtle temperature changes occurring in the tissue
during transient heat transfer. The temperature profiles
using both intervals showed a difference of less than 1% in
the temperature profile, and, hence, a time interval of
0.25 s is used to predict the transient heat transfer process
in the system.

2 Results

The physical and physiological parameters under normal
conditions used in the torso model can be found in previous

Fig. 4 Schematic diagram of volumetric mesh. The final mesh
consists of 180,611 tetrahedral elements, which represents a 100%
increase in the number of elements from the initial mesh of 87,566
elements. The mesh cross section is shown on the right
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studies [11, 14, 32, 49, 54, 58] and are listed in Table 1.
Note the high metabolic heat generation rate and the high
local blood perfusion rate in the spinal cord. The equivalent
blood perfusion rate in the spinal cord is 50 ml/min/100 g
tissue, which is similar to that in the normal brain tissue.
Although the torso consists of both muscle and internal
organs, in this study, we assume that it has the blood
perfusion rate of muscle tissue. This is justified since
cooling only affects a limited region close to the back of
the torso. Table 2 shows the geometrical parameters of the
torso region. The disks of the spinal column are approxi-
mated as a circular column to overcome the 3D computa-
tional resource limitations. Although the realistic cross
section of the spinal column is not circular, this assumption
can be justified to ensure that the overall heat transfer
resistance by the spinal disk is modeled correctly.

The frequency of the CSF flow corresponds with the
human heartbeat, and it is necessary to model the pulsating
flow within the spinal cavity. Modeling the hydrodynamic
CSF motion within the spinal cavity shows that the peak
flow rate for the CSF is 360 ml/min and illustrates that the
net flow of the CSF is zero [32], which can be represented
using a sine function with a frequency of 1 Hz. Therefore,
in this study, the CSF velocity, u.s, under normal condi-
tions is calculated and is given by

Uest = 0.0764 sin(2nt)m/s (3)

The baseline for the torso region model consists of the
cooling pad (7o, = 20°C, 500 mm long and 100 mm
wide), and the cooling process is simulated for 30 min.
Figure 5 shows the temperature contours of the midline
axial and sagittal cross sections after 1800 s of cooling.
After a 30-min hypothermia treatment, cooling penetration
is evident. As shown by the light red color in the spinal
cord, the temperature in the spinal cord region is reduced to
approximately 34°C. The temperature in the CSF is
approximately 33°C after 30 min of cooling. There is
significant cooling in both the spinal cord and the CSF. The
temperature at the back surface is 20°C due to the cooling

Table 2 Geometrical parameters of torso model

Parameter Length Width Height Radius
(mm) (mm) (mm) (mm)
Torso 350 150 500 -
Spinal - - 500 225
column
Spinal canal - - 500 8
Spinal cord - - 500

pad, which then increases through the spinal column and
neck region, and one observes an almost uniform
temperature reduction in the CSF. However, in the spinal
cord region, the temperature is higher than the temperature
of the surrounding CSF. This may be largely due to the
high metabolic heat generation and blood perfusion rates in
the spinal cord. Both act as a heat source to the local
temperature field. The presence of warm arterial blood in
the highly perfused spinal cord tissue region is
counterproductive to cooling.

As the spinal cord and the CSF are the targeted regions
for the cooling protocol, their average temperatures during
the transient process are illustrated in Figure 6, which gives
a representation of the cooling occurring during the 1800-s
time frame. Although the CSF velocity oscillates at a fre-
quency of 1 Hz, this oscillation does not result in visible
fluctuations at that frequency in the tissue and the fluid
temperatures during cooling. This may be due to the fact
that human tissue has a very high thermal capacity, which
requires a very low frequency to cause significant oscilla-
tions in temperature. After 30 min, temperatures within
both the spinal cord and the CSF have not established a
steady state, suggesting that a longer cooling duration may
further lower the tissue temperature. After the hypothermia
treatment, the average temperature reduction in the CSF
and the spinal cord from their initial values are 3.48 and
2.72°C, respectively. The temperature reduction in the CSF
is nearly 1°C more than that of the spinal cord. The current

Table 1 Physical and physiological parameters under normal conditions in baseline model

Parameter Specific heat Density, Thermal Local blood perfusion Local volumetric heat Velocity,
capacity, ¢ (W/kgK) P (kg/m3) conductivity, rate, o (1/s) generation, g, (W/m3) u (m/s)
k (W/mK)

Blood 3800" 1050? - - - -

Muscle 3700¢ 1050 0.5 1.67e—4¢ 180.2¢ -

Bone 2300* 1500? 1.12% 3e—4* 368.3% -

CSF 4178.3° 1000.3° 0.623° - - 0.0764sin(27t)°

Pe" = 4100

Spinal cord 3700* 1050* 0.5* 0.0083* 10437.5* -

S [111, P 141, © (321, ¢ [49]
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Fig. 5 Temperature contours
for the midline axial (left) and
sagittal (right) cross-section of
the torso region after 30 min of
cooling

procedure satisfies the design requirement of decreasing
the spinal cord temperature by 2°C within 30 min.

Parametric studies are used to test the sensitivity of
various design and physiological parameters on the simu-
lated temperature distributions. The parameters tested for
this study include the cooling pad width, the cooling
temperature, the CSF velocity, and the local spinal cord
blood perfusion rate, which are considered the most influ-
ential factors. Table 3 highlights the results of the para-
metric study, and the baseline parameters are depicted in
bold. The results help optimize the cooling pad design and
understand the cooling potential.

Decreasing the pad width does not change the results
significantly until it becomes very narrow (~ 50 mm). The
100-mm wide pad satisfies the design requirements while
using the least amount of material, and the remaining
parametric studies are performed using this pad width.

Changes in the CSF velocity can be attributed to various
factors including disease, ICP, and body position. This
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Fig. 6 Average transient temperatures of spinal cord and cerebro-
spinal fluid during the 30-min hypothermia treatment
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parametric study determines whether the oscillatory CSF
motion enhances convective heat transfer within the sys-
tem. The results support that a slow CSF motion enhances
the cooling extent to the spinal cord. Under normal con-
ditions, ucsr = 0.0764sin(2nt), the temperature reduction in
the spinal cord is 2.72°C. When the CSF peak velocity
decreases by 50%, the achievable temperature reduction in
the spinal cord, AT, is increased to 2.91°C, and a 75%
decrease in the CSF velocity achieves a spinal cord tem-
perature reduction of 3.05°C.

In order to cool the spinal cord, a significant temperature
gradient between the spinal cord tissue temperature and the
surface tissue temperature is required. Therefore, the
cooling pad temperature must be low enough to induce
hypothermia within the spinal cord, as well as within the
CSF. The temperature decrease in the spinal cord is more
than doubled when the surface temperature decreases
from 20 to 0°C. At a cooling temperature of 20°C,
AT, = 2.72°C, while a 0°C cooling temperature results in
a spinal cord temperature difference of 6.23°C. The 10°C
pad surface temperature leads to AT, = 4.36°C. Although
all the three temperatures meet the design requirements
(AT, > 2°C), it may be more beneficial to use one of the
two higher cooling temperatures. Using a cooling temper-
ature of 0°C may lead to patient discomfort and possible
freezing damage to the skin.

The blood perfusion rate in the spinal cord under normal
conditions is 0.0083 s, equivalent to 50 ml/min/100 g
tissue. In this parametric study, the blood perfusion rate is
either increased or decreased by 50%. The local blood
perfusion as well as the metabolic heat generation act as a
heat source during cooling. The results of this study dem-
onstrate that decreasing the spinal blood perfusion rate by
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Table 3 Parametric study results

Pad size CSF velocity Cooling temperature Blood perfusion

Width (mm) AT, (°C) Uegr (M/S) AT, (°C) Teoor (°C) AT, (°C) g (ml/100 g/min tissue) AT, (°C)
350 2.72 0.0764sin(2xt) 2.72 20 2.72 75 2.24

300 2.72 0.0382sin(2xt) 291 10 4.36 50 2.72

200 2.72 0.0191sin(2xt) 3.05 0 6.23 25 3.41

100 2.72 - - - - - -

50 2.58 - - - - - -

Baseline model is highlighted by boldface

50% helps lower the spinal cord temperature from 34.17 to
33.48°C after 30 min of cooling, while increasing it hin-
ders spinal cord cooling (34.66 vs. 34.17°C). Therefore,
ischemia, often associated with secondary neuro-injury
following traumatic spinal cord injury, will respond posi-
tively to the cooling protocol.

3 Discussion

Previous theoretical analyses and animal experiments have
shown a decrease in blood perfusion in the spinal cord
during both systemic and localized cooling, which helps
increase the cooling penetration and assist in lowering the
tissue temperatures [3, 4, 9, 41, 55]. We simulated only
when the blood perfusion rate is compromised after
ischemic injury, and our theoretical study has demonstrated
the profound effect of local ischemia in the spinal cord in
facilitating cooling penetration in the spinal cord. It is still
not conclusive whether ischemia always occurs after SCI,
but several experimental observations have illustrated an
overall decrease in the local blood perfusion rate following
traumatic SCI [12, 20, 41, 45, 46, 52]. It is also possible
that the local blood perfusion rate may be affected by the
temperature decrease in the spinal cord during cooling [11,
19, 52]. However, experiments performed by Bricolo et al.
show that localized cooling increases spinal cord blood
flow [8]. Future experimental studies are needed to further
quantify not only the local temperature-dependent blood
perfusion rate, but also the coupled relationship between
blood flow and metabolism after injury.

Although the presented model can be considered the first
step to developing a non-invasive cooling protocol to treat
traumatic SCI, the developed model has some limitations.
The version of FEMLAB® used in this study only utilizes
tetrahedral elements for 3D meshing. Using hexahedral
elements are popular in 3D finite element analyses because
they may improve the accuracy of the model by increasing
the number of nodes per element. However, hexahedral
elements are usually used in solid mechanics analysis
because these elements react more precisely to real-world

loads and provide more accurate results in stress—strain
analyses, especially for thin structures [10]. For 3D
numerical heat transfer analyses, tetrahedral elements are
preferred because they allow for unstructured and adaptive
meshing schemes to discretize the domain completely and
exactly, especially when analysis involves large Peclet
numbers [22, 36].

We use the Pennes bioheat transfer equation to model
the thermal effect of the local blood perfusion rate; there-
fore, the developed model inherits all the limitations
associated with the Pennes continuum model. The modeled
spinal cavity has a uniform cross-sectional area, which
results in a constant CSF velocity in the axial direction. In
reality, the fluid velocity decreases while it descends
toward the spinal cavity due to an increase in the cross-
sectional area [44]. Owing to the difficulty in modeling the
detailed and irregular geometry using the FEM software,
the geometrical representation of the actual structures is
simplified to satisfy the overall heat transfer resistance by
each tissue structure. For example, the peripheral spinal
cord nerves have been neglected in this study. The spinal
cord is connected to 33 pairs of nerves, and their addition
would create a more complicated model to exceed our
computational capacity. Also, there is no distinction
between white and gray matter. The spinal cord has been
simplified and modeled as a homogenous solid material. A
more anatomically correct model would illustrate that the
spinal cord is composed of an H-shaped gray matter sur-
rounded by white matter. Such a representation could
change the spinal cord temperature profiles since the blood
perfusion rate and metabolic heat generation of the grey
matter is approximately four times that of white matter [11,
49]. All the limitations associated with a simplification of
the geometry can be addressed with improved software
capability and computational memory capacity in the
future. Developing a more detailed theoretical model pro-
vides the opportunity to more accurately describe temper-
ature variations occurring at the injury site and the
surrounding environment, which may be more beneficial to
clinicians when implementing the cooling procedures. In
addition to limitations due to the model geometry, there are
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also limitations associated with the prescribed boundary
conditions. In this model, the bottom surface of the torso is
a constant temperature (7 = 37°C), and an adiabatic
boundary condition is prescribed on the top surface. Their
effects on the temperature distribution during cooling can
be examined if the torso model is incorporated with other
parts of the body. However, as shown in a previous study
by our group [49], it is unlikely that the effect will be
significant since heat transfer is dominated in the lateral
rather than the axial direction.

Intracranial pressure changes affect CSF motion in the
spinal cavity. In this study, we are interested in how the
fluid oscillations affect the heat transfer during cooling,
even though there is a zero net flow rate. Fluids that
undergo periodic oscillations have different flow and heat
transfer characteristics than fluids with a steady flow have.
The heat transfer rate is affected by changes in the
boundary layer thickness, fluid mixing, and a lowered
thermal resistance [16, 23]. Several previous studies in
engineering design applications have concluded that the
presence of an oscillating flow can enhance heat transfer by
15-40% and increase the effective thermal conductivity by
10-60% [16, 21, 30, 31, 53, 56]. It has been suggested that
this enhancement is mainly due to the fact that oscillations
promote fluid mixing and create vortices around the cyl-
inder because the laminar-turbulent transition may be a
major mechanism that enhances heat transfer in zero-mean
oscillating flow [28, 31]. In convective heat transfer, the
existence of an oscillatory layer of fluid is equivalent to
an enhancement in heat transfer through convection. A
majority of those previous studies seem to contradict our
observation, where cooling penetration increases more with
smaller oscillation intensities. We believe this may be
partially due to a competing mechanism which involves the
introduction of warm spinal fluid at 37°C from the sacral
sac of the spinal cavity during the oscillation. The
increasing amount of warm CSF entering the system
counteracts the cooling effect, and may overpower the
cooling enhancement due to fluid convection [23, 28].
Therefore, we believe it is reasonable to observe a
decreased cooling penetration in the spinal cord when the
oscillatory intensity is increased due to the large amount of
warm CSF being introduced to the system.

4 Conclusion

The Pennes bioheat equation and FEM have been used to
demonstrate that placing a cooling pad along the back of
the torso is a feasible hypothermia treatment for secondary
neuro-injuries associated with traumatic SCI. Theoretical
analysis has shown that a simple cooling pad at 20°C can
significantly decrease the temperatures of both the CSF and
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the spinal cord by more than 2.7°C within 30 min. Tem-
perature reductions in the spinal cord are sensitive to the
spinal cord blood perfusion rate, the cooling temperature,
and the presence of oscillating CSF flow.
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