
International Journal of Heat and Mass Transfer 51 (2008) 5662–5670
Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier .com/locate / i jhmt
Targeted brain hypothermia induced by an interstitial cooling device
in the rat neck: Experimental study and model validation

Yunjian Wang a, Liang Zhu a,*, Axel J. Rosengart b

a Department of Mechanical Engineering, University of Maryland Baltimore County, 1000 Hilltop Circle, Baltimore, MD 21250, United States
b Neuroscience Critical Care, New York Presbyterian Hospital, New York, NY, United States
a r t i c l e i n f o

Article history:
Received 21 November 2007
Received in revised form 4 April 2008
Available online 12 June 2008

Keywords:
Brain hypothermia
Ischemic brain injury
Interstitial cooling
Rat
Surgery
0017-9310/$ - see front matter � 2008 Elsevier Ltd. A
doi:10.1016/j.ijheatmasstransfer.2008.04.042

* Corresponding author. Tel.: +1 410 455 3332; fax
E-mail address: zliang@umbc.edu (L. Zhu).
a b s t r a c t

Targeted brain hypothermia has the potential to prevent cerebral ischemia injury during open heart and
neck surgeries or after traumatic head injury. In this study, in vivo experiments were performed to test
the performance of a newly developed cooling device in an inexpensive animal model. Rat brain hypo-
thermia was induced by inserting an interstitial cooling device in the rat neck muscle and placing the
device on the common carotid artery to cool the arterial blood supplied to the brain. Coolant was circu-
lating inside the cooling device to achieve either mild or moderate temperature reductions at the surface
of the device. Temperatures were measured inside the rat brain tissue, as well as on the head skin surface.
For the mild cooling (cooling device surface temperature was 18.7 ± 4.5 �C), the temperature reductions
were 2.2 ± 0.6 �C, 2.1 ± 0.6 �C, 1.9 ± 0.6 �C and 1.6 ± 0.9 �C at sites of brain-5 mm, brain-2 mm, skull, and
scalp, respectively. After the surface temperature was further decreased to 12.8 ± 2.8 �C (moderate cool-
ing), the temperature reduction in the head increased more than 85% to 3.7 ± 3.2 �C, 3.7 ± 3.0 �C,
3.3 ± 2.5 �C and 2.5 ± 1.0 �C, respectively. The experimental data were also used to validate a previously
developed theoretical model for humans. Experimentally measured geometrical and physiological
parameters of the rat neck and brain were substituted into the scaled-down theoretical model to simulate
the temperature distribution in the rat neck and brain. The theoretically predicted brain temperatures
showed a good agreement with the experiment data. We believe that this study is the first step in devel-
oping a reliable cooling device to achieve fast cooling and to control rewarming in future clinical studies
and to benefit a large patient population.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Neuroprotection, that is, reducing the impact of brain injury
either prior to or after the occurrence of a damaging insult has
the potential to greatly improve the mortality and morbidity of pa-
tients suffering from a wide variety of brain injuries. Currently, the
most reliable and clinically useful neuroprotectant is cooling of the
brain; for example, initiated prior to high-risk, complex cardiotho-
racic surgery which employs cardiopulmonary arrest and/or by-
pass, and hence, exposes the neural tissue to extended periods of
cerebral perfusion standstill. The need to medically protect the
brain in these settings has been addressed in several published
investigations. A multicenter study by Roach et al. [1] reported that
more than 6% of patients suffered neurological adverse events after
coronary artery bypass surgery, a common procedure of revascu-
larization of the blood supply of the heart after myocardial infarc-
tion. More subtle but equally important neuropsychological
ll rights reserved.

: +1 410 455 1052.
deficits or impairments in cognition were detected in more than
20% of bypass patients months after surgery [2]. The mechanism
leading to brain ischemia during such surgeries often is a combina-
tory effect from global brain hypoperfusion, direct embolization of
atherosclerotic material with cumulative occlusions of small brain
arteries [3], and temporary large vessels, i.e., carotid artery. Often,
these occlusions are necessitated by the surgery [4].

A significant body of literature demonstrates that even mild
reductions in brain temperature, i.e., by 1 or 2 �C, are effective to
reduce ongoing secondary damage in the acutely injured brain.
The palliative effects directly translate into clinical benefits, mainly
reductions in death and disability after brain injury. Brain hypo-
thermia reduces tissue oxygen demands [5] and ameliorates
numerous deleterious cellular biochemical mechanisms, including
calcium shift, excitotoxicity, lipid peroxidation and other free rad-
ical reactions, DNA damage, and inflammation [6]. In particular,
hypothermia initiated prior to or immediately after the onset of
the damaging event provides potent, dose-(temperature-)related
and long-lasting neuroprotection as evidenced in many experi-
mental studies [7]. Conversely, an elevated brain temperature of
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Nomenclature

c Specific heat (J kg�1 K�1)
d Distance defined in Fig. 3 (m)
e Distance defined in Fig. 3 (m)
k Thermal conductivity (W m�1 K�1)
h Heat transfer coefficient (W m�2 K�1)
L Length of the neck cylinder (m)
M Mass (kg)
qloss Total heat loss from the arterial blood to the device per

unit time (W)
qm Local metabolic heat generation rate (W m�3)
Q Volumetric flow rate (m3 s�1)
r Radial distance from the center of the artery in cylindri-

cal coordinates (m)
R Radial distance from the center of the neck cylinder in

cylindrical coordinates (m)
t Time (s)

T Temperature (�C or K)
z Axial distance in cylindrical coordinates (m)

Greek symbols
q Density (kg/m3)
h Polar angle in cylindrical coordinates
x Local volumetric blood perfusion rate per unit volume of

tissue (s�1)

Subscripts
a Artery
b Blood
bt Brain
n Neck
t Tissue
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only 1–2 �C strikingly worsens neuronal injury in experimental
settings and has a clinically proven, negative impact on patient
outcome [8].

There are two conceptual approaches to reduce brain tempera-
ture but unfortunately, only one, systemic cooling, has achieved
clinical utility. Systemic cooling induces brain hypothermia by
reducing the temperature of the whole body, commonly via venous
blood cooling. It is an effective approach in brain injury as approx-
imately 20% of the cardiac output (and hence, cooled blood) is
delivered to the brain and modern clinical care can utilize intravas-
cular cooling catheters to achieve powerful, rapid, and constant
hypothermia induction. However, adverse events from whole body
cooling predominate and curtail its clinical usefulness in a cooling
depth- and time-dependent manner leading to a reversal of the
benefit-risk ratio [6,9]. The second approach to brain cooling is tar-
geted hypothermia in which the brain is selectively cooled while
the rest of the body is kept euthermic. The opportunity to cool
the brain selectively, thereby avoiding the main adverse events
of systemic cooling such as infections and sepsis, blood clotting
abnormalities, and heart and lung failure, is of great clinical and
biomedical engineering interest. Employing a historically well-
known method of external head cooling with ice packs or cooling
wraps has led to clinical use of cooling helmets in brain-injured
neonates. Recent theoretical [10,11], animal [12–14], and clinical
[15] studies have demonstrated that external head cooling will
not penetrate beyond the brain gray (upper surface) matter. Some
of the more invasive targeted brain cooling approaches under
investigation with unknown clinical usefulness include nasopha-
ryngeal cooling, direct catheter cooling [16], and intra-carotid
flushing with coolant.

An alternative approach to achieve fast and uniform tempera-
ture reduction throughout most of the brain tissue is to reduce
the temperature of the carotid arteries in the neck as these vessels
are responsible for about 80% of the total brain perfusion. However,
a previous theoretical investigation by the author [17] delineated
the ineffectiveness to reduce brain temperature via applying sur-
face neck cooling of the carotid arteries. In contrast, if an appropri-
ately designed cooling device is inserted safely under the skin and
in physical contact with the common carotid artery (CCA), more
effective brain cooling could possibly be achieved by reducing
the thermal resistance between the cooling device and the artery.
A previous simulation of the human neck and head using this cool-
ing approach [18] demonstrated the theoretical feasibility of
inducing at least a 3 �C temperature drop along each CCA. How-
ever, the theoretical model needs validation before the cooling de-
vice can be used in clinical studies.

Animal experiments are usually performed to test any cooling
device and to measure the temperature reduction in the brain tis-
sue. An approach to the development of a model of this cooling
methodology for humans is to begin with small animal studies. A
comparison of the experimentally measured data on small animals
with the theoretical model for animals can be used to validate the
theoretical model for the animal. In most of the animal studies of a
medical device, model validation is necessary to assess the accu-
racy of the theoretical model in handling complicated and realistic
structures such as the brain or neck. Once the theoretical model is
validated in small rodents, experimental studies can be conducted
on large animals. This approach provides confidence that the cool-
ing capacity applied to human anatomy is accurate and reliable be-
fore the device can be used in future clinical studies.

Based on the encouraging results obtained from our previous
theoretical work [18], we now utilized in vivo rodent experiments
to report on brain hypothermia induction and distribution during
direct CCA cooling and compare the obtained results to our previ-
ously obtained simulations. A compact neck cooling device, made
from flexible two-dimensional cooling sheets, was designed and
brought in direct physical contact with both common carotid arter-
ies of anesthetized rats. The temperature distribution in the brain
tissue was measured and the effects of variations in coolant tem-
perature were evaluated. In our analyses, we included the detailed
vascular geometry and blood flow rates of the test animals and,
based on the obtained data, we extended and validated the previ-
ously reported theoretical model to accurately simulate the tem-
perature fields in the neck and brain of the animal.

2. Materials and methods

In vivo experiments were performed to measure the transient
brain temperature distributions and to determine the temperature
reductions at various brain tissue locations after inserting a specif-
ically designed cooling device with close proximity to the CCA into
the neck of anesthetized rats. The feasibility of inducing hypother-
mia via direct CCA cooling was a priori defined as brain hypother-
mia (34 �C) within 40 min of cooling.

Six Sprague-Dawley rats (456 ± 26 g, males) provided by
Charles River Laboratory (Wilmington, MA) were used. At the
beginning of the experiment, each rat was anesthetized and main-
tained in sedation with intraperitoneal injections (i.p.) of sodium



Fig. 1. Experimental setup of the animal study and the schematic diagram of the cooling device (enlarged).
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Fig. 2. Schematic diagram of the in vivo experiment on the rats during targeted
brain cooling and the temperature sites in the rat head.
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pentobarbital (40 mg/kg) and placed on a water-jacketed heating
pad to maintain normal core temperatures (�37 �C) as monitored
by the rectal temperature (Fig. 1). The neck cooling device was
made from a flat sheet of plastic (length = 1.0 cm, width = 1.0 cm)
that received circulating coolant (water) from a temperature-con-
trolled water reservoir while the coolant flow rate through the
sheets was controlled by a high resolution peristaltic pump (World
Precision Instruments, Inc., Sarasota, Florida). The CCAs were ex-
posed on both sides of the lower neck through a 2–3 cm midline
neck incision and specific precautions were taken not to damage
other surrounding neck structures, i.e., nerves. The volumetric
blood flow rate in the left common carotid artery, Q, was recorded
by a T106/T206 Animal Research Flowmeter (Transonic� System
Inc., New York) after suture attachment of the 0.7 mm V-shaped
flow probe around the very proximal CCA to avoid proximity to
the adjacent jugular vein. Teflon tubes (�0.5 mm I.D.) of the cool-
ing device were connected to the pump and two thermocouples
were attached to the inner surface of the device. The skin remained
closed during the experiments.

The head was fixed in a stereotactic frame (Stoelting Inc., Wood
Dale, IL). After retraction of the scalp, a craniotomy was made over
the left and right parietal cortices along the coronal and inter-pari-
etal suture margins. With a small drill bit (0.4 mm dia.), a small
burr hole was carefully made 3 mm lateral and 2 mm posterior
to the bregma employing a continuous of 0.9% saline drip to pre-
vent heat injury of the underlying cortex. Three fine thermocouples
(50 lm dia. O.D. wire) were bundled together but remained 3 mm
apart from each other and then inserted through the burr hole to
various predesignated positions. As shown in Fig. 2, one thermo-
couple was placed between the skull and scalp and the remaining
were positioned at 2 mm and 5 mm depths into the brain. The ste-
reotactic head frame greatly supported precise burr hole drilling,
insertion of the thermocouples, and accuracy of continuous tem-
perature recordings throughout the experiment. The calvarium
was sealed around the wires with bone wax (Stoelting Inc., Wood
Dale, IL), and the skin was closed. Several K-type thermocouples
were placed on various locations at the head surface to monitor
skin temperatures.

The cooling devices, placed on both common carotid arteries,
delineated the effects of various cooling temperatures on the cool-
ing capacity and the experimental group (n = 6) studied. Each ani-
mal was first exposed to a device temperature at 18.7 ± 4.5 �C and
then, after recovery to baseline temperature, cooled in a subse-
quent step to 12.8 ± 2.8 �C. The respective coolant reservoir tem-
peratures were kept at 10.0 ± 0.8 �C and 0.0 ± 0.6 �C. The coolant
flow rate was 60 ml min�1. All the data were recorded and stored
using the LabView� program on a personal computer. The temper-
atures were recorded every ten seconds. The experimental protocol
included the following steps: (1) The baseline temperatures were
measured and recorded for 30 min after completion of the surgery.
(2) The first, mild cooling, was introduced for 40 min to achieve a
cooling device temperature of �18.7 �C. (3) After this first cooling
period, the coolant was stopped for 30 min during which time per-
iod all temperature sites continued recording the spontaneous
temperature recovery in the animal, which was otherwise kept
euthermic. (4) The second, moderate cooling period (�12.8 �C on
the device surface) was initiated and maintained for 40 min. (5)
Following step (4), spontaneous temperature recovery (step 3)
was again recorded.

At the end of the experiment, the rat was euthanized with so-
dium pentobarbital (150 mg/kg, i.p.). The brain was sectioned to
validate the correct temperature sensor positioning and to inspect
for adverse effects (i.e., hematoma, etc.) related to the surgery, and
the thicknesses of scalp, bone, and brain tissue were measured. The
neck was reopened to delineate the positioning and physical rela-
tionship of the common carotid arteries. The sizes of the common,
internal and external carotid arteries, and the internal and external
jugular veins were measured by means of a Nikon� SMZ800 dissec-
tion microscope.

Blood flow rate and temperatures for each trial were analyzed
and expressed as a mean ± SD. Differences among the mean values
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were determined by one-way repeated measures ANOVA. The post
hoc comparisons of the temperatures between the baseline mea-
surement and cooling or rewarming were performed by Student’s
t-test. Significance was evaluated at the 5% confidence level.

3. Theoretical model

The previously developed theoretical model for the human neck
and brain [18] was scaled down for the anatomy of the rat neck and
brain. Parameters required for modeling the temperature fields of
the rat neck and brain include the locations and sizes of the major
blood vessels in the neck, the size of the neck, the blood flow rate of
the common carotid artery, and the head dimensions. All the
parameters measured in the animal experiments and thermal
properties obtained from the literature were incorporated into
the theoretical model to simulate the temperature distribution.
Temperature predictions in the rat brain were then compared with
the experimentally measured data. The validity of the theoretical
model can be confirmed when the theoretically predicted temper-
atures agree with the experimental results.

In this study, a three-dimensional model of the rat neck (Fig. 3)
and head (Fig. 4) with embedded common carotid arteries was em-
ployed to simulate the tissue temperature reductions induced by
the cooling device. We ignored the influence of other neck vessels
on the CCA temperatures as vessel-to-vessel thermal interactions
are negligible for vessels not in close proximity [17,19]. Fig. 3 gives
the schematic diagram of the rat neck where the common carotid
arteries are modeled as two straight tubes on either side of the
neck cylinder with the respective the cooling devices in form of a
rectangular column. The common carotid artery usually gives no
bifurcations before it bifurcates into the internal and external car-
otid arteries. The small blood vessels, that provide nutrients to the
muscle tissue of the neck, mainly come from the external carotid
artery. The external carotid artery also provides blood supply to
the superficial head and face regions. Because of the small nutrient
need in the neck region, only a very tiny portion of the blood flow
in the common carotid artery is used to supply nutrients to the
neck muscle.

A mathematical model for the neck temperature field was for-
mulated based on the structures delineated in Fig. 3. One could
write the conservation energy equations for the arteries and tissue
in cylindrical coordinates (inside the arteries – ra, ha, z; inside the
tissue cylinder – R, h, z) as follows:
artery : qbcb
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where subscript i denotes the prescribed number of the arteries,
subscriptions a, b, t, n refer to artery, blood, tissue, and neck,
respectively, aai and Rt are the radius of the blood vessel and neck
tissue cylinder, respectively, k is thermal conductivity, q is density,
c is specific heat, and ua is the average blood flow velocity in the
common carotid artery. The temperature distribution along the
carotid artery was determined by heat conduction to the surround-
ing tissue and to the cooling device (the first term on the right side
of Eq. (1)) and heat convection due to blood flow (the second term
on the right side of Eq. (1)). In the neck tissue cylinder, temperature
field in the neck is a combination of heat conduction and blood
flow effect in the neck tissue. As suggested by the Pennes bioheat
equation [20], local blood perfusion in the neck tissue or the ther-
mal effect of those small blood vessels acts as a heat source to
warm the tissue. Its strength is directly proportional to the local
blood perfusion rate, xn (s�1). Ta, neck is the local arterial tempera-
ture and is assumed equal to the body temperature measured by
the experiments.
We assumed that the neck surface is subject to a room temper-
ature of Troom measured as 25 �C and a heat transfer coefficient h
(8 W m�2 K�1), which accounts for a combination of natural
convection and radiation heat transfer to the surroundings. The
effect of the cooling device was modeled as a boundary condition
of a uniform temperature at the outer surface of the device
(Tcooling = 18.7 �C or 12.8 �C). The boundary condition at the bottom
surface of the cylinder was prescribed as the body temperature. In
our previous study [18] we showed that the top region of the neck,
that is, the interface with the head, has a temperature reduction
due to interstitial cooling in the neck. We also found that the
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calculated temperature decays along the common carotid artery
were not very sensitive to the thermal condition of this interface.
Therefore, for simplicity, the boundary condition at this interface
was prescribed as an adiabatic condition.

Similar to our previous theoretical model of the human head
[10,11], the rat head was modeled as a spherical structure consist-
ing of scalp, skull, and brain tissue. The blood flow effect in each
structure in the head was modeled as a Pennes perfusion source
term. For any tissue structure (scalp, skull, or brain tissue), the
Pennes bioheat equation was written as

qscalp;skull;btcscalp;skull;bt
oTscalp;skull;bt

ot
¼ kscalp;skull;btr2Tscalp;skull;bt

þ qbcbxscalp;skull;btðTbm � Tscalp;skull;btÞ þ qm ð3Þ

where qm is the local metabolic heat generation rate, and Tbm is the
temperature of the arterial blood supplied to the brain tissue. Since
the cooling device in the neck reduces the temperature of the blood
in the common carotid arteries, it can be expected that the blood
temperature at the terminus of the carotid artery would be lower
than the body temperature. In this study, Tbm was the average tem-
perature of the blood in the common carotid artery calculated by
solving Eq. (1). At the bottom of the head, an adiabatic condition
was prescribed since an insulation pad is put under the head of
the rat during the experiment, as shown in Fig. 2.
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Table 1
Baseline parameter measured in the animal experiments (n = 6)

Rat weight (g) Brain mass (g) Blood flow
rate (ml min�1)

Rectal
temperature (�C)

456 ± 26 2.06 ± 0.19 4.4 ± 2.2 38.3 ± 0.4
Temperature fields in the neck, blood vessel and head were
solved using the finite element method. All the finite element
calculations including the mesh generation and solving were per-
formed on FEMLAB 3.1 operated on a Pentium IV processor of
2.79 GHz speed, using 1 GB of memory under a Windows XP SP2
Professional Operating System. The numerical model was obtained
by applying the Galerkian formulation of Eqs. (1)–(3). The total
number of tetrahedral elements of the finite element mesh in the
neck was around 81103. Mesh independency was checked by
increasing the number of elements in the artery by 20% over the
current mesh; the finer mesh induced less than 1% global differ-
ence in the temperature field. The mesh was not further refined
since the finer mesh resolution has reached the maximal capacity
supported by the internal memory of 1 GB in the computer of
our laboratory.

4. Results

Table 1 describes the baseline data measured in the experi-
ments (n = 6). The weight of brain tissue was 2.1 ± 0.2 g and the
average blood flow rate in each common carotid artery was
4.4 ± 2.2 ml min�1, a similar value as found in a previous study
[14]. The average baseline rectal temperature, 38.3 ± 0.4 �C, was
similar to the naturally occurring rat body temperatures.

Fig. 5 delineates the recorded temperatures at different loca-
tions at different stages, including the baseline (precooling), the
mild cooling, the first recovery, the moderate cooling, and the sec-
ond recovery stages. The temperature field of the brain tissue was
relatively uniform before the initiation of the cooling and the tem-
perature decreases slightly towards the skin surface (from 38.3 �C
to 36 �C). For the mild cooling (cooling device surface temperature
is 18.7 ± 4.5 �C), the temperature drops were 2.2 ± 0.6 �C, 2.1 ±
0.6 �C, 1.9 ± 0.6 �C and 1.6 ± 0.9 �C at sites of brain-5 mm, brain-
2 mm, skull and scalp, respectively. For the moderate cooling (cool-
First Baseline
Mild Cooling
Second Baseline
Moderate Cooling
Recovered

Scalp

* *
* *

  Skull

st recovery, moderate cooling, and the second recovery. The temperature values are
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ing device surface temperature is 12.8 ± 2.8 �C), the temperature
reductions further increased to 3.7 ± 3.2 �C, 3.9 ± 3.0 �C, 3.3 ±
2.5 �C and 2.5 ± 1.0 �C, respectively. Unlike the mild cooling situa-
tion, large standard deviations in the temperature reductions are
found during the moderate cooling. Since our sample size is
relatively small (n = 6), it is unclear whether the variation of the
temperature reduction from one rat to another would have be
decreased if a bigger sample size were used. One may simply inter-
pret the observed results as an indication of the different blood
flow and temperature responses to cooling in the rat group. Never-
theless, of note is that the cooling of the carotid arterial blood in
the neck results in a significant reduction (p value is less than
0.05) in the temperature at all recording locations. Also, all temper-
atures recovered to the expected baseline values after termination
of cooling. There were no significant differences between the
recovered and the precooling baseline temperatures.

Fig. 6 shows a typical temperature change during the cooling
and recovery processes. The illustrated temperature profiles are
from the measured data of one rat. The figure indicates that the
temperatures at all head locations decreased quickly when the
mild cooling was initiated and steady states was established after
about 30 min. The deeper the brain regions, the larger were the ob-
served temperature reductions. Once the cooling was stopped, the
temperatures increased immediately and recovered to their previ-
ous baseline values within approximately 15 min. Very similar
trends were observed during the moderate CCA cooling; however,
the recovery temperature was slightly higher than the baseline va-
lue, a finding (temperature rebound) similar to our previous exper-
imental study on rats using head surface cooling and likely
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Table 2
Physical and physiological properties under normal conditions

Specific heat c
(J kg�1 K�1)

Mass density q
(kg m�3)

Thermal conductiv
k (W m�1 K�1)

Blood 3800a 1050c 0.5c

Neck 3700b 1050c 0.5c

Scalp 4000a 1000c 0.34c

Bone 2300a 1500c 1.16c

Brain tissue 3700a 1050c 0.5c

a Xu et al. (1999).
b Bommadevera and Zhu (2002).
c Olsen et al. (1985).
d Diao et al. (2003).
e Calculated from the animal experiments.
explained by rewarming ‘‘mismatch” between blood perfusion
and brain metabolism [14].

The physical and physiological properties used in the theoreti-
cal simulation are listed in Table 2 and can be found in previous
publications [10,19,21,22]. The average blood perfusion rate of
the brain tissue, xbt, was not measured directly; however, a good
correlation exists between the perfusion rate and measured CCA
blood flow rate and the brain weight of the rat. From Diao [23],
the ratio of the blood flow in the internal carotid artery to the total
blood flow in the common carotid artery (Qinternal/Qtotal) is equal to
0.56 in rats. Therefore, the average blood perfusion rate of the rat
brain tissue, xbt, can be calculated by:

xbt ¼ Q internal=Mbt ¼ 0:56 � Q total=Mbt ¼ 0:56 � ðQ L þ Q RÞ=Mbt ð4Þ

where QLand QR are the blood flow rates (ml min�1) measured in
the left and right common carotid arteries, respectively, and Mbt

is the mass (g) of the rat brain tissue measured immediately after
each experiment. Assuming no significant difference in the blood
flow rate between the left and right common carotid arteries and
a constant,Q, the average blood perfusion rate of the brain tissue,
xbt, can be obtained by:

xbt ¼ 1:12 � Q=Mbt ð5Þ

Note that the unit of the blood perfusion rate calculated from Eq. (5)
is ml min�1 g�1, which is widely used in medical and biological re-
search. In this study, the unit of x in Eqs. (2) and (3) is s�1. There-
fore, the calculated values from Eq. (5) need to be converted to the
required unit of s�1, and they are listed in Table 2. We also assumed
that the blood perfusion rate of the brain tissue did not significantly
change during the cooling and rewarming periods. The metabolic
heat generation in the tissue was determined based on the relation-
ship between blood perfusion rate and metabolism as described
elsewhere [22].

Table 3 provides the baseline combinations of the parameters
used in the theoretical simulation. Most were determined from
the average results of the data measured in the current experi-
ments. The rat head is approximately 15 mm in radius and both
the skin and skull layers are 1 mm in thickness. The rat neck is
16.5 mm in radius and is 20 mm in length. The average size of
the common carotid artery is 1.5 mm in diameter, and it is located
approximately in the middle between the cylinder center and the
skin surface. The calculated average blood flow velocity of the car-
otid artery is 4.15 cm s�1. Substituting the geometry parameters
and thermal properties into the theoretical model, we obtained
the steady state temperature distribution in the neck model.
Fig. 7 illustrates the simulated steady state temperature decay
along the common carotid artery for the mild or moderate cooling.
It is a highly approximation that the temperatures of the major
arteries do not deviate significantly from the tissue temperature
at the center of the body [24]. The measured rat rectal temperature
(38.3 �C) was, therefore, used as the temperature of the carotid
ity Perfusion rate x
(ml min�1 100 g) or (s�1)

Metabolic rate
qm (W m�3)

– –
1.0 (0.000167)d 180.2d

2.0 (0.000333)d 363.4d

1.8 (0.0003)d 368.3d

239.2 (0.0399)e 49937e



Table 3
Parameters of the baseline design

Head Geometry r1 = 13 mm, r2 = 14 mm, r3 = 15 mmd

Cooling device Geometry 10 mm long � 10 mm wide � 1 mm thick
Location in the neck 0.25 mm from the carotid artery
Surface temperature 18.7 �C or 12.8 �C at the outer surface

of the device
Neck cylinder Geometry 33 mm in diameter and 20 mm long
Carotid artery Geometry 1.5 mm in diameter and 20 mm long

Location in neck d = 2.5 mm, e = 8 mm
Flow rate 4.4 ml/min in each carotid artery
Flow velocity ua = 4.15 cm s�1
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Fig. 7. Simulated temperature decays along the common carotid artery during
cooling.
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Fig. 9. Theoretically predicted radial temperature distribution (lines) and experi-
mental measurements (symbols) during steady state for the modest cooling.
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arterial blood at its entrance. At a higher device temperature of
18.7 �C, the simulated temperature decay along the artery was
2.6 �C (see the right y-axis in Fig. 7). When the device temperature
was further decreased to 12.8 �C, the temperature reduction along
the blood vessel increased accordingly to 3.4 �C.

Based on the simulated temperature at the terminus of the
common carotid artery, Tbm in Eq. (3) was assigned as 35.7 �C
and 34.9 �C for the mild and moderate cooling, respectively. Substi-
tuting the calculated arterial temperature into the brain model, we
solved for the temperature fields in the head region. Figs. 8 and 9
provide the simulated steady state temperature distributions
(lines) and the experimentally obtained measurements (symbols)
at the four monitored sites. Again, the large standard deviations
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Fig. 8. Theoretically predicted radial temperature distribution (lines) and experi-
mental measurements (symbols) during steady state for the mild cooling.
in Fig. 9 are from the experimental measurements. In the theoret-
ical study, we only simulate the temperature fields based on the
average values of the experimental parameters. A good agreement
between the theoretical simulation predictions of the temperature
trends and the experimental results was found.

5. Discussion and conclusions

In this study, we assumed that the average blood perfusion rate
of the brain tissue, xbt, is proportional to the average blood flow
rate in the common carotid artery. It is not clear whether the ratio
of internal-to-external carotid artery blood flow, that is, the blood
shunted to the brain tissue or external head, respectively, changes
during either cooling or rewarming. However, a previous investiga-
tion by our group [14] had delineated similar dynamics of temper-
ature responses in the brain tissue temperature and the CCA flow
rate when the blood flow was continuously monitored; therefore,
the CCA flow rate seems to be a reasonable index of the blood per-
fusion in the brain tissue. Further, during the experiments, the flow
rates of both CCA were measured exclusively during the baseline
period, and in our theoretical simulation we assumed those to re-
main constant during the cooling process. Even though the CCA
flow rate can be monitored during the cooling [14], we felt that
having a flow meter (�5 mm) in place during the cooling periods
would interfere with accurate cooling induction in the neck tissue.
Similarly; non-invasive brain perfusion measurement approaches,
such as laser Doppler or MRI, have inherent shortcomings (i.e., re-
gional flow readings of laser Doppler devices) or are too impracti-
cal (real-time MR imaging) for continuous monitoring of the blood
perfusion in brain tissue.

The possibility of significant changes in the CCA flow relates to
uncertainty in the blood perfusion rate of brain tissue during cool-
ing. Temperature fields in both the neck and head regions can then
be affected. As shown in our previous theoretical simulation [18],
temperature reductions along the common carotid artery were al-
most inversely proportional to its blood flow rate. Therefore,
decreasing the blood flow rate by 50% would double the tempera-
ture drop along the artery. The total heat loss from the arterial
blood to the cooling device can be written as qloss = 2qbcb QDT,
where Q is the volumetric flow rate and DT is the total temperature
change along the blood vessel. Therefore, the total heat loss would
not be very sensitive to the flow rate. This is expected since the to-
tal heat loss from the artery is determined by the thermal resis-
tance in the cross-sectional plane in the neck cylinder [18,24].
Noted that the blood supply to the brain is originated from the
common carotid as well as the posterior neck (vertebral) arteries,
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mixed at the base of the skull (Circle of Willis). One may assume
that any decrease or increase in the common carotid blood flow
is compensated by an increase or decrease in the vertebrate blood
flow. Since the objective of any hypothermia technique is to de-
crease the brain tissue temperature, the same amount of heat re-
moved from the carotid arterial blood would eventually induce a
corresponding temperature decrease in the brain tissue. Or, in
other words, the inaccuracy of the value of the blood flow rate in
the common carotid artery may not affect significantly the global
temperature reduction in the brain, since the total heat loss from
the arteries is almost independent of the blood flow rate in the
arteries.

There are several limitations associated with the theoretical
model due to the restriction of the computer software used in
the study. The rat neck is not a pure cylinder and the brain is not
exactly hemispherical. The spatial variations in the thermal prop-
erties and blood perfusion are not considered in the simulation.
The top surface of the neck was prescribed as an adiabatic bound-
ary condition, although heat loss between the head and neck re-
gions remains uncertain. Our previous theoretical analyses in the
human neck and head regions gave a heat flux of approximately
16 W m�2 after computational iterations. However, the heat loss
from the interface was less than 0.2 W due to the small heat trans-
fer area involved. The dominant mechanism of temperature reduc-
tion in the brain, therefore, is the arterial cooling along the
common carotid arteries (�90 W in blood cooling in the human
neck). The good agreement between the theory and experiment
in this study therefore increases the credibility of our theoretical
analyses.

Although targeted brain hypothermia is proposed to avoid
well-documented systemic complications induced by whole-body
cooling, cooling the brain alone may still affect the overall thermo-
regulation. It is well known that brain tissue is only 2% of the body
weight; however, it requires more than 20% of the cardiac output.
Cooling the adjacent jugular venous blood is inevitable using an
interstitial cooling device in close proximity to the CCA; similarly,
venous return from arterially cooled brain will influence the
systemic blood temperature as well. Under the experimental cir-
cumstances; however, a heating pad was employed to maintain
the animal’s core temperature, which, in analogy, could be utilized
in clinical setting as well.

In clinically employed brain cooling, one needs not only control
the depth of cooling but also the speed of rewarming, since exces-
sive rewarming of the injured brain commonly leads to a mismatch
between cerebral metabolism and perfusion. The mismatch is
interpreted as flow-metabolism uncoupling which can result in re-
bound intracranial pressure elevations, cerebral perfusion reduc-
tions, and brain ischemia. In the current study, rewarming was
induced by ending coolant circulation in the cooling device. It led
to a rewarming rate of more than 5 �C/h, which is much higher
than the recommended cooling rate of 0.5 �C h�1 to minimize the
adverse effects. Future developments of clinically employed cool-
ing systems will necessarily utilize controlled temperature modes
and will not be dependent on spontaneous brain rewarming as in
our experiments. For example, a theoretical model could be used
to predetermine the relationship between the temperature of the
coolant and the brain tissue to control the rewarming rate.

In conclusion, we employed in vivo experiments on rats to eval-
uate the performance of a newly developed neck cooling device
and its feasibility for rapid induction and maintenance of brain
hypothermia. Good agreement between the theoretically predicted
and experimentally obtained temperature distributions in the rat
brain demonstrated the validity of a previously developed theoret-
ical model for humans. The model is capable of correctly predicting
heat transfer within the complicated vasculature in the neck and
head regions. Simultaneously, euthermic body temperatures were
maintained by active heating of the body, thereby reducing the im-
pact of cooled venous return from the head. Inspections of the
in vivo cooling sites did not indicate that the interstitial cooling de-
vice led to local, cold-induced tissues injuries. The current study is
viewed as an important first step in developing a compact and reli-
able neck cooling device with a potential for future clinical
development.
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