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The selective cooling of severely injured brain tissue while maintaining normal temperature throughout the remaining body, to
avoid cooling-related systemic side effects, has been proposed as a desirable method to improve the outcome of patients with
acute brain catastrophes. One approach for targeted brain cooling may utilize miniature cooling probes directly inserted into
injured brain tissue. Based on experimental data obtained in primates with normal and injured brains, this study simulates
the expected temperature distributions surrounding a prototype brain cooling probe. Our model employs the Pennes bioheat
equation to define the effects of local brain perfusion rate on the temperature field within brain tissue. Cooling penetration
achieved by this probe under normal and globally ischemic conditions extended from 10 mm to 25 mm, respectively, from
the device surface into the surrounding brain parenchyma, and was strongly dependent on the local brain perfusion, with
a larger cooling penetration being obtained in injured (less perfused) brain regions. Further, the simulated results indicate
that transient brain temperature behavior is affected by both the initial perfusion rate and the blood perfusion response to
tissue cooling. Assuming a constant local blood perfusion rate during cooling, our model predicts an established steady state
temperature field within 16 min, though additional time may be needed if the blood perfusion rate keeps changing during
the cooling. It is also concluded that the brain cooling rate monitored by a temperature sensor close to the device may not
be the most accurate measure of cooling penetration, as this estimate neglects to consider key variables such as local blood

perfusion rate, monitoring location, and time duration over which the cooling rate is calculated.

INTRODUCTION

Brain hypothermia is an increasingly utilized treatment ap-
plied to improve outcome in many [1-3] but not all [4, 5] forms
of severe brain injury. Brain cooling is initiated immediately in
the acute phase of injury and is primarily directed at mitigating
secondary neurologic injuries to vulnerable brain tissue. Ani-
mal models and experience with brain-injured humans suggest
increasing beneficial effects of brain hypothermia with increas-
ing cooling depth and duration; in addition, clinical studies have
shown already that temperature reductions by 1 or 2°C below
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37°C can improve outcome in patients with stroke, head injury,
or after cardiac arrest. The main effects of brain hypothermia
are reduction of tissue oxygen demands [6, 7] and ameliora-
tion of numerous deleterious cellular biochemical mechanisms,
including calcium shift, excitotoxicity, lipid peroxidation and
other free-radical reactions, DNA damage, and inflammation
[8]. Hypothermia during experimental cerebral ischemia pro-
vides potent, dose-related, and long-lasting neuro-protection [9,
10]. Conversely, elevated brain temperature of only 1 to 2°C
strikingly worsens experimental neuronal injury [11, 12] and
clinical outcome [13].

Currently, brain hypothermia is achieved by applying whole
body (systemic) cooling, which not only is cumbersome to initi-
ate and control but also invariably leads to significant complica-
tions. Depending on the cooling depth and duration, the decrease
in body temperature incurred during therapeutic hypothermia
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will, over time, lead to cardiac arrhythmia, imbalances of fluid
and electrolytes, lung and blood pressure failure, clotting abnor-
malities, and infections, thereby markedly limiting the clinical
applications and the benefit-risk ratio of the practice [14]. In fact,
many of the observed outcome inconsistencies among studies
applying systemic hypothermia to patients with various brain
injuries may be due to complications of systemic cooling con-
founding the neuroprotective benefit of brain hypothermia. For
these reasons, selective or targeted brain cooling, which would
achieve brain hypothermia without inducing significant body
cooling, has been of intense research interest in recent years.

Experimental designs for targeted brain cooling range from
somewhat simplistic approaches, such as cooling helmets [15,
16] and ice packing of the head or neck surface [17—19], to more
invasive methods, such as nasopharyngeal cooling [20, 21] or di-
rect brain tissue (intraparenchymal) cooling [22]. Head surface
cooling via helmet or ice is practicable and easy to apply [16,
23-25], even in the pre-hospital settings; however, it does not
penetrate beyond the upper brain surface [26-28]. While inva-
sive brain cooling may seem inappropriately aggressive to be a
useful neuroprotective therapy in humans, modern neurocritical
care of severely brain-injured victims does presently advocate
invasive, multi-modal brain monitoring and therapy, including
brain instrumentation, such as placement of drainage catheters,
electrodes, and other probes. For example, routine neurocriti-
cal care [12] includes the insertion of both rigid and flexible
drainage catheters in order to drain ventricular fluid and to mea-
sure brain temperature and pressure. Such devices are placed
at the bedside into the brain parenchyma through a small hole
drilled in the skull, and, measuring between 3 and 5 mm in di-
ameter, the catheters are subsequently advanced to the central
parts of the brain without imaging guidance. For the treating
neurocritical care clinicians, it is conceivable that modifications
of such techniques could easily incorporate direct brain-cooling
devices, such as a combined brain fluid drainage and cooling
catheter. The complications and side effects are similar to that
induced by the drainage catheters.

The successful development of the practice of selective brain
cooling should be based on a thorough understanding of the heat
transfer within normally and abnormally perfused brain tissue,
specifically, the time required to reach a steady-state tempera-
ture field after initiation of focal brain cooling. Furthermore, the
temperature distribution and cooling penetration emitted from a
focal cooling source within the parenchyma under various physi-
ological and pathological conditions must be considered, as well
as the relation of such findings to the actual cooling capacity and
physical proportions of the cooling device. In patients at high
risk for brain injury (e.g., intraoperative patients during brain
surgery) or in already brain-injured victims, hypoperfusion of
brain parenchyma (i.e., due to expanding mass lesions such as
blood clots or edema) is commonly present [29]. It is expected
that the cooling zone would cover a larger tissue region for these
patients.

In this study, we used a primate model to investigate a novel
intraparenchymal cooling device and study its performance de-
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Figure 1 The cooling system and the brain-cooling probe.

pendent on the regional blood perfusion under both healthy and
physiological conditions, and during brain perfusion (circula-
tory) arrest. The governing rationale was to gain an understand-
ing about the temperature fields and transient cooling behav-
ior of a first-of-its-kind intra-parenchymal brain cooling device.
The obtained results would provide valuable information for fu-
ture device design modifications and an approximation for its
potential clinical applicability. For example, the developed the-
oretical model could be utilized in future clinical settings to
optimize the overlap between expected and targeted brain cool-
ing regions and to define a priori the most favorable treatment
decisions. Neuroscientists and researchers at the University of
Chicago and Argonne National Laboratory developed this cool-
ing system (U.S. patent pending) currently employed in ani-
mal studies. It consists of a cooling shaft, a slurry ice bath, a
variable-speed circulation pump, and two digital recorders for
temperature acquisition, as shown in Figure 1. Figure 2 pro-
vides a more detailed schematic drawing of the probe. The
cooling device itself consists of a dual-lumen, and a one-inch
long stainless steel shaft with an outer diameter of 2.7 mm, a
wall of 0.17 mm, and an inner diameter of 2.4 mm. A cool-
ing solution pump distributes coolant first into the inner tube,
then out the distal end of the shaft through an outlet, finally
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Figure 2 Schematic diagram of the structure of the cooling probe and its
inserted location inside the brain tissue. Note that two temperature sensors are
implemented in the device.
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returning the coolant via the larger, outer tube back to the cooling
reservoir.

In all experiments, the probe was inserted in the radial direc-
tion directly into the brain. One thermocouple was positioned
at the outer wall of the cooling shaft, and the other was located
6.4 mm from the probe surface to provide real-time tempera-
ture measurements during the experiments. The thermocouples
(copper-constantan, 0.25 mm in diameter, OMEGA, Stamford,
Connecticut, USA) and cooling probe were mounted onto a plat-
form to maintain the predetermined spatial relationship through-
out the brain cooling experiments (see Figures 1 and 2). Ther-
mocouple readings were recorded and stored electronically.

In this study, the Pennes bioheat equation [30] was selected to
model the blood perfusion effect in brain tissue. We simulated the
temperature field within the brain tissue to estimate the cooling
depth surrounding the probe and the cooling propagation after
probe insertion into the perfused brain. Our model was validated
by comparing the theoretically predicted temperature transients
to the measured data obtained in the animal experiments. We
further investigated the temperature fields in the human brain as
affected by both local blood perfusion and by the blood perfusion
response to the cooling.

MATHEMATICAL MODELING

The Pennes bioheat equation was selected as the basis for
mathematical modeling. This equation views blood perfusion
throughout the brain as a heat source/sink, a value that is as-
sumed to be proportional to the local blood perfusion rate and
the difference between the arterial blood and local tissue temper-
ature [15, 28]. This widely known continuum model by Pennes
[30] is shown in Eq. (1). Originally applied to predict tempera-
ture fields in the human forearm, this equation is a modification
of the ordinary heat conduction equation with two extra heat
source/sink terms:

o, ,
pCE =V, + (pc)bloodw(Ta - Tt) +aqm (1)

where k; is the thermal conductivity of tissue, p is the tissue
density, c is the specific heat of tissue, w is the local blood
perfusion rate, and g, is the local metabolic heat generation
rate. T; is tissue temperature and 7, arterial blood temperature.

The previously developed theoretical model [15] of tem-
perature distribution in the human head has been modified
for the current application. The brain is modeled as a hemi-
sphere with several layers. The first layer represents the scalp,
and the second layer represents the skull. Because both brain
gray and white matters may have different blood perfusion
rates, they are represented by different layers as shown in
Figure 3

Assuming homogeneous thermal properties within each
layer, we write the three-dimensional Pennes bioheat equations
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Figure 3 Simplified brain cooling model includes several layers of head struc-
ture. The cooling probe is not drawn in this figure and is treated as a boundary
condition of known temperature in the simulation. r represents the radius of
each spherical structure: r; = 67 mm, r, = 85 mm, r3 = 89 mm, and r4 = 93
mm.
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in spherical coordinates for each layer as:
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where subscript sc, bone, bt,g, and bt,w represent scalp, bone,
brain tissue gray matter, and brain tissue white matter, respec-
tively. At the interfaces between different layers, the tempera-
ture and heat flux continuities are satisfied. On the bottom of the
hemisphere, an adiabatic condition is assumed. Since the head
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is exposed to room temperature (7,;, = 20°C), the boundary
condition on the scalp surface is subject to a surface convection
of h = 8 W/m2 — K, which is determined from a heat transfer
textbook [31].

Cooling probe insertion into the brain surface is 0 = 45° at
a polar angle, penetration of the cooling tip is 25 mm from the
scalp surface, and ¢ is the zenithal angle, as shown in Figure
2. For simplicity, in the model, the cooling probe is represented
as a straight line of 25 mm in length inside the brain tissue, as
illustrated in Figure 3. The cooling probe is shown as a boundary
condition along this line of 6°C, which was documented during
a primate experiment. The initial condition of the transient heat
transfer equation, Ty (', 0, ), is equal to the established steady-
state temperature field in the brain before the probe is inserted.
The boundary and initial conditions are given by:

=11 Torg = Torws kiug agi:s _ kbt,waiwj%
r =712 Tpone = Ty g, khmw% = Kpe g 676;}:,8
r=ry: —ksc% = h(Tye — Tyir) 3)

0 =45° andry —0.025 <7 <714 : Tprw,big,bone,sc = 6°C

. aTvc,bone,bi,g,bi,w

s
0= 5» 0: 20 - O, Tvc,hone,bt,g.bt,w(r» 6, d))

= sc,bone,br,g,br,w(r, 0, (b +2m)

t=0: Tw,bone,ht,g,ht,w = T()(I‘, ev (b)

The explicit scheme of the finite difference method is cho-
sen as the numerical method to solve for the partial differential
equation in this formulation. The time and spatial derivatives
are approximated by forward and central differences, respec-
tively. Two factors, computational accuracy and time required
to solve the equation system, are considered in the selection
of the number and placement of the nodes in the discretization.
The more nodes there are, the more accurate the solution will be;
however, with each additional node, more time will be needed
to solve the 3-D equation system. A finer nodal network near
the cooling device is necessary to ensure adequate computing
accuracy of heat conduction near the device, while a coarser
network far away from the device is more computationally effi-
cient in significantly reducing the computing time of the simu-
lation process and the required storage space of the simulation
results.
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In this study, the grid size in the radial direction Ar is uniform
and equal to 1 mm. In the other two angular directions, we
implement non-uniform grid sizes. In the region surrounding
the cooling device (30° < 0 < 60° and 0° < ¢ < 30°), grid size
is AB = Ad = 1.875°, while the grid sizes are A = A =7.5°
in the rest of the simulated region. The explicit scheme is used in
this study for simplicity; however, the explicit implementation
of the finite difference method is only conditionally stable. In
this study, the stability condition of the explicit method applied
is satisfied by reducing the time step below a certain limit. The
upper limit is determined and the actual time step is selected as
0.00001 second, which would not cause oscillation during the
numerical simulation. The discretized equation for node (i, j,
k) is given by:
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where T"*! and T" represent temperatures of the node asso-
ciated with the new and previous times, respectively. The tem-
perature continuity at any interface is satisfied, as the node is
selected at the interface of the two adjacent regions. The heat
flux continuity is discretized as the rate equation for the node at
the interface.

Based on the algorithm, a FORTRAN code has been written
and runs on a personal computer. The program has been tested
to ensure that the variations in the grid size or time step would
yield less than 0.1% of the maximal temperature variation in the
simulated domain.

RESULTS
Model Validation

To validate this model, theoretical predictions were com-
pared with two sets of measurements captured in primate brain
experiments [22]. The protocol of the animal experiment has
been reviewed and approved by the IACUC at the University of
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Table 1 Physical and physiological properties under normal conditions for the monkey brain

Specific heat  Density p  Thermal conductivity Perfusion rate wq Metabolism Radius

¢ (J/kg.K) (kg/m3) k (W/m.K) (ml/min-100 g tissue) qm(W/m3) r (mm)
Scalp 4000t 1000* 0.34% 2.0 363.4* 60
Skull 2300* 1500% 1.16% 1.8 368.4* 58
Brain tissue 3700* 1050% 0.5% 35-80l! 7306-16700* 56

*Xu et al. [36].

Dexter and Hinderman [38].
#Qlsen et al. [39].

Nelson and Nunneley [26].

IKito et al. [32], Noda et al. [33].

Chicago. Two female macaca fasicularis monkeys between 1.5
and 2 years old and weighting 1.8 kg to 2.8 kg were used. Each
monkey underwent general anesthesia using isoflurane after ke-
tamine induction. Room temperature was maintained at 20°C.
The animals were covered to maintain a normal rectal temper-
ature. Blood pressure and heart rate were maintained in each
animal at baseline values throughout the in vivo experiments.
Partial unilateral parieto-temporal craniectomy with splitting of
the dura was performed, followed by insertion of the cooling
probe into the brain parenchyma. Special care was taken to use
only a single, minimally traumatic device insertion and to po-
sition the cooling shaft and satellite thermocouple so as to be
completely surrounded by brain parenchyma (i.e., avoiding ar-
eas close to ventricles). After insertion, the cooling device was
firmly affixed to the animal’s head frame, and the surgical wound
was covered with gauze. The coolant was then pumped into the
cooling device, and the temperatures at all measuring locations
were electronically recorded and stored. After the experiment,
the animal was euthanized with an intra-cardiac potassium chlo-
ride injection.

Based on the brain geometric measurements obtained after
the experiment, the monkey brain was modeled as a hemisphere
of 56 mm in radius. As the blood perfusion rate was not mea-
sured during the animal study, in this model, the blood perfusion
effects of the brain white and gray matters were considered to
be the same. The blood perfusion rate used in this model may be
considered an average value of both the white and gray matters.
Table 1 gives all the physical and physiological properties of
the primate under normal conditions. Note that the metabolic
rate under normal conditions is coupled with the average blood
perfusion rate, and both are unchanged during the cooling.

The surface temperature of the probe did not change sig-
nificantly after it was inserted into the brain tissue and was
maintained around 6°C. Transient temperatures measured by
the satellite intra-parenchymal thermocouple are represented
by the scattered symbols in Figure 4. The theoretical prediction
of the temperature transient at the same location is also plot-
ted in Figure 4, where the thicker line represents the situation
when the blood perfusion rate is selected as 35 ml/(min-100 g
tissue), and the thinner line represents the situation when w = 80
ml/(min-100 g tissue). The characteristic times to reach steady
state for the experimental study were around 500 seconds and
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250 seconds, respectively. Although the blood perfusion rate was
not measured directly during the animal experiments, compar-
ing the theoretical predictions to the experimental data suggests
that the theoretical predictions strongly agree with the animal
data when the blood perfusion rate is chosen from the range
between 35 and 80 ml/(min-100 g tissue). The normal range of
blood perfusion rates used here is supported by current litera-
ture [32, 33], in which the values in the monkey vary from 30 to
100 ml/(min-100 g tissue).

Parametric Study

Table 2 gives all the physical and physiological properties
under normal conditions used in the human brain model. A pre-
ponderance of the current literature shows that the blood per-
fusion rate of gray matter varies from 50 to 85 ml/(min-100 g
tissue). Blood perfusion rate in white matter is about one-fourth
that of gray matter and varies from 15 to 27 ml/(min-100 g tis-
sue). In this study, the blood perfusion rates in the gray and
white matters are selected as 80 and 20 ml/(min-100 g tissue),
respectively, as shown in Table 2. The volumes of gray and white

40

4
35\

30

25

¢ Experiment, monkey 1

20 o Experiment, monkey 2

——Dblood perfusion 35 ml/(min.100g tissue)

Temperature at the monitoring site (°C)

——blood perfusion 80 ml/(min.100g tissue)
15 ; ‘ ‘

0 200 400

Time t (second)
Figure 4 Comparison between experimentally measured and theoretical pre-
diction of temperatures at the monitoring site.
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Table 2 Physical and physiological properties under normal conditions for the human brain
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Specific heat  Density p  Thermal conductivity Perfusion rate wq Metabolism  Radius

¢ (J/kg.K) (kg/m3) k (W/m.K) (ml/min-100g tissue) qm(W/m3) r (mm)
Scalp 4000* 1000% 0.34% 2.0 363.4* 93
Skull 2300* 1500% 1.16% 1.8* 368.4* 89
Gray matter 3700* 1050% 0.5% 80* 16700* 85
White matter 3700* 1050% 0.5% 20* 4175* 67
Blood 38007 1050% 0.5% — — —

*Xu et al. [36].

TDexter and Hinderman [38].
Olsen et al. [39].

§Nelson and N unneley [26].

matters are selected so that the volumetric-average blood perfu-
sion rate of the brain tissue is approximately 50 ml/(min-100 g
tissue). Although the simulation provides a three-dimensional
temperature field in the brain tissue, the following figures are
presented only to illustrate the temperature distribution on the
shadowed area (plane AOBA) containing the cooling probe, as
shown in Figure 2.

The steady-state temperature distribution in the vicinity of
the cooling probe is shown in Figure 5, in which temperature
contours are plotted. In this study, cooling is considered signif-
icant if the steady-state temperature is less than 36°C, which
is illustrated by the thicker solid contour line in Figure 5. Due
to the length limitation of the probe, only an approximately
10 mm layer of the white matter is cooled. Most of the cool-
ing occurs in the gray matter. Cooling penetration is apparently
limited to the vicinity of the cooling probe, 10 mm along the
axial direction of the probe and 19 mm laterally from the probe
surface.

In the parametric study, we evaluate the effect of local blood
perfusion rate on the cooling penetration and the time required
to reach a steady state temperature field. Figure 6 demonstrates

100 -
scalp 20 mm
90 -
80 -+
E 70 gray matter ___ .
£ T=34 T=6°C
5 60+
e
8§ 504
0
= 49 T=36.5°C
T 30 -
m .
20 - white matter
10 -
0 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100
Radial distance r (mm)
Figure 5 Isotherms of the steady-state temperature distribution in the vicinity

of the cooling probe under normal conditions. Cooling penetration depths are
similar in both lateral and axial directions in tissue.
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how variation of the blood perfusion rate of the white matter
may affect the cooling region (T}, , and Ty, ,, < 36°C). All the
parameters are the same as they appear in Table 2 except that
Wy 18 selected as 15, 20, and 30 ml/(min-100 g), respectively.
Notice that wy, ,, has some effect on the temperature field in the
white matter region. However, this effect is insignificant, as it
produces a less than 5% change in the penetration depth of the
cooling probe.

The variation of the temperature contour of 36°C, shown
in Figure 7, illustrates the important role played by the blood
perfusion rate of the gray matter. The lower limit of the blood
perfusion rate under normal conditions is 50 ml/(min-100 g tis-
sue), as represented by the solid line in Figure 7. During brain
ischemia, blood perfusion rate in brain can be significantly re-
duced from its normal value. In this study, the resulting tempera-
ture field in the ischemic brain tissue (wy;, ¢ = 16 ml/(min-100 g
tissue)) is represented by the double dashed line in Figure 7. The
significant decrease in wy, , from 80 ml/(min-100 g tissue) to
50 ml/(min-100 g tissue) and to 16 ml/(min-100 g tissue) results
in an overall increase in the cooling penetration. This trend is
more evident in the situation of brain ischemia. The lateral cool-
ing penetration depth can be as much as 25 mm from the device
surface.

= = = = wpt,w=15 ml/(min.100g tissue)
100 scalp '
pt,w=20 ml/(min.100g tissue)
% T skull———~ — " = ot w=30 ml/(min.100g tissue)
80 - T
- gray matter
E 70
T 60 cooling probe
[}
2
K]
T 40 \\
T 30 \
b \\\\\\\
20 - \ \\
10 - \ \\\
0 T T T T T T T T } \ !
0 10 20 30 40 50 60 70 80 90 100

Radial distance r (mm)

Figure 6 Effect of the local blood perfusion rate in the white matter on the
cooling penetration. Temperature contour represents the isotherm of 36°C.
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gray matter
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white matter
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Figure 7 Deeper cooling penetration induced by decreasing the blood perfu-
sion rate in the gray matter (from 80 to 16 ml/min-100 g tissue). Temperature
contour represents isotherm of 36°C.

Radial distance r (mm)
(4]
o
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Similar to our previous paper [15], the time required to es-
tablish a steady state is defined as

T, 0,4,t)—T(,0,9,0)
T.(r,0,9)—T(, 0, d,0)

where T(7,0,¢,0) is the initial temperature before the cooling and
T.(1,0,0) is the steady-state temperature after the cooling. Table
3 gives the time it takes to reach the steady state. In general, it
takes more time to reach the steady-state temperature distribu-
tion in the brain tissue when the blood perfusion rate is smaller.
Under normal conditions, as listed in Table 2, the time required
to reach the steady state is around 11 minutes; however, more
than 16 minutes may be needed to reach the equilibration for
patients with brain ischemia.

Both the local blood perfusion rate and metabolism in the
brain tissue may change due to the temperature reduction in-
duced by the cooling process. Earlier experimental studies [34,
35] have shown a linear relationship between 1/T,where T is
tissue temperature, and log CMRO), (the cerebral metabolic rate
of oxygen consumption). A mathematical expression of this re-
lationship can then be given as

=99% (5)

T-37

CMRO, = CMRO,,, #Q )" (6)

where CMRO, , is the normal cerebral metabolic rate of oxygen
consumption, and Qo is called Q¢ value, which has been re-
ported between 2 and 4.4 [35]. This law states that the metabolic
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rate decreases by a factor of Q9 with each 10°C reduction in
temperature. Based on a Qo value of 3, it has been calculated
that hypothermia decreases the cerebral metabolic rate by an
average value of 9% for the first 1°C reduction in temperature,
while the metabolic rate is reduced to one-third of the normal
value when the temperature reduction is 10°C. In this study, we
select the Qg value as 3 and assume that the metabolic heat
generation, ¢g,,, in the brain tissue follows the expression,

G = 3T —T/10

)

where T, is the arterial temperature of 37°C, Ty, is the local
brain tissue temperature, and g,,o is the metabolic heat genera-
tion rate under normal conditions, as listed in Table 2. During
normal conditions, local blood perfusion rate is coupled with lo-
cal metabolic heat generation [36]. The temperature-dependent
Wy, in the brain tissue could then be proposed as:

(T —T,)/10 (8)
where wy, o is the blood perfusion rate under normal conditions
(37°C). Figure 8 depicts the propagation of the temperature con-
tour of 36°C into the deep brain tissue at different time instances,
when wy, is temperature-dependent. The reduced blood perfu-
sion rates in both white and gray matters lead to a deeper cooling
penetration in tissue, which further results in a lower blood per-
fusion rate. If the temperature-dependent relationship continues
during the cooling, it may take a much longer time to reach
steady state.

A distant thermocouple with a fixed spatial relationship to
the cooling device was employed in the brain tissue; it was lo-
cated at a distance of 6.4 mm perpendicular to the length of the
probe shaft, reaching 12 mm into brain parenchyma (Figure 2).
In the prototype cooling device, the cooling rates (°C/second)
measured at the location were used to evaluate the level of local
blood perfusion. The effect of local blood perfusion rate on the
temperature transient of this location is illustrated in Figure 9.
The change in wy, ,, can be seen to have a very minor effect on
the temperature transient recorded by the thermocouple. Alter-
nately, the effect of wy, , is evident, as the initial cooling rate
recorded at this site becomes sensitive to the local blood per-
fusion rate in the gray matter. While typically (within a fixed
time period prior to the steady state) a more rapid cooling rate
is associated with a lower local blood perfusion rate, if the cool-
ing rate is calculated within a long time duration, this cooling
rate may actually become increasingly insensitive to the blood
perfusion rate, as a lower blood perfusion rate results in a lower

Wy = Wpr 03

Table 3 Characteristic time to reach steady-state temperature distribution in the brain

Effect of the blood perfusion in the white matter
Wpy,y (Ml/min-100 g tissue)

Effect of the blood perfusion in the gray matter
Wpr,g (ml/min- 100 g tissue)

Wphrw = 15 Wphrw = 20* Wphtw = 30

Wprg =16 wp g =50 Wpr,g = 80"

672 (s) 640 (s) 480 (s)

976 (s) 736 (s) 640 (s)

*normal conditions as listed in Table 2.
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Figure 8 Propagation of the isotherm (36°C) during the cooling processes
when the blood perfusion is coupled with the temperature-dependent metabolic
heat generation.

steady-state temperature. Again, however, the time required to
reach this steady state is longer.

DISCUSSION

There are several limitations associated with this theoretical
modeling. The actual geometry of the human head is not a hemi-
sphere, as assumed here. Additionally, each layer inside the head
has been simplified to correspond to this hemisphere represen-
tation. However, as illustrated by the modeling, the temperature
variation induced by the cooling probe is confined within a small
vicinity of the probe (up to 25 mm). Temperature is almost uni-
form in the rest of the brain tissue. Therefore, the inaccuracy
of the brain geometry may not have a significant effect on the
induced temperature field.

The other limitation of the theoretical model involves any
boundaries inherent in the Pennes bioheat equation used in the
simulation. It is still not clear how accurate the Pennes bio-

38
ot w=15, wpt =80 ml/(min.100g tissue)

G\ O01=20, w3 4=80 mi/(min, 100 tissue)
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<
3 34 T T TN emmm——
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g_ bt,w=20, tot,g=50 ml/(min.100g tissue)
E ol N =20, 0g=16 ml/(min.100g tissue)
-
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Figure 9 Effect of the blood perfusion rate of either the gray or white matter
on the temperature transient at the monitoring site.
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heat equation is in modeling the blood flow effect in the brain
tissue. Further, as with most continuum models in which the
heat and mass transport are averaged over a representative con-
trol volume, the Pennes bioheat equation is unable to simulate
point-to-point temperature variation in the vicinity of any large
discrete blood vessel. However, as shown in van Leeuwen et al.
[27], the predicted temperature contours based on detailed, dis-
crete vasculature in the brain are consistent with that predicted
by the Pennes equation. Therefore, the Pennes equation can still
provide a reasonable prediction of the brain temperature field.
The agreement of the current model with the temperature mea-
surement at one tissue site in the animal study further suggests
a reasonable accuracy of the theoretical study. Inclusions of ad-
ditional details of the brain geometry and vasculature into the
theoretical model would further optimize the predictive value of
the computations.

Future experiments should utilize modified intraparenchymal
cooling devices with multiple, strategically-located temperature
sensors throughout the surrounding brain parenchyma to allow
a higher temperature field resolution. Further, model validation
would be enhanced with measured rather than estimated blood
perfusion rates during cooling. However, real-time brain per-
fusion measurements represent a significant experimental and
operative challenge, especially if it is desired to delineate tran-
sient perfusion. Similar to many other investigators, we utilized
the original validation of the Pennes bioheat equation [30] and
adjusted the blood perfusion rate to obtain the best fit to the
experimental data. In support of this approach is the fact that
the fitted perfusion values were within the range known to be
physiologic for macaca fascicularis monkeys, the subspecies
used in our studies. Furthermore, reviewing the current clinical
and animal literature on brain hypothermia, none of the previ-
ous studies using the more commonly known techniques (e.g.,
microsphere, MRI, laser Doppler flowmeter) measured continu-
ously blood perfusion rates during targeted brain cooling, likely
because of limitations in technical feasibility. An exception to
this is a previous paper of one of the authors [37], in which the
blood flow rate of the common carotid artery (in the neck) of
rats was continuously measured during head surface cooling.
Although we selected rats of similar weight and size, the blood
flow response was quite different from one rat to another. The
variability of the blood flow response makes the theoretical sim-
ulation complicated. We wish to develop a similar technique in
the future to address the limitation of the current experiment.

Confirming the conclusions drawn in previous theoretical
studies [15, 28], our model, based on data from primate exper-
iments, identifies the sensitivity of the simulated temperature
field to be the absolute value of the local blood perfusion rate.
As expected from the Pennes bioheat equation, local blood per-
fusion and brain metabolism act as heat sources during selective
brain cooling. The strength of this heat source is typically propor-
tional to the temperature difference between the arterial blood
and tissue and the local blood perfusion rate. Thus, under normal
conditions, brain temperature does not deviate much from the
average arterial temperature of approximately 37°C [26, 28]. In
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the case of using an intra-parenchymal (tissue) cooling probe, as
in our experiments, increases in the local perfusion rate and/or
blood temperatures will lead to smaller cooling zones around
the cooling device, because the cooled blood is more rapidly
redistributed and diluted throughout the entire blood circula-
tion. In contrast, in clinical settings where brain perfusion is
either not present at all (e.g., ischemic core within a brain in-
farction) or markedly reduced (e.g., penumbra region around
an ischemic brain core), both the blood perfusion rate and tem-
perature less dominantly counteract the cooling effects of the
probe, thus allowing the cooling zone to extend further later-
ally from the device when compared to cooling of non-injured
brain. This finding has important clinical consequences with re-
spect to the future development of targeted brain cooling devices.
Severely ischemic brain regions allow extended cooling penetra-
tion throughout the brain, resulting in more efficient and easily
obtainable temperature reductions and brain tissue protection.
Over time, and with increasing blood perfusion and recovery of
brain tissue, the maximum cooling front reduces accordingly.
This inverse relationship between the achieved cooling area and
the improving blood perfusion rate in brain ischemia during the
acute phase of brain injury provides theoretical support for the
use of focal, intraparenchymal cooling devices in brain injury.

As suggested by the theoretical modeling, the blood perfusion
response to the local cooling may play an important role in deter-
mining the effectiveness of the cooling probe. In a recent study
in rats [37], the transient blood flow rate in the carotid artery
was monitored and measured during the head surface cooling.
It was shown that, although the blood flow rate decreases with
the temperature reduction in tissue, the characteristic time of the
blood flow response can vary from 5 minutes to as long as 40
minutes. This is certainly a challenge in theoretical modeling
in which the blood perfusion rate is not only a function of lo-
cal temperature, but also a function of time and other factors.
The current theoretical analysis, in which the blood perfusion is
fixed during the cooling, can be viewed as an upper limit of the
possible cooling penetration using this cooling probe.

Monitoring temperature directly in the brain is clinically im-
portant in assessing the actual cooling extent and its fluctuations
with changes in systemic body temperature. To be useful for
monitoring brain temperature during cooling therapy, tempera-
ture sensors must be placed in the vicinity of the cooling probe.
The current theoretical modeling of the expected temperature
gradients within the brain tissue will help to determine the opti-
mal temperature monitoring site(s). It is important to note here
that the relationship between a measured steady-state cooling
temperature within the brain parenchyma and the actual cooling
rate at the monitoring site can be used to interpret changes in
local blood perfusion rate, and hence provide an indirect marker
of worsening brain ischemia and injury.

In summary, our theoretical simulation based on cooling ex-
periments in the primate model has provided a temperature field
in the vicinity of an intra-parenchymal cooling probe. For our
prototype cooling device inserted directly into the brain tissue,
the cooling penetration varied between 10 mm and 25 mm from
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the probe surface and depended strongly on the local blood per-
fusion rate. Brain ischemia promotes the cooling penetration,
resulting in a larger cooling region for injured brain tissue. The
simulated results have also shown that the transient behavior is
affected by both the local blood perfusion rate and the blood
perfusion response to the local cooling. The cooling rate alone
may not be an accurate measure of the extent of cooling, as
it strongly depends on the monitoring location, blood perfusion
rate, and time duration. The current theoretical evaluation further
increases our understanding of temperature distributions in both
normally and abnormally perfused brain tissue regions during
intra-parenchymal brain cooling. Our results can be applied to
assist with the development of clinically useful cooling devices
for targeted brain hypothermia.
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NOMENCLATURE

c specific heat capacity, J/kgK

h heat transfer coefficient, W/m2K

k thermal conductivity, W/mK

O Qi value

qm local metabolic heat generation rate, W/m?

r radial distance in spherical coordinate, m

r radius of the layer of brain white matter, m

2 radius of interface between brain gray matter and skull,
m

r3 radius of interface between skull and scalp, m

r4 radius of head, m

t time, s

T temperature, °C or K

Greek Symbols

) zenithal angle in spherical coordinate, rad

0 polar angle in spherical coordinate, rad
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o density, kg/m?

w local blood perfusion rate, 1/s or ml/min-100 g tissue
Subscripts

0 normal conditions

a artery

bt brain tissue

bt,g  brain tissue, gray matter
bt, w brain tissue, white matter
m metabolism

sc scalp

t tissue
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