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ABSTRACT 
 

Tissue cooling has been proven as a viable therapy for multiple conditions and injuries, and has been 

applied to the brain to treat epilepsy and concussions, leading to improved long-term outcomes. To 

facilitate the study of temperature reduction as a function of various cooling methods, a thermal brain 

phantom was developed and analyzed.  The phantom is composed of a granular hydrogel through which is 

circulated 37 degree water, representing blood perfusion. The phantom was tested in a series of cooling 

trials using a fluid-cooled cooling block during which the perfusion rate was varied. Results were 

compared against a validated finite difference (FD) model. The model was used to calculate steady state 

cooling at a depth of 5 mm for all flow rates, for both the phantom experiment and a model of the brain.  

The FD phantom model showed good agreement with the empirical phantom results.  Furthermore, the 

empirical phantom agreed with the predicted brain response within 3.5% at physiological flow, suggesting 

a biofidelic thermal response.  The phantom will be used as a platform for future studies of thermally-

mediated therapies applied to the cerebral cortex. 
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INTRODUCTION 
 

Clinically induced hypothermia has been explored for some time as an effective 

treatment for various pathologic conditions [1, 2]. In the case of the brain, it can be used 

to treat such conditions as epilepsy and TBI (traumatic brain injury) by slowing down 

electrophysiological and metabolic activity [2]. There has been considerable research to 

determine how much cooling is required to provide the desired therapeutic effect. 

Baldwin et al suppressed seizure activity in chimpanzees by inducing global hypothermia 

[3]. This approach was limited in its ability to both cool and monitor temperature at a 

local level, i.e. in one area of the brain. Rothman, et al [4]  conducted brain cooling on 

slices of rat brain using a thermoelectric device, which suggested that brain tissue needs 

to be cooled by at least 12 degrees C to terminate seizures. Some previous investigators 

have relied on mathematical models to demonstrate the ability to achieve a given 

temperature drop. Neimark et al created a mathematical model of the heat transfer 

dynamics seen in a human brain during intracarotid cold saline infusion [5].   

This treatment is applied clinically using one of two methods: an external cooling 

cap or intravenous infusion with a cooling solution. The cap can be worn on the head and 

cold fluid circulates through it [6]. This is very similar to cooling blankets used to induce 

hypothermia to treat other conditions such as a heart attack or trauma involving blood 

loss. The intravascular method is still being investigated for clinical use but involves 

introducing a cooling fluid into the carotid arteries in order to cool the brain tissue [6]. 

Both treatments are aimed at inducing what is considered mild hypothermia, which 

occurs when the internal body temperature drops down to between 32 and 35 degrees C.  
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Given the overhead requirements of animal model development and study, the 

risks associated with clinical trials and the inherent challenges of mathematical modeling 

for prediction of device performance, there remains a need for thermally biofidelic 

phantoms of the brain for cooling applications. Some research has focused on heating 

applications as in the case of laser surgery as studied by Cline et al [7]. Others have used 

a modeling approach to study bioheat transfer such as Choi et al who created a model 

which simulated heat transfer between blood and a cold fluid inside cerebral arteries [8]. 

Lastly, Stauffer et al developed a brain model which has the ability to control 

temperature, but does not receive or respond to any external stimulus [9]. Given the 

current limitations, the goal of this effort was to develop a benchtop thermal phantom for 

mimicking the response of the brain during contact with a therapeutic cooling device.  

Such a phantom would enable exploration of the cooling effects of various devices on the 

brain. The primary milestone of verifying our early-phase brain phantom prototype is that 

steady state temperature of the phantom during cooling will exhibit sensitivity to blood 

flow rate, and will follow a positive correlation. Furthermore, we assess its biofidelity by 

comparing the performance to a finite difference simulation of brain tissue. Lastly, we 

discuss the key factors in design of a cooling device. These factors include the cooling 

method, performance characterization, and material considerations.
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1. CHAPTER 1* 
 

1.1. METHODS 
 

We describe the development of a thermal brain phantom in four parts: phantom, fluid 

circuit, instrumentation and data collection, and mathematical model for verification.   

1.1.1. Phantom 
The phantom must represent the thermal material properties similar to that of brain tissue 

and the ability to evenly distribute a fluid at core body temperature to mimic the thermal 

effects of blood perfusion.  

The phantom material is a superabsorbent co-polymer made of acrylic acid and 

acrylamide that is potassium-neutralized (trade name: SAP (superabsorbent polymer), M2 

Polymer Technologies, Inc.). Dried crystals are placed in a warm water bath for 24 hours 

absorbing the surrounding water and swelling to several hundred times its original 

volume on a per crystal basis. Multiple SAP products were used in the phantom including 

spheres, and various sizes of granulated SAP, which are not designed to any particular 

final shape. The sizes of the different SAP elements before and after soaking in water are 

given in Table 1 and depicted in Figure 1.  

 

Table 1. Sizes of dry and wet SAP products 

SAP Product Dry 

dimension 

Saturated/wet 

dimension 

Wet:Dry ratio 

(mass) 

1-mm spheres 1 mm 11 mm 157:1 

Large granulation (Type L) 2-4 mm 16-23 mm 210:1 

Medium granulation (Type M) 800-1500 µm 7-11 mm 327:1 

Small granulation (Type S) 200-800 µm 2-4 mm 766:1 
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Figure 1. Type L granular SAP in dry and wet stages, mm scale 

 

Because it is 99% water by volume (using volumes based on characteristic measures in 

Table 1), its thermal properties can be approximated to those of water. Brain tissue is 

comprised of 75-95% water [10] and blood is comprised of 51% water [11], furthermore 

brain parenchyma density and thermal conductivity are quite similar to that of water [12, 

13]. Because of the relatively high water content of both brain tissue and blood, a water-

based hydrogel was deemed a sufficient surrogate material for the phantom. The relevant 

thermal properties of each material are summarized in Table 2. 
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Table 2. Summary of relevant thermal properties for blood, brain tissue, and 

brain tissue simulant.  Properties for the SAP brain phantom are assumed to 

be those of water at 37 C. 

 Blood [12] Brain Parenchyma: 

cortex/gray matter [12] 

SAP Phantom: 

Water, 37 C [14] 

Density, ρ 

(kg/m
3
) 

1050 1040 1000 

Thermal 

conductivity, k 

(W/m*K) 

.53 .52 .63 

Specific heat, 

Cp (J/kg*K) 

3840 3680 4178 

 

Heat generation via cellular metabolism is distributed throughout the body via circulation 

of blood. Therefore, in order to thermally model the brain or any living tissue, it becomes 

necessary to replicate the thermally-regulating effects of blood circulation. The current 

work focuses on modeling the vascularized cerebral parenchyma. The phantom is 

designed to produce non-directional flow, i.e. blood perfusion, rather than modeling 

directional flow of an artery or vein [15]. The phantom mimics this non-directional flow 

by introducing the core-body-temperature water into a vessel containing particles of 

saturated SAP.  Non-directional flow is obtained as fluid flows between the randomized 

channels that result from neighboring SAP particles.  

A 100 mm x 100 mm x 100 mm (outside dims, 4 mm wall thickness) acrylic container 

(the phantom vessel) with the superior surface open to ambient air was outfitted with 8 

bulkhead fittings, 4 near the bottom corners, through the vertical faces to serve as outlets 

for the circulating fluid and 4 near the top in the center of the vertical faces to serve as 

inlets.  This created a downward flow gradient when operating the phantom. The 

container was filled with water to a level of 32 mm (230 mL). A custom-designed filter 

screen was installed in the bottom of the container, parallel to the bottom face below the 
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water line. 0.96 grams of 1-mm SAP spheres were added to the vessel (a density of 1.4 

spheres per mL), which were distributed evenly on top of the filter screen in two layers. 

Because of their relatively large size, and ability to hold their shape, these spheres were 

used to prevent the filter screen from becoming obstructed by smaller particles.  

Two custom-made tubes were installed into the inlet ports of the vessel. Each tube was 

made of translucent, compliant PVC (polyvinyl chloride), and measured approximately 

3” long.  Each tube was perforated with an even distribution of 1-mm holes to allow even 

introduction of the fluid into the phantom vessel. Each tube connects two inlet ports to 

introduce non-directional flow into the system. The tubes arced in a horizontal plane just 

above the top of the layer of SAP. The orientation of the tubes is depicted below in 

Figure 2.  

 

Figure 2. The inlet tubes (C) disperse the warm water evenly throughout the phantom. A: 

bulkhead inlet (x4) B: bulkhead drain (x4) C: inlet tubes (x2) D: internal thermocouples 

(x3) E: instrumentation umbilical F: test fixture G: cooling device fixture 
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Following this, a layering of large- to small-grain SAP was introduced into the phantom. 

The majority of this volume was filled by large- and medium-grain SAP particles, which 

were placed first, and only the uppermost 15 mm layer as the small grain SAP. Placing 

this small-grain SAP directly around the thermocouples in this area provides relatively 

high permeability and minimizes the impact of individual grain placement on local flow 

paths in the area where the temperature is being measured. 

1.1.2. Fluid Circuit 
In order to simulate a brain and cooling therapy, two closed-loop cycles of circulating 

water were established, and the phantom was integrated into this arrangement.  Identical 

low-flow pumps (Armstrong Astro 250CI) were used for each circuit.  Flow-limiting 

valves (Key Instruments) were used to measure the volumetric flow rate in each circuit. 

The first loop represents the brain and associated blood flow. Water is kept at core body 

temperature (assumed to be 37 °C) through the use of an immersion circulator 

(PolyScience) and custom copper tube coil heat exchanger.  Although the circulator has 

the ability to maintain a wide range of temperatures, sensitivity to inlet temperature was 

not explored, and temperature was maintained at typical core body temperature. Warm 

fluid is pumped through the phantom and back through the loop in a cycle.  The 

functional volume of the phantom (550 mL) is 46% of a typical adult brain volume [16].  

Based on this volume scale, the phantom is designed for nominal flow rates to the brain 

of roughly 4 GPH, or roughly 1 GPH through each of the 4 inlets.  A diagram of the 

laboratory test setup is represented in Figure 3. 
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Figure 3. Diagram of brain phantom test loop and cooling device test loop 

 

The second loop operated a nominal cooling device which in this case acted as a heat 

sink.  Water was pumped from a large reservoir of ice-water through a flow control 

valve-meter and into a 50 mm x 50 mm water-cooled CPU (Central Processing Unit) 

copper-base cooling block (BQLZR, Shenzen, China). Foam insulation was used around 

the cooling circuit inlet tubes. During testing, the cooling device is allowed to reach 

steady state temperature and then is placed on the surface of the phantom at the instant 

cooling is to be induced. This device was held in place by a custom fixture setting the 

location and orientation such that the surface of the cooling device rests flush against the 

top surface of the brain phantom, Figure 4.  
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Figure 4. The cooling device fixture controls six degrees of freedom of the device to 

ensure a repeatable placement method. A: CPU cooling block B: cooling device fixture 

C: foam insulation D: cooling device inlet tube E: cooling device outlet tube F: phantom 

container 

 

This method of cooling the phantom was not intended to represent current medical 

techniques for cooling, but was used because it provides direct surface cooling, which is a 

desirable platform for future development of novel cooling devices. 

1.1.3. Instrumentation and data collection 
The phantom was instrumented with five K-type thermocouples (National Instruments) to 

monitor the temperature of the brain phantom in key locations. In the center of the 

phantom, a custom 3D printed fixture held three thermocouples at depths of 5, 10, and 15 

mm below the surface. These central internal thermocouples are positioned immediately 

prior to the placement of small-grain SAP around the fixture. The positioning of these 

thermocouples near the center of the phantom served to avoid significant boundary 

effects from the edge of the phantom container. Two additional thermocouples were used.  

One measured the temperature of the warm fluid as it entered. The second thermocouple 
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measured the interface temperature between the surface of the phantom and the cooling 

device.  The cooling block device was also equipped with two thermocouples, one of 

which measures the temperature of the cold fluid coming into the device and the other of 

which measures the temperature of the fluid leaving the device.  

In order to the use the phantom for device trials, it must be sensitive to the volumetric 

flow rate, since the body can regulate blood flow (and thus perfusion) based on 

temperature and other considerations (e.g. shock).  A flow-rate mediated performance 

curve was tested through a sensitivity trial.  To conduct this test, the pump which 

circulates the perfusate was turned on, allowing the brain phantom to reach 37
o
C. The 

cold also was allowed to reach steady state (1
o
C). The device was then placed in the 

fixture on top of the phantom, and immediately the warm loop was turned off where the 

phantom was allowed to cool without perfusion. This represented the static condition on 

the phantom, which served to provide a baseline of operation for the phantom, rather than 

representing a physiologically relevant state.  When the internal temperatures of the brain 

phantom reached steady state, the next phase of the test began. The warm pump was 

activated and the control valve tuned to 1 GPH. The brain phantom warmed up with the 

introduction of the warm water, and again, reached steady state. This process was 

repeated at 1 GPH increments until steady state was achieved at 6 GPH.  This volumetric 

flow range represented starved flow at 1 GPH, average white matter flow rate at 2 GPH, 

nominal whole brain blood flow rate at 4 GPH, and lastly, upper limits of average gray 

matter blood flow rates at 6 GPH based on the phantom size [17]. This test procedure 

helped to minimize the somewhat disruptive effects that repeatedly applying and 

removing the cooling device had on the phantom surface. 
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In order to verify the phantom, the repeatability was assessed by running multiple tests in 

succession and comparing results from each.  

1.1.4. Mathematical model for verification 
The test conditions were mathematically modeled using a code written in MATLAB 

(MathWorks, Natick, MA and solved on a desktop computer) developed by Gayzik [18]. 

Using this code, the transient temperature response can be calculated, which can in turn 

be compared to our experimental results. The code is based upon the Pennes bioheat 

equation [19], shown in Equation 1 below.  Equations 2 and 3 describe the boundary 

conditions used in the finite difference code, which were applicable for the full time of 

the simulation.  We describe the convective coefficient term below in equation 4. 

𝜌𝐶𝑝,𝑡𝑖𝑠(𝑇)
𝜕𝑇

𝜕𝑡
= 𝑘∇𝑇 + 𝜔𝑏𝑙(𝜌𝐶𝑝)

𝑏𝑙
(𝑇 − 𝑇𝑏𝑙)                                                                        (1) 

𝑘(𝑇)
𝜕𝑇

𝜕𝑥
= ℎ̅𝑡𝑜𝑝(𝑇𝑓𝑙𝑢𝑖𝑑 − 𝑇)                 𝑥 = 0                                                                     (2) 

𝑘(𝑇)
𝜕𝑇

𝜕𝑥
= ℎ̅𝑏𝑜𝑡𝑡𝑜𝑚(𝑇𝑏𝑙 − 𝑇)                 𝑥 = 𝐿                                                                     (3) 

Values of the parameters used in the code to model experimental results are summarized 

in Table 3. 

 

 

 

 

 

 

 

 



10 

 

Table 3. Summary of parameter values used to model phantom experiment 

 1 GPH 2 GPH 3 GPH 4 GPH 5 GPH 6 GPH 

Upper convective 

boundary condition, 

ℎ̅𝑡𝑜𝑝 (kW/m
2
*K) 

24.6 17.8 16.5 15.0 14.5 13.1 

Upper boundary 

temperature, Tfluid 

(°C) 

2.1 2.0 2.1 2.0 1.8 1.9 

Lower convective 

boundary condition, 

ℎ̅𝑏𝑜𝑡𝑡𝑜𝑚 (W/m
2
*K) 

200 400 600 800 1000 1200 

Lower boundary 

temperature, Tbl  

(°C) 

37 

Perfusion, ω 

(kg/m
3
*s) 

2.0 3.9 5.9 7.8 9.8 11.7 

Perfusion 

temperature, Tbl 

(°C) 

37 

 

The Pennes bioheat equation is derived from an energy balance on a control volume, with 

the inclusion of a perfusion term, ω, which physiologically represents a volumetric blood 

flow per volume of tissue. In this equation, the tissue and blood are both characterized by 

their density and specific heat, ρ and Cp, respectively, and the tissue is also characterized 

by the thermal conductivity, k. Given the range of temperature over which the experiment 

was conducted, these are considered constant. T and Tbl represent the temperature of the 

tissue and blood.  

This code utilizes the finite difference (FD) method to solve the Pennes equation. As a 

numerical technique, time and space are discretized in solving the equation, rather than 

solving it analytically. The implicit version of the finite difference method was chosen 

due to its inherent stability. Implicit discretization involves solving a set of simultaneous 

equations in which the value of interest (in this case temperature) at the present time step 

is not known.  
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The finite difference method utilized in the mathematical code required input from the 

user regarding the total time of simulation and the length of the time step. In order to 

determine the length of the simulation, the code was run and the output graph was 

visually inspected to ensure that the temperatures at all locations in the spatial domain 

had reached steady state. This represents the point at which the rate of heat addition to the 

spatial domain by the perfusing blood equals the rate of heat removal by the cooling 

device. Depending on the input parameters of perfusion rate or cooling rate, the tissue 

model may require anywhere from 8 to 20 minutes to reach steady state.  The time to cool 

may be useful in future applications when assessing the clinical readiness of cooling 

devices tested upon the phantom. The time step used was 1 second. 

The spatial domain is specified by its overall dimensions, and the number of nodes at 

which the temperature is solved. In this case, it was assumed that the temperature profile 

along a line from the center of the cooling block, downward through the center of the 

phantom can be characterized by one-dimensional formulation of the finite difference 

model in Eq. 1. Because of the project’s focus on superficial temperature change, the 

domain of the model was limited to 15 mm, with an element size of .15 mm. 

The mathematical model utilizes the specified properties of blood and brain tissue in 

Table 2.  Convective boundary conditions are applied at both boundaries, and perfusion 

throughout. This approach is illustrated schematically in Figure 5.  
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Figure 5. Schematic representation of the one-dimensional mathematical model 

 

The convective boundary conditions were specified in the model through the use of the 

time-averaged convection coefficient, ℎ̅, as well as surface temperatures at each 

boundary. The lower boundary condition represented the convection at core body 

temperature at the far boundary of the spatial domain (15 mm deep) and was correlated 

with the perfusion parameter. This boundary condition operates effectively like a constant 

temperature boundary condition at core body temperature of 37 °C. Natural convection is 

not directly quantified in the FD code as it would not occur in the body. The blood 

perfusion term is designed to capture the temperature-mediating effects of blood flow. 

The upper boundary condition represented the cooling performance of the device at the 

top surface of the phantom. This parameter was empirically determined according to the 

Eq. 4. 

ℎ̅ =  
�̇�𝐶𝑝(𝑇𝑚,𝑜−𝑇𝑚,𝑖)

𝐴𝑠∆𝑇𝑙𝑚
         (4) 

The equation for  ℎ̅ is calculated using the mass flow rate, ṁ, as well as the specific heat 

of the fluid, Cp, in this case, the cold fluid in the device. The mean inlet and outlet 
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temperatures are represented by Tm,i and Tm,o, respectively, and the log-mean temperature, 

Tlm, is calculated using these parameters as well. Lastly, the contact surface area, As, 

defines the system. During a test, ṁ, Cp, and As are constant, but all temperature 

parameters are treated as time-dependent, making h a time-dependent function. However, 

for the purposes of the FD code, h was averaged over time during a particular phase of 

the test, which produces  ℎ̅, a constant. This upper boundary condition was specified at 0 

°C to model the ice-water bath which feeds the cooling device. 

The model was run in two ways: first with the properties of SAP, to accurately represent 

the test conditions seen in the lab setup and secondly with the properties of brain tissue.  

Although the properties of SAP and brain tissue are very similar, as discussed previously, 

tweaking the input parameters from one to the other provided insight into how similar the 

brain phantom is to a living human brain.  

Lastly, the FD model was validated against a study on brain cooling for focal epilepsy by 

Yang et al [20]. In this study, researchers induced seizures in rats, and applied a cooling 

therapy directly to the surface of the brain in order to terminate the seizures. The 

temperature was measured between the surface and a depth of 4 mm. The results of this 

validation are presented at the end of the manuscript in an Appendix.  

 

1.2. RESULTS 
 

The phantom construction was shown previously in Figure 2 and Figure 4. The results of 

the variation test of the perfusion rate served to characterize the benchtop brain phantom. 

The results of this test are shown in Figure 6 below.  The initial cooling period for 

approximately the first 2.75 hours is shown to the left.  After this period, the warm fluid 

flow rate was increased from 0 in steps of 1 GPH to a maximum of 6 GPH.  
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Figure 6. The results of the “step-up” test show the effect that perfusion rate has on 

steady state cooling 

 

The experimental results are compared to the results predicted by the mathematical 

models at a depth of 5 mm in Figure 7 below. The percent difference in steady state 

response is greatest at no flow and is summarized in Table 4. The percent difference is 

calculated using Equation 5.   

 

Table 4. Percent difference in steady state 

temperature between phantom experiment and 

models of phantom and brain. The average percent 

difference does not include the 0 GPH condition. 

 Phantom vs. 

phantom FD model 

(pct diff) 

Phantom vs. brain 

FD model 

(pct diff) 

1 GPH 8.3 1.4 

2 GPH 4.0 -2.2 

3 GPH -0.7 -6.2 

4 GPH 2.6 -2.7 

5 GPH -1.7 -6.5 

6 GPH -0.4 -4.9 

average 2.0 -3.5 

 

Pct diff = (Tphantom - TFDmodel)/TFDmodel                                                                               (5) 
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The validation of the FD model against the data from Yang is shown in Figure A1 and 

shows reasonable agreement.  The concurrence between the phantom results, FD model 

of the phantom (Figure 7) and rat brain indicates reasonable phantom biofidelity. 

Additionally, in the verification study on repeatability, the coefficient of variation was 

found to be fairly low at each depth location: 3% at 5 mm, 1% at 10 mm, and 1% at 15 

mm. 

 

 

Figure 7. The bar graph shows that the brain phantom is able to match the predicted brain 

response, usually to within 1-2 degrees 

 

 

1.3. DISCUSSION 
 

A biofidelic and controllable brain phantom for hypothermia treatments was presented.  

The fabrication of the phantom relies on commercially-available materials with thermal 

properties similar to brain parenchyma. It is evident that the brain phantom shows an 

appropriate qualitative response to increasing perfusion rate: as the perfusion rate of 
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warm blood simulant increases so does the steady state temperature under constant 

cooling conditions. The benchtop phantom shows good agreement with the mathematical 

models of the test itself, which builds confidence in each. Two models were run, one 

mimicking the properties of the phantom material as a check of the simulation, and one 

with the properties of brain parenchyma from the literature as a pre-test prediction.  The 

temperature profile given represents only the area in the center of the phantom where the 

thermocouples were located; this configuration mimics the one-dimensional nature of the 

FD model. While the model of the phantom agreed with empirical results more closely, 

the brain pre-test prediction showed favorable results as well (average deviation of -

3.5%).  The 1-2 degree temperature difference corresponded to 5-10% of the total 

temperature drop at 1 GPH. 

This comparison suffered as the flow decreased (at the zero flow condition the FD model 

results were 5x lower than the phantom results).  This indicates that the perfusion has a 

large effect on the model performance.  However at perfusion levels commensurate with 

physiological flow, quite good agreement was found and it is precisely in this perfused 

case that the phantom is intended to be used.   In the physiological range, further tuning 

of the model may be able to be achieved through alternate layering processes of the SAP 

particles.  Agreement of the experiment with the model was found to be limited in the 

case of no perfusion (0 GPH) because of the time necessary to cool fully. Instead, a 

working definition of steady state was employed throughout the test, which specified that 

if the temperature does not change more than 0.05 C in 2:00 minutes, the temperature has 

reached steady state.  However, with a sufficient amount of time, the temperature of the 

brain phantom being cooled without perfusion would likely converge upon the 
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temperature of the cold water entering the device, as predicted by the mathematical 

model. 

Although the results of the present study cannot be compared directly to those presented 

by Yang et al, the ability of the current FD model to reproduce Yang’s experimental 

results within approximately 1.0 °C suggest that the phantom has significant ability to 

predict temperatures in perfused tissue, given its agreement with the FD model as well. 

The results are encouraging for the ability of the phantom to predict how brain will react 

under similar cooling conditions in-vivo. In the introduction, a number of specific 

applications were reviewed. In the case of focal epilepsy, the 5 mm depth is important 

because early studies suggest that cooling the tissue at this depth by 12
o
C is key to 

treating focal seizures [21].  Thus, this depth was the focus of the step-wise test and 

simulations.  There are numerous potential other applications of the phantom.  For 

example, with the exception of the K-type thermocouples, the model is MRI (magnetic 

resonance imaging) compliant.  Optical thermocouples could be included to ensure the 

entire setup is MRI compliant and thus opens the door to imaging applications. 

There are a number of limitations to the current study.  Being a pilot study of the 

phantom, follow-on studies are needed, with perfused PMHS (post-mortem human 

subject) or animal models.   

We designed the phantom to provide a reasonable temperature response with the analog 

to the parenchymal microvascular structure being flow within the fissures between 

individual pieces of hydrogel.  Clearly, size differences will exist between these fissures 

and tissue vasculature, and this was not quantified in this work.  However, the purpose 

was not to create a microvasculature akin to the true tissue parenchyma, so much as 
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create a phantom that thermally behaved like the brain.  Since the emergent temperature 

profile was reasonable, the approach was deemed a functional simplification. Initial 

development of the brain phantom is intended to create a benchtop experimental model 

which mimics the bulk perfusion parameters of the brain within a physiologic range. 

Later phases of development could focus on incorporating regional variations in flow rate 

in the phantom based on differing tissue types in the human, i.e. gray matter versus white 

matter. 

The cooling device used in this case was a CPU cooling block and was a stand-in for 

potentially more efficient and biocompatible heat sink designs.  The form factor of the 

phantom itself was also nominally chosen as 1/3 of an adult brain volume and a simple 

cubic shape for experimental ease.  This can certainly be updated in the future to develop 

more organic phantom designs. Lastly, the phantom was developed to represent the bulk 

thermal behavior of the cerebral cortex and surrounding tissue, rather than an attempt to 

perfectly replicate an anatomically-accurate geometry.  

Future work could involve greater focus on capturing the geometry of specific anatomical 

structures including vasculature.  Another direction for future work will focus on using 

the model to predict temperature at a specific depth as a function of surface temperature, 

perfusion and cooling to make more rapid assessments of the temperature of the brain a 

given depth. 

 

1.4. CONCLUSION 
 

We presented a thermal phantom of the human brain, its design and construction and 

demonstrated flow-mediated sensitivity in the steady state temperature at a depth of 5 
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mm.  A previously validated finite difference solver was used to verify findings and 

perform pre-test predictions of how well the phantom would mimic perfused brain 

parenchyma. The phantom-to-phantom-model comparison showed an average deviation 

of 2.0% across 1 to 6 GPH of flow for steady state temperature, while the phantom-to-

brain-model comparison showed an average deviation of -3.5% for the same measure.  

The brain phantom presented provides a tunable physical analog that reasonably predicts 

the temperature drop of perfused brain parenchyma during a surface-based, fluid-driven 

cooling application. 

 

 

2. CHAPTER 2 
 

 

2.1. Methods of cooling 
Considering the myriad approaches to deliver therapeutic cooling, including intravenous 

infusion [6], application of an external cooling cap [6], and surface contact with a Peltier 

device [4], initial device development efforts presented currently have focused on a fluid-

cooled cooling device. Early concepts feature circulation of iced saline or some other 

type of refrigerant which is kept at or below freezing through the use of an external 

cooling unit, and then circulated through the device. This technology is similar to the 

system developed by Fay [22], with the distinction that the system presented in this paper 

will interface with current seizure detection technology and provide greater control over 

the exact location of cooling. Using this method of surface contact, fluid-based cooling, 

heat is transferred from the brain tissue to the cooling device via conduction and then 

from the cooling device to the cooling fluid via convection. This arrangement can be 

modeled by the concept of a thermal circuit, in which a heat transfer scenario can be 
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likened to a simple electrical circuit. In this way, the temperature gradient between the 

brain tissue and fluid is analogous to an electrical potential difference, or “voltage drop.” 

Similarly, the heat flux can be compared to the electrical current, and the inverse of the 

conductivities of the conducting surface of the device and fluid can be compared to 

resistors in series. This concept is shown schematically in Figure 8. 

 

Figure 8. Diagram of thermal circuit concept 

Later analysis of experimental results (test of sensitivity to perfusion) revealed that 

incorporation of the thermal circuit aspect into the FD code reduced the modeling error, 

thereby making the mathematical model results more similar to the experimental 

phantom than modeling without the thermal circuit. This thermal circuit concept was 

incorporated into the FD code by specifying a 3-mm region of space with properties of 

copper, corresponding to the 3-mm thick conducting surface of pure copper found on the 

cooling block used in the experiment. Modeling without the thermal circuit produced an 

average deviation across perfusion rates of 1 to 6 GPH at the 5 mm depth of 2.0% using 
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the model as the standard value and using the true value, not the absolute value at each 

perfusion rate (Equation 5). Included in this improvement was a decrease in error from 

2.6% to 0.7% at 4 GPH, the nominal whole brain perfusion rate value. Modeling with the 

thermal circuit and calculating average deviation similarly produced a value of 0.3%. 

These results are summarized in Table 5. Using the phantom value as the standard 

showed similar improvement: -1.9% average deviation without the thermal circuit and -

0.1% with the thermal circuit. 

Table 5. Improvement in modeling the phantom experiment through inclusion 

of thermal circuit 

5mm Phantom vs. experiment model, 

simple (pct diff) 

Phantom vs. experiment model, 

with TC (pct diff) 

1 GPH 8.3 6.2 

2 GPH 4.0 2.1 

3 GPH -0.7 -2.4 

4 GPH 2.6 0.7 

5 GPH -1.7 -3.3 

6 GPH -0.4 -1.8 

average 2.0 0.3 

 

2.2. Background on electrode grid and desired integration with cooling 
In the context of epilepsy treatment, focal seizures are frequently monitored clinically 

with the use of a subdural electrode grid in a process known as electrocorticography. For 

this process, the skull is opened in a procedure known as a craniotomy, and the ECoG 

electrode grid is placed upon the surface of the arachnoid mater of the brain, where the 
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electrodes can either receive electrical signal from the brain or deliver electrical 

stimulation to the brain over a small area. The electrode grid is characterized by an array 

of small, circular electrodes bound together in a planar fashion by a thin plastic sheet. 

These electrodes are frequently made of platinum, are 4 mm in diameter, and are spaced 

10 mm apart from each other in a grid consisting of typically 4 to 8 rows and columns. 

One such electrode grid is depicted in Figure 9 (Ad-Tech Medical Instrument 

Corporation). 

 

Figure 9. Subdural electrode grid (Ad-Tech Medical) 

 

In order to most effectively support current best practices, the most desirable option is to 

incorporate cooling technology with the electrode grid. In this way, the seizure can be 

detected by the electrodes, but then immediately treated by the application of cooling. 

The primary benefit of this strategy is the expedited termination of seizures for short-term 

relief for the patient. As a secondary application, the subsequent cooling of the brain and 

resulting suppression of seizures also acts as a verification measure to correctly identify 

the location of seizure onset. Given the difficulty in pinpointing the location of seizure 



23 

 

onset, even with the electrode grid, a successful termination of seizures with the 

application of localized cooling provides a strong indication of correct identification of 

the epileptogenic zone.  

Preliminary testing on the brain phantom indicates that placement of a cooling device on 

top of the standard electrode grid diminishes the cooling device’s ability to reduce 

temperature in the brain. Comparing experimental results at 4 gph with and without the 

grid indicates elevated temperatures inside the brain phantom when the grid was placed 

in between the cooling device and the brain phantom, including a 19% increase at the 5 

mm depth and a 240% increase at the surface. This comparison is illustrated in Figure 10. 

It is hypothesized that the plastic sheet of the grid would provide significant heat 

insulation between the cooling device and brain, thereby reducing the cooling device’s 

influence over the local brain tissue. 

 

Figure 10. Attenuation of cooling ability by placement of electrode grid between cooling 

device and brain phantom 
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It is predicted that placing a cooling device underneath the electrode grid would similarly 

provide electrical insulation for electrical activity between the brain and electrode grid. 

Based on this information, one viable strategy would be to integrate cooling into the 

electrode grid. Two prototypes illustrating this methodology are depicted in Figure 11. 

Part a of Figure 11 illustrates a repeating pattern in which the fluid path is directed into 

the space in between electrodes. Part b depicts a device concept in which the fluid path is 

integrated directly into the individual electrodes, exploiting the substantial thermal 

conductivity of the platinum electrodes. 

 

Figure 11. Prototype concepts of integrated cooling grid. 

(a, above) Cooling fluid is routed around the electrodes. 

(b, below) cooling fluid is integrated into the electrodes. 
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2.3. Characterization of device performance 
Cogent modeling of the brain phantom under cooling using the FD code required 

reasonable estimation of the convection coefficient of the cooling device. Typical values 

of this parameter were not readily available in literature, so it became necessary to 

determine it using experimental measurements. Equation 4 provides an appropriate and 

relevant way to calculate the convection coefficient, h, based on experimental 

temperature and flow rate data, as well as geometrical measurements.  

The experiment which yielded the brain phantom results presented previously was also 

characterized by a trend in the convection coefficient of the cooling device. As previously 

stated, the flow rate of cold fluid through the cooling device remained constant while the 

perfusion rate was varied. The convection coefficient of the cooling device was obtained 

in transient state and then averaged at each perfusion rate, yielding the data presented in 

Figure 12. 

 

Figure 12. Time-averaged convection coefficient of cooling device 

during each phase (perfusion rate) of the test 
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The overall trend generally mimics an exponential decay as the competing perfusion rate 

increases. During most phases of perfusion rate, the transient convection coefficient also 

followed a trend similar to an exponential decay over time. At the start of each new phase 

of the experiment, when the perfusion rate would increase to the next level, the internal 

temperature would slowly warm up as the convection coefficient would slowly decrease. 

This transient trend is depicted in Figure 13. 

 

Figure 13. Decrease in cooling convection coefficient during 1 gph perfusion 

rate phase of brain phantom test 

 

However, during the first phase, the case of no perfusion, the opposite was true. The 

brain phantom started out at its highest point, core body temperature, and cooled down to 

its lowest point while the convection coefficient increased from 0 to its highest point, 
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around 40 kW/m
2
*K. Figure 14 illustrates the relationship between internal temperature 

of the brain phantom at the 5 mm depth and convection coefficient of the cooling device. 

 

Figure 14. Convection coefficient of cooling device (blue) versus internal 

temperature at 5 mm depth (red) at each phase (perfusion rate) of test. Each 

marker on x-axis marks the end of that phase. 

 

Additionally, another test was performed using the cooling block and brain phantom in 

which the brain phantom’s sensitivity to the flow rate of the cold fluid in the cooling 

block was demonstrated. These tests produced an appropriate decrease in internal brain 

phantom temperature as the flow rate of the cooling fluid increased. Experimental results 

are compared with those produced by the FD code (with the thermal circuit approach 

included) in Figure 15. 
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Figure 15. Brain phantom exhibits small sensitivity to cold flow rate 

 

Although the average deviation in this analysis is slightly higher than when analyzing the 

sensitivity to perfusion rate (experiment to FD experiment model: -6.8%, experiment to 

FD brain model: -11.2%), the slopes of the trend lines agreed very well (-.35 for the 

experiment, -.35 for the FD model of the experiment, and -.30 for the FD model of the 

brain). 

2.4. Materials and criteria 
In developing a novel cooling device, the material which contacts the brain tissue is of 

utmost importance. In general, the two main criteria which govern its selection are 

thermal conductivity and biocompatibility. A high thermal conductivity, k, is important 

for the efficient transfer of heat from the brain tissue into the cooling device. 

Additionally, the material must be biocompatible with the brain tissue where it will be 

used, meaning the material elicits minimal biological response.  



29 

 

Several materials which meet both criteria include platinum-iridium, cobalt-chromium, 

and titanium. Properties of these materials and others are summarized in Error! 

eference source not found.. 

Table 6. Summary of thermal properties of common medical device 

materials [23] 

 Thermal conductivity 
(W/m2*K) 

Density 
(kg/m3) 

Specific heat 
(J/kg*K) 

Platinum alloy 
(Pt90/Ir10) 

31 21560 - 

Stainless steel 316L 
(Fe69/Cr18/Ni10/Mo3) 

16.3 7960 502 

Cobalt-chromium alloy 
(Co40/Cr20/Fe15/Ni15
/Mo7/Mn2/C/Be) 

12.5 8300 430 

Titanium alloy 
(Ti90-6Al-4V) 

5.8 4420 450 
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4. APPENDIX 
 

Using the FD model of the present study and modeling the parameters of the Yang study, 

results were closely replicated, as shown in Figure A1. The physical properties of rat 

brain tissue, as described by Ersen et al [24], closely matched those of humans. A 

perfusion value of .7 mL/min/100 g which is the average of the whole brain perfusion 

values published by Proctor [25] and Tuma [26], was used in this model validation. A 

constant temperature boundary condition of 20 °C was used at the upper boundary to 

model the cooling effects of the Peltier device. The FD model produced results with an 

average deviation of 1.0 C from those published by Yang.  

 

Figure A1. Validation of FD model vs. study by Yang et al.  Empirical 

data from the 4 GPH results from the phantom are included for reference. 
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