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Abstract 
 

To avoid unintentional damage, neurosurgeons map the surface of a patient’s brain at the 
beginning of a surgery.  Currently, brain mapping is done using small pieces of paper to mark 
different regions of the brain.  An alternate method of brain mapping could be done by 
monitoring blood flow to a patient’s brain using thermal infrared imaging.  The purpose of this 
research is the creation of a phantom brain to test the applicability of infrared cameras at 
mapping blood movement around the brain. Using MIMICS, MAGICS and Freeform software, 
the phantom was designed in the shape of half of the human brain, with a network of vessels 
modeled through it.  The phantom was additively manufactured using stereolithography from 
Watershed XC, a hard and clear plastic material.  The phantom blood was modeled using water, 
which was dyed to increase visibility. The phantom was then connected to a pump/ heating 
system.  The water was heated to create a range of temperature differences, some of which 
specifically mimicked the temperature difference between the human blood and brain.  The water 
was pumped through the vessels, and pictures were taken with an infrared camera. This research 
shows that infrared cameras can detect minute temperature differences between the small 
vessels.  As long as the user changes the camera scale, accurate images can be taken over a 
significant period of time.  This suggests that thermal infrared imaging is a viable option for 
brain mapping prior to surgery.  
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1. Introduction 
 
Brain surgery is a high-risk process, as one wrong move by neurosurgeons can cause irreparable damage to the 
patient.  Surgeons must know where the different areas of a patient’s brain are so they can avoid unintentional harm 
during a procedure. The wrinkled outer layer of the brain is known as the cerebral cortex.  As seen in Figure 1a, 
within each hemisphere of the brain, the cerebral cortex is broken up into four lobes: the frontal lobe, parietal lobe, 
temporal lobe, and occipital lobe. Contained within the frontal lobe is the motor cortex, and within the parietal lobe 
the somatosensory cortex. To find these areas, surgeons give tests to the patients by giving specific instructions then 



touching parts of the brain to cause an expected reaction.  When they find a specific part of the brain, they mark it 
with a small piece of paper, shown in Figure 1b.  This, however, when compared to the cerebral cortex diagram, is 
very inaccurate and leaves much room for error. 

      
Figure 1. A diagram of the cerebral cortex1 (a.) and an example of current brain mapping techniques2 (b.). 

 
   Dr. Todd Parrish, of Northwestern University, has proposed a more precise way of brain mapping during surgery 
by utilizing thermal infrared imaging technologies.  When a patient uses a specific part of their brain, that area 
receives extra blood, which is at a slightly higher temperature than the outer surface of the brain because it comes 
from the body’s core.  This temperature difference ranges from about 1 – 5 °C3.  Monitoring blood flow around the 
brain during the patient tests would be an easier and more accurate way to map the brain’s surface. Dr. Parrish has 
proposed that infrared cameras could be used to detect these temperature differences and create a more exact image 
of the different areas on a patient’s brain.  
 
1.1 infrared imaging 

 
The infrared spectrum was first discovered by Sir William Herschel in 1800.  He was testing different colors of glass 
to determine which could most reduce the sun’s brightness.  During his tests, he found that samples reducing the 
sun’s brightness the same amount allowed different amounts of heat to pass through.  This led to further testing and 
the discovery that there is a point where this heat reaches a maximum, beyond the red end of the visible color 
spectrum.  This new spectrum came to be known as ‘infrared’.4 

   Infrared imaging measures the wavelengths of infrared radiation to determine the amount of heat being produced 
by an object, and thus the object’s temperature.  An infrared camera equates these temperatures to colors to create a 
multicolored image.  The coloring of the image shows the image’s temperature differential, or the change in 
temperature across the image.  

 
1.2 phantom 

 
In the medical field, a phantom is an object used to analyze the performance of an imaging device.  Phantoms have 
been created for a multitude of imaging devices, with each phantom mimicking the specific tissue characteristics 
that the imaging device analyzes.  For example, phantoms for Computed Tomography (CT) mimic the tissue’s x-ray 
absorption.  Phantoms have also been created to mimic magnetic dipoles for Magnetic Resonance Imaging (MRI), 
sound wave reflections for Ultrasound, and isotope particle metabolism/ absorption for Nuclear Imaging.5  These 
phantoms can represent a single type of tissue, a single organ, or an entire portion of the human body, such as a 
torso.  The objective of this research is to create a phantom brain that mirrors blood flow and temperature difference 
in a human brain and to test the accuracy of infrared cameras at mapping blood movement around the brain.  
   There have been many studies creating phantoms for CT, MRI, Ultrasound, and Nuclear imaging, and even studies 
comparing the accuracy of different materials at mimicking tissue characteristics for each of these devices.6  There 
have also been studies creating phantoms for thermal treatments such as hyperthermia, a condition where the body’s 
temperature is above normal, and thermal ablation, where tissue is surgically burned off.6  In the late 1980’s and 
early 1990’s, there was limited research into the possibility of using thermal infrared imaging for brain mapping, but 
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progress eventually slowed due to poor equipment at the time.7  Lately, the focus of infrared imaging had been on 
diseases and abnormalities, especially detecting tumors.7 

 
1.3 additive manufacturing 
 
The phantom in this research was created using additive manufacturing.  Additive manufacturing, also known as 
rapid prototyping or 3-D printing, is a process by which material is added in layers to create a 3-D object.  The 
specific type of additive manufacturing used was stereolithography, and the specific machine used, shown in Figure 
2a, is located at the Milwaukee School of Engineering Rapid Prototyping Center. As shown in Figure 2b, 
stereolithography builds using a UV laser and reservoir of liquid resin.  A 3-D computer file of the object to be 
printed is sliced into 2-D layers, and the laser traces the path of the first layer of the object into the resin, curing, or 
solidifying, the resin.  The platform moves down and the next layer is cured, continuing until the entire object has 
been formed.  The part is then cleaned, sanded, and placed in an oven to finish the curing process.7    
 

      
Figure 2. The stereolithography apparatus at the MSOE Rapid Prototyping Center8 (a.) and a diagram of 

stereolithography9 (b.). 
 
1.4 previous research 
 
This research branches off of brain modeling research performed by several prior MSOE REU students under Dr. 
Subha Kumpaty’s advisement.  In 2008, Dr. Todd Parrish donated MRI scans of his brain to the REU program, and 
Sung Kwon used these scans to create an accurate model of the human brain, detailing the areas of white and grey 
matter.10  In 2012, Tyler Capek continued the research to create a model of the brain colored based on functionality, 
using diffusion imaging.10  In 2013, Esther Bieszk branched in a new direction and developed a model to mimic 
functionality of the cerebrospinal fluid (CSF) within the brain.11  In 2014, Jen Bateman continued the project by 
simplifying Bieszk’s design and creating a physical model.12  This research is unique in that the brain model was 
created to mimic blood flow patterns and temperature differences along the cerebral cortex to analyze the 
applicability of infrared imaging for brain mapping. 
 
2. Methodology 
 
2.1 phantom design 
 
The phantom was designed in the general shape of a single hemisphere of the human brain.  A MIMICS file created 
by a previous REU student, Jen Bateman, was used as a base model for the phantom.  This file was a 3-D model of a 
human brain created by combining MRI images of cross-sectional layers of Dr. Todd Parrish’s brain.  This model 
was imported into MAGICS, where the full brain was cut in half and hollowed, as seen in Figure 3a.    

a. b. 



  
Figure 3. a: the side view of the brain model in MAGICS.  The label indicates the thickness of the brain: 0.5 in.   

b: The vessels on the cerebral cortex.13  The red outline indicates the vessels to be mapped. 
   
   A series of cylinders were mapped and combined to form a web of tubes mirroring the size and distribution of 
blood vessels on the cerebral cortex.  The mapped vessels, shown in Figure 3b, start with the middle cerebral artery 
(MCA), which averages a radius of 0.0474 in.14  The model follows four major branches of the MCA, sized to a 
radius of 0.0329 in.  Over the length of these four branches, the radius was decreased to 0.0237 in, and additional 
branches were created of the same size.  The starting size for the four major branches was calculated by averaging 
the radii of the MCA and cortical arteries (small branches of the MCA averaging radii of 0.0183 in14), as the average 
size of the cortical arteries was too small for the purpose of this model.  The smallest radii used was determined by 
halving the cross-sectional area of the MCA and calculating the new radius. The branches were all connected to a 
single outlet, the same size as the MCA.   
   These vessels were mapped alongside the surface of the brain to mirror the brain’s curvature and keep all of the 
vessels as close to the surface when the two parts were merged.  The vessels were created as separate cylinders, 
continuously merged to create one object.  This method was used to change vessel sizes and most accurately follow 
the brain’s curvature.  Figure 4 shows the model during the process of mapping the vessels around the brain.  
 

      
Figure 4. The front (a.) and side (b.) view of the brain model during the process of mapping the vessels in 

MAGICS. 
 

   The vessel model was imported into Freeform, where sharp edges and uneven connections of the cylinders were 
smoothed to create more realistic vessels.  Once the smoothing process was completed, the vessels were exported 
back into the MAGICS program.  The vessels were inserted just below the surface of the brain, and a Boolean 
process was used to hollow the vessels from the brain, creating a single object.  Short tubes were inserted into the 
model at the entrance and exit of the vessel system to allow easier connection to the pump system. Unused areas of 
the brain were removed to decrease the use of materials, which decreased both cost and print time.  The finalized 
computer model of the brain can be seen in Figure 5a and 5b.  Finally, the completed file was sent to the Rapid 
Prototyping Center to be additively manufactured from Watershed XC, a clear, hard plastic.  Figure 5c shows the 
completed physical model of the brain.    

b. a. 

a. b. 



   
Figure 5. The side (a.) and internal (b.) view of the finalized brain model in MAGICS and the completed physical 

model (c.)15.  The vessels in the internal view are circled in blue. 
 
2.2 Pump System 
 
Water dyed red was used to model blood flowing through the brain.  The water was heated using a Fisher Scientific 
Heating and Water Bath Circulator Model 9101.  It was decided that the water would first be heated to 15 °C above 
the phantom’s surface temperature.  This larger temperature difference was used as a comparison point for heat 
transfer effects.  The water would then be heated to 5 °C above the surface temperature, which would then be 
decreased in 1 degree increments until the temperature difference was only 1 °C.  These temperatures were chosen 
to mimic the actual temperature difference between the surface of the brain and the blood.  
   Before beginning testing with the brain, multiple pump setups were examined.  The first setup used was a single 
closed loop without the brain.  The pump only had a high and low flowrate setting, so this first setup was used to 
measure the flowrates.  The high flowrate was found to be 126 ± 2 mL/s, and the low flowrate was found to be 79 ± 
4 mL/s.  There were concerns that these flowrates could cause damage to the brain, so the second setup examined 
had both a loop with the brain and a bypass loop.  This caused problems, however, because too much water flowed 
through the bypass loop, as it was the path of least resistance.  Finally, a third setup (Figure 6a) was tested using a 
single loop with the brain.  The low flowrate did not cause any damage to the brain and actually slowed down when 
it met the resistance of the smaller vessels.  Figure 6b also shows a close up of the phantom brain with fluid flow.  
This flowrate was found to be 6.8 ± 0.5 mL/s.  The final pump setup was used for the rest of testing.   
 

  
Figure 6. The pump setup (a.) and a close up of the phantom brain (b.). 

 
2.3 Analysis 
 
Once the entire system was set up, a series of trials were run to test the infrared camera’s accuracy at mapping blood 
flow along the surface of the brain.  Tests were run at each of the temperature differences (15, 5, 4, 3, 2, and 1 °C ) 
using a FLIR-62101 T450sc camera.  According to FLIR’s website, the camera has an accuracy of approximately ± 
1 °C, and a noise equivalent temperature difference (NETD) of <30 mK.16  This means the camera should be able to 
see a temperature difference as small as 30 mK.  Before each test, the surface temperature of the brain was measured 
(ranging from 24 – 27 °C ), then the water was heated to create the desired temperature difference.   

a. b. c. 
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3. Results    
 
For the first test, the water was heated to the desired temperature before the brain was put into the flow loop.  
Pictures were then taken at 30 second intervals for 5 minutes. The flow reached steady state (no air bubbles through 
the vessels) within the first 30 seconds.  For this series of trials, the temperature scale of the camera, the range of 
temperatures shown in an infrared image, was adjusted to maintain the most accurate image possible..  Figure 7 
shows an infrared thermal image taken after 5 minutes for each of the phantom/ water temperature differences.  
These images show that small temperature differences between small vessels, like those of the human brain, can be 
seen using infrared thermal imaging.   
 

   

   
Figure 7. Infrared images taken after 5 minutes at each temperature difference. Top temperature differences from 

left to right: 15 °C, 5 °C, 4 °C.  Bottom temperature differences from left to right: 3 °C, 2 °C, 1 °C. 
 
   For the next test, the brain was again placed in the flow loop after the water was heated, and pictures were again 
taken every 30 seconds for 5 minutes.  However, unlike the first test, the scale of the camera was not adjusted.  
Figures 8 and 9 compare these two tests.  Figure 8 shows the 1-minute interval pictures for the second test of the 5 
°C temperature difference (when the camera’s temperature scale was not changed).  While these images capture heat 
transfer across the phantom over time, they also begin to lose their accuracy.  Figure 9 shows the 1-minute interval 
pictures for the first test of the 5 °C temperature difference (when the camera’s temperature scale was changed).  
These images show that as long as the user changes the scale to maintain the most accurate image possible, small 
temperature differences can be seen over significant periods of time. 
 

b. a. c. 
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Figure 8. Infrared images of a 5°C taken every minute without changing the camera’s temperature scale. Top image 

times from left to right: 1 min, 2 min, 3 min.  Bottom image times from left to right: 4 min, 5 min. 
 

   

  
Figure 9. Infrared images of a 5°C taken every minute while changing the camera’s temperature scale. Top image 

times from left to right: 1 min, 2 min, 3 min.  Bottom image times from left to right: 4 min, 5 min. 
 
   The final test was only done at a 15 °C temperature difference between the water and the phantom’s surface.  For 
this test the water was not heated before putting the brain in the flow loop.  The water was set to the exact surface 
temperature of the phantom, and the phantom was put into the loop.  The water was then heated to 15 °C above the 
surface temperature, and pictures were taken every 30 seconds, without changing the scale, until the water reached 
the desired temperature.  Figure 10 shows the 1-minute interval pictures from this test.  They show the heat transfer 
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effects of raising the temperature difference while the brain was in the loop.  The rate of temperature change of the 
pump was measured at .034 ± .001 °C/s or 30 ± 1 s/°C. 
	

   

   
Figure 10. Infrared images taken every minute as the temperature difference was increased from 0 to 15 °C. Top 
image times from left to right: 1 min, 2 min, 3 min.  Bottom image times from left to right: 4 min, 5 min, 6 min. 

 
4. Discussion and Conclusion 
 
The phantom brain has shown that infrared imaging is an accurate option for monitoring blood flow.  If the 
temperature scale is changed to keep the most accurate picture, a clear temperature difference can be seen between 
the water flowing through the vessels and the brain surface.  An infrared camera can see a very small temperature 
difference even after a significant period of time. This makes thermal infrared imaging a viable option for brain 
mapping prior to surgery, which would provide doctors a more accurate image and patients a more accurate surgery. 
 
5. Future Work 
 
The author suggests that future phantoms be created to more closely mimic the human brain.  A phantom should be 
created with multiple flow paths to mimic blood flowing to the different lobes of the brain.  A model should also be 
created that has more vessels, mapped closer together.  Lastly, a phantom should be created of a material that has a 
heat capacity closer to that of brain tissue.  If possible, this author also suggests using a camera with a smaller 
temperature scale.  The camera used in this research could only decrease its scale to a 2 °C range, and a smaller 
scale may give even more accurate images.  
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