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ABSTRACT: 

As a major application focus of vascular ultrasonography, the carotid artery has long been the subject of phantom design and 
procedure focus. It is therefore important to devise procedures that are minimally invasive and informative, initially using a 
physiologically accurate anthropomorphic phantom to validate the methodology. In this paper, a novel phantom design protocol 
is presented that enables the efficient production of a pulsatile ultrasound phantom consisting of soft and vascular tissue mimics 
as well as a blood surrogate fluid. These components, when combined, give the phantom high acoustic compatibility and lifelike 
mechanical properties. The phantom was developed using ‘at-home’ purchasable components and 3D printing technology. The 
phantom was subsequently used to develop a 4D reconstruction algorithm of the pulsing vessel in MATLAB. In pattern with recent 
developments in medical imaging, the 4D reconstruction enables clinicians to view vessel wall motion in a 3D space without the 
need for manual intervention. The reconstruction algorithm also produces measured inner luminal areas and vessel wall 
thickness, providing further information relating to structural properties and stenosis as well as elastic properties such as arterial 
stiffness, which could provide helpful markers for disease diagnosis.  
 
Basic Protocol 1: Constructing a pulsatile ultrasound phantom model 
Support Protocol 1: Creating a vascular mimic mold 
Basic Protocol 2: Creating a 4D reconstruction from ultrasound frames 
 
 
KEYWORDS: human carotid artery, phantom reconstruction, stenosis 

INTRODUCTION: 
Stroke is the third most common cause of death in the developed world (WHO, 2020). While most commonly thought of as 
relating to damage and disease of the cerebral vasculature, stroke can be caused by the same mechanisms lower in the arterial 
track. Occlusive diseases of the carotid arteries play an important role in the onset of stroke. Both symptomatic and asymptomatic 
stenosis of the carotid arteries increase the risk for transient ischemic events, stroke, and recurrent stroke (Strömberg et al., 
2015), (Bonati et al., 2018). It is therefore crucial for early diagnosis and stroke prevention efforts to image and quantify the 
changes in the vascular structure and hemodynamics in the carotid arteries. Traditionally, hemodynamic changes such as high or 
low wall shear stress (Meng et al., 2014), concentrated jets (Yagi et al., 2013), and complex or unstable flow patterns (Roloff et 
al., 2019) play significant roles in the diagnosis and treatment of cardiovascular diseases. The problem with these symptoms is 



that they may not be largely visible until stenosis has progressed significantly. On the other hand, these hemodynamic changes 
have analogues in the vascular tissue. Tissue properties such as distensibility and pulse wave velocity also change in response to 
stenosis and pathology. The major advantage of trying to develop a diagnosis using these tissue properties is that they can be 
calculated based on geometric changes to the vasculature, which is relatively easy to image and quantify. They can also be 
detected possibly long before a large stenosis forms (Thiriet et al., 2015), as even small changes can indicate altered function and 
potential flow disruption. Therefore, studying the severity of the occlusion as well as other vascular parameters is pertinent to 
carotid artery health and diagnosis of disease. 
 
Exams such as carotid duplex sonography already look for the signs of arterial occlusion using ultrasound. Duplex ultrasound is a 
simple imaging protocol and can give technicians critical information regarding the geometry and the flow inside the vessel but  
can miss variations in the vascular tissue such as soft plaque deposits (Anzidei et al., 2012). Additionally, these tests are normally 
only prescribed when a patient exhibits symptoms of occlusive disease because they require manual scanning and interpretation. 
This increases the likelihood that a stenosis will go unnoticed until symptoms show, or ischemic attacks happen. To this end, there 
have been significant efforts towards providing better imaging techniques that require less manual intervention and therefore 
reducing the time needed to conduct them. Recent advancements in ultrasound technology have enabled technicians to view 
ultrasound images in 4D. This type of reconstruction helps with localization and assessment due to the ability to see movement 
and processes in real time. Unfortunately, 4D modalities are often hampered by technical difficulty and relatively lengthy scan 
times. Due to the need to resolve the ultrasound images both spatially and temporally, 4D ultrasound usually requires more 
complex and more expensive machinery than traditional ultrasound. This restricts the use of 4D ultrasound to a clinical setting 
where more infrastructure is available.  
 
To combat the shortcomings of conventional 4D ultrasound and to supplement the diagnostic capabilities of carotid ultrasound, 
we propose an automated method for the segmentation and 4D reconstruction of the carotid artery using a portable ultrasound 
device, an iPad, and a laptop. Much like the idea behind mammograms, this methodology will give clinicians a specific, periodic 
look into at-risk vasculature by transforming carotid imaging into a standard, periodic wellness check. This will enable early 
detection and possible intervention before more drastic measures are needed. Through the segmentation process, geometric 
and mechanical features of the vessel are extracted that characterize the vessel and signal the clinician of potential stenosis and 
changes in the vascular tissue. The method presented in this work was tested using a novel phantom designed to mimic the 
clinical environment, but, with refinement, it could be used alongside or in place of carotid duplex ultrasound in standard visits 
to provide clinicians in traditional and non-traditional work areas with more data to aid in the diagnosis and treatment of carotid 
arterial diseases. 
 
The reconstruction technique described in this protocol was developed utilizing a pulsatile ultrasound phantom that comprises 
of soft tissue, vascular tissue, and blood mimics. The construction and general goal of this phantom is detailed in Basic Protocol 
1 and Supplementary Protocol 1. The reconstruction method is then further described in Basic Protocol 2. Note that Basic Protocol 
2 assumes a basic working knowledge of the MATLAB coding base.  
 
BASIC PROTOCOL 1 

Constructing a pulsatile ultrasound phantom model 

In addition to increasing competency of medical providers, realistic models provide researchers with a controlled environment 
to develop novel, life-saving techniques. Commercial phantoms are available but are often expensive and can be cost prohibitive 
to smaller groups. Thus, the popularity of affordable yet realistic phantoms has increased. The focus of the phantom produced in 
this work was to take the myriad of different recipes present in literature and combine them into a single comprehensive recipe 
that provides physiologically accurate acoustic and mechanical properties. Materials, production methods, and tools were 
selected such as to enable the construction of this phantom almost anywhere using easily obtainable components.   

The protocols below are for the construction of the individual phantom parts. Normal construction of a full phantom started with 
the Vascular phantom step as it took the longest. Both the soft tissue and blood mimics can be made near the end of the cure 
period for the vascular tissue mimics. The full phantom construction is detailed after the individual components. The vascular 
and soft tissue mimics, when stored in a refrigerator, will be useable for up to two weeks. The blood mimic was stored indefinitely 
but will eventually separate necessitating mixing before use.  

Materials: 

 Filtered Water (Any producer) 
 Agar-Agar (Gum Agar; PowderForTexture, Canada) 



 Glycerol (GRM081; HiMedia, Mumbai, India)) 
 Cellulose (435236; Sigma-Aldrich, St.  Louis, MO, USA) 
 Polyvinylalcohol (341584; Sigma-Aldrich, St.  Louis, MO, USA) 
 Graphite (P-11001; Ecoxall, Brighton, MI, USA) 
 PEG 8 Dimethicone (ELL-PEG8DI-01; MakingCosmetics Inc., Redmond, WA, USA) 
 Dextrose [D-+-glucose] (G8270; Sigma-Aldrich, St.  Louis, MO, USA) 
 Detergent (Free+ Clear laundry detergent; Up&Up, Minneapolis, MN, USA) 
 
 Magnetic stir/heat plate (Any producer) 
 200-1000ml beaker glassware (Any producer) 
 Molds/Holding containers for the soft tissue mimic (In-house made) 
 Vascular mimic molds (see Figure 1 and Support Protocol 1) (In-house made) 
 Syringe (60-100 ml) (Any producer) 
 Freezer (Any producer)  
 Refrigerator (Any producer)  
 Craft knife (Any producer) 

 
Protocol steps with step annotations:  

Soft Tissue Mimic: 

Table 1. Soft tissue mimic recipeF 

Material Weight Percentage 

Distilled Water 86.5% 

Glycerol 11% 

Agar-Agar 2.5% 

Cellulose 0.01% if used 

 

1. Measure the mimic components according to appropriate weight percentage but keep them separate. The water should 
be placed in the 1000ml beaker. (See Table 1) 
 

2. Place the beaker with water on the heat plate and place the heat setting between 95C and 100C.  
 

3. Add in the remaining components, one at a time, ensuring complete mixing before adding the next component. Note 
that this step should be done before the mixture reaches 60C to prevent clumping. Order of adding the components is 
unimportant. 
 

4. Allow the mixture to reach a boil (between 90C and 100C). 
 

5. If the soft tissue mimic is being used with the vascular mimic, remove from the heat and allow to cool to approximately 
45C. 

This step is only used when using the soft tissue mimic in tandem with the vascular tissue mimic. The soft tissue mimic 
does not need to be cooled down before being poured, but this will prevent damage to the vascular mimic.  

6. Pour the mimic material into the appropriate molds/holding bins and allow to set at room temperature or colder for at 
least 6 hours. 

Vascular Tissue Mimic: 

Table 2. Vascular tissue mimic recipe 



Material Weight Percentage 

Distilled Water 85% 

PVA 12% 

Graphite 3% 

 
7. Create vascular mimic molds. See Support Protocol 1. 

 
Terminology used in this section is defined in Support Protocol 1.  
 

8. Measure the mimic components according to appropriate weight percentage but keep them separate. The water should 
be placed in the 1000ml beaker. (See Table 2) 
 

9. Place the beaker with water on the heat plate and place the heat setting between 95C and 100C.  
 

10. Mix in the components. If desired, the graphite and PVA powder can be sifted together before mixing.  
 
It is especially important during the addition and heating of the PVA to keep the stir action ongoing. 
 

11. Heat the mixture until it reaches 90C. 
 

12. Remove the mixture from the heat, cover, and allow to degas for a minimum of 12 hours. 
 

13. Use a syringe (60 ml was used for our work) to deposit the mixture in the vascular mimic molds until the mold is full. 
 

14. Allow the molds to rest for 10-15 minutes to ensure the escape of any air pockets. Refill the molds as needed.  
 

15. Place the filled molds in a freezer that is approximately -20C for 24 hours.  
 

16. Place the filled molds in a fridge that is approximately 0C for 24 hrs.  
 

17. Repeat steps 15-16 two more times.  
 
One 48-hour period (consisting of 24 hours of freezing and 24 hours of thawing) is a single freeze-thaw cycle. This recipe 
is based on a three freeze-thaw cycle cure process. This can be changed to alter the vascular tissue mimic’s mechanical 
properties. 

18. Once curing is complete (the desired number of freeze-thaw cycles has been reached), open the molds and remove the 
thin skirt of material around the vascular mimic using a craft knife. 
 
This skirt is simply extra material that was able to be squeezed between the mold halves. It is not necessary to completely 
remove it, but some removal is required.  
 

19. Remove the vascular mimic from the mold and then remove the mold core from the vascular mimic.  
 

a. Once the skirt is removed, separate the vascular mimic (with the mold core still inside) from the outer mold.  
 

b. Wiggle the ECA portion of the vascular mimic so that the snap point in the mold core is broken. (See the note 
on Support Protocol 1, Step 3.) 

 
c. Slowly remove the ECA portion of the mold core from the vascular mimic. 

 
This usually required holding the mold core steady while ‘scrunching’ the vascular mimic ever so slightly so 
that it pulled away from the mold core.  



 
Substances such as mold release may remove the need for this step. 
 

d. Repeat the removal process for the ICA and CCA segments.  
 
The mold core is thin enough that the ICA and CCA connection can be snapped, and the pieces removed, but 
removal was also accomplished by removing everything through the CCA portion of the vessel mimic.  

 
Note that this step is the most delicate in the entire construction process. The removal of the mold core must be done 
carefully and slowly. There was no method determined to be the perfect solution, but slow and small movements seemed 
to work the best.  
 

20. Flush some water through the vessel mimic to remove any remaining particulates.  

Blood mimicking fluid: 

Table 3. Blood surrogate fluid recipe. Original recipe by (Coiado & Costa, 2009) 

Material Weight Percentage 

Distilled Water 74.1% 

Glycerol 15% 

PEG8 Dimethicone 7% 

Dextrose 3% 

Detergent 0.9% 

 

21. Measure out the mimic components according to appropriate weight percentage but keep them separate. The water 
should be placed in the 1000ml beaker. (See Table 3) 
 

22. Dissolve the dextrose in the water under constant stirring. 
 
Note that no heat is required for this portion of the phantom construction but can be helpful in the dissolution of the 
sugar. If heat is desired, do not let the temperature rise above 60C. 
 

23. Combine other ingredients. 
 
Saving the detergent until the end is not necessary but will help to reduce some of the bubbles created by the stirring. 
In addition, if better reflections for tests like Doppler sonography are required, minute of amounts of cornstarch can be 
added to the mixture. The amount is small enough that the fluid exhibits no shear thickening.  

Full Phantom Construction: 

24. Begin the full phantom construction by following the vascular tissue mimic section.  
 

25. While waiting for the vascular phantom to cure, create the mold/container for the soft tissue mimic. See Figure X. 
 
In our experiments, the mold/container for the soft tissue mimic was a 3D printed box with dimensions of 200*70*70 
mm. The walls were 5mm thick. The short ends of the box had holes cut out to facilitate the addition of standard luer 
flow connectors.  
 

26. Once the vascular mimic is completed produce the soft tissue and blood mimics and prepare the soft tissue mimic for 
pouring.  
 



The soft tissue mimic needs to cool down before being poured. It is intended that the soft tissue mimic (while still in 
liquid phase) will be poured onto the vascular mimic inside the mold/container. To prevent damage to the vascular 
mimic and mold/container the soft tissue mimic needs to be below 60 degrees Celsius before being poured. This is as 
simple as leaving it to cool after mixing.  
 

27. Insert the vascular tissue mimic into the mold/container and connect the luers to a pump and reservoir containing the 
Blood mimic. 
 
During construction, this step can be completed with water (or similar) as the intent of the liquid is to create some 
pressure inside the vascular mimic. The blood mimic is only essential when imaging the phantom.   
 

28. Turn on the pump and allow the blood mimic to fill the vascular mimic. Ensure that there is some pressure inside the 
vascular mimic.  
 
This step ensures that the vascular mimic does not collapse during the soft tissue cure.  
 

29. Pour the soft tissue mimic into the mold/container and over the vascular tissue mimic.  
 

30. Allow the soft tissue mimic to cure as per the section above.  
 
The vascular tissue mimic should remain pressurized during the entire cure time. It is not necessary, however, to store 
the vascular mimic in a pressurized state.  

SUPPORT PROTOCOL 1 

Creating a vascular mimic mold 

The vascular phantom used in this work requires the construction of a model vascular system using a Computer Aided Design 
(CAD) software such as SolidWorks. The models have an anatomically correct portion and extended portions to facilitate modeling 
and construction. Websites such as GrabCad often have open-source designs for various anatomically correct vasculature if one 
wishes to skip the initial portion of this protocol. Once the desired geometry is developed, it can be converted into mold cores 
and outer mold halves that are used in the construction of the vascular mimic. In this work, the standard radial enlargement of 
the mold cores was 2mm, resulting in a wall thickness just under 2mm.  

Materials: 

        PLA 3D filament or equivalent (PrusaResearch, Prauge, Czech Republic) 
          Duct Tape (Any brand) 
 
          Prusa MK3S 3D printer [or equivalent] (PrusaResearch, Prauge, Czech Republic) 
          SolidWorks software [or equivalent] (Solidworks; Dassault Systems, Waltham, MA, USA) 
 
Protocol steps with step annotations: 

Figure 1 

1. Create the desired vascular geometry in a program such as SolidWorks.  See Figure 1 for an example. 
 
This is usually done by defining a centerline direction and then adding diameters at various points and then using a 
sweep command to create the anatomically realistic portion of the mold core. For purposes of the creation of Protocol 
2 in this work, the geometry consisted of a depiction of the carotid bifurcation (carotid sinus included) as well as 
vasculature approximately 25 mm proximal and distal to the bifurcation.  

Designs and SolidWorks files for the mold core and outer mold are available from the corresponding author upon 
reasonable request. 
 

2. Using the desired geometry create an outer mold and a mold core.  
a. Create the mold core by adding extensions to the vascular geometry. 



 
b. Create the outer mold using a function such as ‘cavity’ or a process such as binary subtraction.  

Figure 1 gives an example of a created mold core and outer mold in panel B. The gray portion of the image is the mold 
core and the purple portion in the outer mold.  

3. Export an STL file of the vasculature and molds for 3D printing.  
 
Dependent on the model of 3D printer available, it may be necessary to construct the core in separate pieces. In our 
work this was achieved by adding a tab to the end of the ECA at the bifurcation to create a ‘snap-in’ point.  
 

4. 3D-print the necessary mold pieces.  
 

5. Place the mold core into the outer mold and ensure that there is a void between the two. 
 

6. Close the outer mold and use duct tape to seal the seams of the outer mold. 
 
The duct tape is also used as a tensioning device to ensure that the outer mold halves stayed connected during the  
curing process. 
 

 

BASIC PROTOCOL 2:  

Creating a 4D reconstruction from ultrasound frames 

4D ultrasound has been developed as a real-time feature of 3D ultrasound datasets to help provide clinicians with more intuitive 
spatial recognition of the structure they are imaging. The method presented in this protocol can be used alongside a standard 
carotid exam without much extra imaging or input from the patient. The reconstruction is done in such a way as to need only 
minimal input from a physician. The code contains functions inspired or contributed by previous researchers and like the phantom 
portion of this protocol, these functions were combined and doctored to form a single cohesive code-base. 

This protocol assumes a working knowledge of the MATLAB Coding base, this is however the only coding knowledge needed. The 
entirety of the reconstruction code in written in MATLAN Environments and Toolboxes.  

Materials: 

 US phantom (as described in basic protocol 1) 
 Clarius (or similar) handheld ultrasound probe (Clarius L15; Clarius Mobile Health Corp, Vancouver, Canada) 
 Apple iPad [for use with US probe] 
 Doppler ultrasound probe (TCD Probe; RIMED, Indus-trial Park Raanana, Israel) 
 Linear stage (ET-100; Newmark Systems Inc., Rancho Santa Margarita, CA, USA) 
 

MDrive Software [or equivalent linear stage control] (Lexium MDrive Suite; Schneider Electric Motion, Marlborough,  
CT, USA) 

 MATLAB Software (MATLAB and Simulink; MathWorks, Inc., Natick, MA, USA) 
  Image Processing Toolbox is required 
 
Protocol steps with step annotations: 

Phantom Imaging Preparation: 

Figure 2 

1. Once the phantom is fully constructed (as per Basic Protocol 1 and Support Protocol 1), prepare the imaging set-up, 
referencing Figure 2: 



 
a. Connect the completed phantom to a pulsatile/peristaltic pump using the luer connections on the outside of 

the soft tissue mold/container. (Denoted using A in Figure 2) 
 

b. Connect the ultrasound probe to the linear stage. (Denoted as B and C, respectively in Figure 2) 
 
This requires the use of a custom-made, 3D printed adaptor in our experiments. The adaptor was designed to 
follow the curvature on the ultrasound probe on one side and was left open on the other. The back of the 
adaptor had a hole for a bolt that connected it to the linear stage.  Zip ties were used to hold the ultrasound 
probe in place. In Figure 2, the adaptor can be seen as the purple-colored pieces where the C is found and 
connecting to the ultrasound probe.  
 

c. Place the phantom parallel to the linear stage and close/far enough that the ultrasound probe can rest on the 
surface of the soft tissue mimic without any tilt.   
 
Ultrasound coupling gel can be used here, but due to the properties of the soft tissue mimic and direct contact 
with the probe it is not necessary to use.  
 

2. Turn the ultrasound probe/software and the linear stage on.  
 

3. Ensure that the ultrasound image produce is of good quality.  
 
This is a subjective measurement. During the creation of this protocol an ultrasound was deemed good when structures 
were readily visible and there were only minimal to no reflections.  
 
Figure 7 provides an example of what was considered good quality. 
 

4. Move the linear stage to the start position of the reconstruction and prepare the ultrasound software for capture. 
 
The start of the acquisition was usually at one end of the mimicked vessel, but this step is based on the needs of the 
individual researcher.  
 

5. Place the Doppler probe near one of the inlets/outlets of the phantom and ensure that a signal is viewable.  
 
NOTE: It is incredibly important that the doppler signal (or other similar signal) is available for the entire imaging period. 
This signal will be used to time sort the various captures.  
 

Image Acquisition: 

6. Set up the image collection apparatus as per the previous section in this protocol.  
 

7. Provide the linear stage with the pre-programed motion path through the MDrive software. 
 
The exact motion path will be dependent on the dimensions of the created phantom. The motion paths used to create 
the results in this protocol were simple linear movements from point A to point B. These paths were between 100-150 
mm in length (approximately the middle half of the phantom, excluding the inlets/outlets) and had stops every 5mm for 
imaging.  
 
This protocol describes a reconstruction process for only one linear sweep, hence there is only one length dimension (x) 
in the motion path. This means that we are only able to recreate the area seen in the field of view of the ultrasound 
probe. Additions to the code can be made so that larger areas where motion paths in x and y are required can be imaged, 
allowing for the reconstruction of areas larger than the ultrasound field of view. That is however not discussed in this 
protocol.   
 

8. Before running the motion path, start the pump and start the Doppler probe data collection. This is the ‘0’ time point. 
 
The internal clock on the linear stage or a computer can be used to create a timeline, but it was found to be easier, 



albeit more labor intensive, to simply start a stopwatch and note when captures were taken.  
  
This step can be done with any number of similar signals. The doppler measurement is used as a temporal sorting key 
and so signals like an EKG can also be used in a similar fashion.  
 

9. Start the motion path and capture the ultrasound video. Note the time the image was taken.  
 
During our experimentation, this step was completed as such: The linear stage was programed to move 5mm and pause 
every time the enter key was pushed. Once movement was finished, the ultrasound was instructed to capture a 3-second-
long video (1-1.5 seconds will be used in the reconstruction) and the time, measured from the ‘0’ time point, was noted. 
The time values were later given to the code along with the doppler data.  
 

10. Dependent on the method used in step 9, repeat the image capture process until the desired vasculature has been 
imaged.  
 
Rough performance criterion for this step can be seen as total length imaged. The vasculature in our experiments, 
including the inlet/outlet extensions, was approximately 200 mm long. To satisfy the “desired vasculature” image 
criterion, the central 100 mm of the mimic was imaged at 5 mm increments. This resulted in 21-22 ultrasound captures 
for use in the reconstruction code.  
 

11. Export the ultrasound captures to a laptop/desktop for further processing. 
 
This will depend on the ultrasound system used. The Clarius handheld probe saved the ultrasound videos to the cloud. 
They were downloaded as MP4 files and were organized based on location, with the first location getting the label ‘1’ 
and so on. This had to be done by hand and is a limitation of the ultrasound system used to develop this protocol.  

User input: 

See Folder selection and general set-up in supplementary code.  

14. Open MATLAB and load the ultrasound captures. 
 
This is done in two steps in the code provide in supplemental documentation. The first step is to create a path to the 
folder holding the ultrasound captures. This is accomplished using the selpath and directory commands. The second 
step will occur at the beginning of a loop in the image doctoring process. This is accomplished with the VideoReader 
command using the path provided by selpath.  
 

15. Define the vascular geometry using location and area. See Figure 3 (A) and (B). 
 
a.  Using the ginput command in MATLAB provide seeding points by clicking the approximate center of the vessels.  

 
This command provides the user with ‘crosshairs’ on the image and will collect coordinates (x and y pixel 
locations) of where the user clicks. With the loop set up provided in the supplementary code the user selects the 
center(s) of the vessel(s) on the first frame of every ultrasound capture. It is also during this step that the program 
calculates the number of vessels in each capture.  
 

b. Using the freehand tool trace the approximate shape of the vessels. 
 
This command provides the user with the ability to trace portion of images and will create a mask. Normally this 
is used in image manipulation, but we can calculate the total pixel area of the selected region without changing 
the image using the mask.  
 

16. Define and initialize needed variables for the reconstruction. See the Folder selection and general set-up portion of 
the supplemental code for a full list. 
 
The data stored in this portion of the code is less complicated than that of step 2. The variables are either vectors, or 
single variables.  
 



a. Enter and store the ultrasound slice thickness and image spacing.  
 

b. Enter and store the timeline of acquisitions in seconds. 
 

c. Enter and store the doppler ultrasound data and time vectors. 
 

These inputs can be accomplished using the inputdlg and str2double commands. The first collects the user input 
through a dialog box and the second coverts the string into a double-type variable.  
 

 
Figure 3 

Image Binarization and Segmentation: 

See Main Code Body, Image Binarization Function, and Elliptical Approximation Function in supplementary code.  

17. In a for-loop pick the imaging location’s ultrasound video and select a single frame of the ultrasound sound capture. 
See Figure 4 (A). 
 
The number of frames in an ultrasound video can be obtained using obj.NumFrames, where the obj is the video 
opened with VideoReader. A for-loop can then be used with read(obj, img), where img is the frame number, to obtain 
and work on single frames.  
 

18. Convert the single frame into a grayscale image using rgb2gray. See Figure 4 (B). 
 

19. Apply contrast enhancement through thresholding. See Figure 4 (C). 
 
This step was done based on the experience of the user with the ultrasound system and phantom and as such is a 
manual setting. The current settings and command are: adjust([0.15 0.3; 0.3 0.4]). This command takes the given 
value and uses them as bottom and top values. For example, the command used above tells MATLAB to make any 
value 0.4 and above 1. This creates a more drastic difference between the lighter vessel mimic wall and the darker 
blood mimic.  
 

20. Apply an inversion to the image and the compute the areas that are greater than a specified value (usually 0.95) using 
imcomplement and greater than. 
  

21. Apply gaussian filtering to the image in the frequency domain using imgaussfilt. See Figure 4 (D) 
 

22. Apply morphological operations to the image. See Figure 4 (E). 
  
The morphological operation order used in our experiments was as follows: bwareaopen, imclearborder, clean, 
hbreak, erode, spur, majority, and then holes. Most of the previous commands require iterations on the image to run. 
These were capped at 100 iterations as there were greatly diminishing returns versus computational time after this 
point.  

NOTE: Steps 7-10 are all accomplished with the help of the regionprops command. The command will automatically find all the 
measurements listed for any closed ‘true’ area in the binary image. For our experiment the command was used as such: 
regionprops(X, 'Orientation', 'MajorAxisLength', 'MinorAxisLength', 'Area', 'Centroid');. 

 
23. Take the filtered image and compute the normalized image moments of the areas still present in the binarized frame.  

 
24. Computer the center of ‘mass’ of the areas and compared them to the seeding areas given by the user.  

 
25. Select the areas that fall within a defined error bound and save for further computation. 

 
This is accomplished using the values provided by the user’s clicks and the ginput command in step 15a. A simple 
smallest distance comparison was used, and only the values that match the center were kept. This meant that in some 



images 5 areas were found by regionprops, but only 1-2 were kept based on the user input. The new center was also 
kept and passed on for use with the next frame.  
 

26. Take the measurements from the selected areas and using the calculated image moments determine measurements 
for the major and minor axes of an ellipse that approximates the areas.  

 
27. Using a binary mask paste the approximation ellipse into the image using image.roi.Ellipse and e.createMask. See 

Figure 4 (F). 
 
The image.roi.Ellipse command was used as such: images.roi.Ellipse('Center',s(I(ii)).Centroid,... 
'Semiaxes',axes/2,'RotationAngle',rot,'visible','off'). The I(ii) is a vector containing the centers found in step 9, with ii 
being the specific center.  
 

28. Pass the area, major and minor axis, and center measurements back for later use.  

This can be accomplished by concatenating center/axis vectors after each frame and then passing them to a cell 
variable outside of the image manipulation function.  

 
29. Repeat steps 18-28 for every frame in the ultrasound video.  

 
30. Repeat this section for every ultrasound video. 

 

Figure 4 

 

Time Sorting: 

See Time Sorting Function in supplementary code.  

31. Using the time recorded for the start of an image acquisition and find the corresponding ‘start’ element in the Doppler 
data vector. See Figure 4 (A) 
 
As an example, ultrasound acquisition 1 starts at 0 seconds, acquisition 2 at 4.6 seconds, and so on. These points along 
the Doppler data (0 seconds, 4.6 seconds, etc.) and the acquisition length are used to define the portion of the doppler 
signal that occurred during the ultrasound capture. Because the Doppler signal is periodic, it can then be used to sort 
and combine the ultrasound captures as if they had all happened at once.   
 

32. Using the duration of the ultrasound acquisition find the corresponding ‘end’ element in the Doppler data vector. See 
Figure 5 (A).  
 

33. Copy the relevant portion of the Doppler data vector into a new variable and normalize it such that the ‘start’ element 
is at 0.  
 
These vectors need to be normalized because the ultrasound program captures start at 0 seconds and so the doppler 
signal needs to ‘restart’ at every capture point. The normalization is relatively easy, it is simply the image acquisition 
time subtracted from the time point of the doppler data.  
 

34. Find the peaks in the cut-out Doppler vector and determine an average period length. See Figure 5 (B). 
 
The MATLAB command findpeaks will search for and find points in the data where the preceding and following points 
have a smaller value. Using these points, we can subtract the times from one and other to find an average time in 
between peaks. The time between peaks should vary only very minutely, and so the average period is okay to use.  
 

35. Find the time location of the first peak in the Doppler data vector and the corresponding ultrasound frame. 
 



a. For the Doppler data use the first element in the vector provided by findpeaks. 
 

b. Create a vector for the time points that define the frames of the ultrasound capture.  

Due to the frames-per-second limitation of the ultrasound machine, a single frame will constitute a period of 
time instead of a point (5 hundredths of a second, at 20 FPS for example). To determine frame location, a 
second time vector is needed. Using the 20 FPS example, the time vector would have points of .025 seconds, 
.075 seconds, and so on.  

c. Find the time points in the Doppler data and frame time vector that most closely match.  
 
The matching in this step is calculated by time difference, with the best match have the smallest amount of 
difference. 
 

36. Add the average period to the first peak and find the corresponding ultrasound frame. 
 
This process is the same as step 35, but the time point in the doppler data is the ‘0’ point plus the average period found 
above. The Time Sorting Function in the supplementary code combines steps 35 and 36 and computes both at the same 
time.  
 

37. ‘Cut’ the time region defined by the first peak and added period out of the ultrasound acquisition. 
This is done by creating a new matrix and copying the desired portion of the image matrix into the new one. At this 
point, the image variable is in binary and so the copying action can be done by equating the new variable to a portion 
of the image matrix. For example x = y(:, :, ix(1):ix(2)), where ix(1) and ix(2) are the locations that were found in step 35 
and 36.  
 

38. Save this cut-out for later reconstruction. 
 
This is accomplished in the supplementary code by passing the matrix found in step 37 back into the main code and 
concatenating it behind other reconstruction matrices. The results is a 4D matrix. In this scheme, dimensions 1 and 2 are 
the 1’s and 0’s of the images, dimension 3 is the frame of the image acquisition, and dimension 4 is the location of the 
acquisition (meaning location 1, 2, etc.).  
 

39. Repeat steps 31-38 for every ultrasound video.  
 
The steps for creating the data vectors of inner luminal area, distensibility, etc. are the same, but are done on the 
respective data vectors instead of the ultrasound image matrix.  
 

Figure 5 

 

Interpolation and Reconstruction: 

See Main Code Body under %Frame and Cine Construction in supplementary code.  

40. Re-order the full construction matrix such that the first two dimensions are x and y pixel data, the third dimension is 
location, and the fourth dimension is frame number. 
 
This is exchanging the 3rd and 4th dimensions of the matrix created in step 38. The image data will remain the same.  
 

41. Take the first ‘frame’ of data, this will be a three-dimensional matrix.  
 
Using the 4D matrix scheme this will look something like x = y(:, :, :, 1), where 1 refers to the frame number currently 
being used for reconstruction. 
 

42. Interpolate between the matrix slices in the third dimension using binary image interpolation.  



 
This was done via distance mapping. See Literature Cited (Holcombe, 2014). This method works by creating a distance 
map: a derived representation of the image. The map assigns distances based on proximity to the nearest obstacle pixel 
(the boundary of the ‘true’ areas in this case). The function created by Holcombe then takes these maps and creates 
intermediate maps using interpolation between the two original maps.  
 

43. Smooth the data using a 3D gaussian filter (smooth3(x, 'gaussian');).  
 

44. Create an isosurface using the expanded 3D matrix.  
 
This takes two commands including patch and isosurface used as such: patch(isosurface(x,0.9));. The 0.9 is the threshold 
for the isosurface command. Because the images are binary, a threshold of 1 should be okay, but it was found that 0.9 
returned better images.  
 

45. Save the isosurface as a frame in a gif. 

This is done in a loop. The loop will need to start before step 41 and end after saving the gif. This is done using the 
following commands: [imind,cm] = rgb2ind(im,256); and imwrite(imind,cm,filename,'gif','WriteMode','append',... 
'DelayTime',(1/Frrt));  
 

46. Repeat steps 40- 45 for all frames in the original 4D matrix.  
 

47. Display the gif and plot the time-sorted data vectors.  

COMMENTARY: 

Background Information: 

Properly designed anthropomorphic phantoms are invaluable in the development of vascular ultrasound techniques 
such as the method described in this work. Using correctly designed phantoms drives the technological development 
and understanding of the carotid diagnostics. The presented phantom was used to accomplish this and serve as a test 
bed for the development of the 4D reconstruction with geometric feature and elastic response extraction.   

The 4D reconstruction methodology presented in this protocol provides the basis for a quantitative tool to study carotid 
pathology and tissue properties as a means of accurate visualization and assessment in the diagnosis and treatment of 
carotid occlusive disease and stroke. It reconstructs patient specific scans and their motions in 4D automatically through 
a binarization and segmentation process with minimal user input. Testing was conducted using different geometries of 
the pulsatile ultrasound phantom also developed in this protocol and was shown to accurately reconstruct the vessel 
to within 3% error. With further developments, this methodology promises to give clinicians the ability to conduct 
carotid testing on a regular basis, helping to diagnose vascular diseases it their early stages through the measurement 
and display of geometry and vascular tissue properties. The reconstruction protocol described in this protocol is 
intended to work as a foundation for further developments in the area. In its current form, the methodology provides 
preliminary results on physiological questions surrounding vascular wall motion and is intended to be a springboard for 
others to further develop this method. Continuous development of the methodology is already underway, with changes 
to the image segmentation and time sorting are being put in place to increase the accuracy of the reconstruction. In 
particular, the segmentation algorithm is being redesigned to work with actual vascular images. Moving from the 
phantom to full carotids requires these updates as real vasculature is not nearly as pristine as the phantom. Updates to 
the use of contrast and possibly even machine learning are applicable in this area as useful tools to better define the 
inner luminal areas for reconstruction. Additionally, updates to the code will remove unnecessary steps or condense 
functions to reduce computational time and load. 

As noted in the introduction, the carotid arteries – and by extension carotid occlusive disease – are rarely imaged unless 
the patient is exhibiting symptoms of stenosis or occlusion. This is because exams like carotid duplex require clinicians 
to manually scan and interpret the data. This method attempts to overcome these limitations by providing a completely 
automated acquisition and interpretation platform that is user independent. Without the need for manual intervention, 
carotid exams could become part of annual wellness checks, allowing for a comprehensive look at a patient's carotid 
arteries on a regular basis without a large uptake in the time required of clinicians. The methodology also provides 
information about the current properties of a patient's vessels and gives an intuitive visual aide and other nuanced 



clinical information to those conducting the test. Carotid imaging using this methodology could be ordered and 
scheduled on an annual basis to provide constant observation of the vasculature. Further improvement of the clinical 
applicability of the methodology can also be achieved by its integration with other imaging modalities. For example, 
the combination of the wall motion provided by this methodology and the flow dynamics provided by imaging 
modalities such as time-of-flight MR promise to not only drive understanding in a laboratory setting, but also patient 
outcomes with patient-specific diagnosis and treatment. 

Critical Parameters: 

Phantom: 

The critical parameters for the phantom model are the constituent weight components and the cure process/time for 
the PVA vascular mimic. These parameters represent the aspect of the methodology that is most available to user 
manipulation. Changing the weight percentages of the glycerol will change the acoustic properties, such as speed of 
sound, of the mimics. Weight percent changes to the agar, PVA, and dimethicone will vary the mechanical properties 
of the respective mimic they are used in. Changes to the weight percent in the structural material for the soft tissue 
(agar) and vascular tissue (PVA) mimics will affect their stiffness. The current recipes reflect mimics that closely 
resemble the elasticity of the respective human tissue, but this can be changed based on user needs. This methodology 
will not be affected by small changes to procedure: larger changes will be needed to drastically change the material 
properties of the mimics. Changing the structural material in the mimics will also increase or decrease their durability. 
The general tradeoff for more durability (larger weight percentage of structural material) is less physiologic accuracy, 
specifically regarding mechanical properties. Recipe changes are encouraged to help drive the phantom to physiologic 
accuracy, however.   

4D Reconstruction: 

This methodology comes with a major limitation that proved to be a critical focus of the imaging regime, namely, 
contrast. The methodology relies on contrast to accurately determine where the inner luminal area is. This then 
becomes a critical parameter because it cannot always be assumed that contrast will be sufficient. Originally an attempt 
was made to find the inner lumina of the simulated vessels using a Hough transform, but because the vessels were/are 
not always nearly circular the transform often failed and so the transition was made to using contrast and binarization 
on the ultrasound images. Obvious cases of poor contrast can be seen with the naked eye, but images where contrast 
is only just too low can make it through the code. Thus, another critical parameter is experience with the imaging system 
and phantom(s) used to capture images. The effort to create good contrast was usually constrained to the outer lumina 
reconstruction – due to the tissue and blood mimics normally having good contrast- but could become a problem for 
the inner lumina when reflections, particulates, or other echogenic materials are viewable in the ultrasound image. As 
mentioned above, most of the noise created by this problem can be effectively removed using a data filter. In a similar 
vein, the number of vessels the user selects in the initial input phase of the code can become a critical parameter. 
Owing to the contrast focus on the code, some portions of the bifurcation will be deemed as a single vessel by the 
program. This usually only occurs right at the bifurcation when only a small membrane or piece of tissue separates the 
two vessels. Mismatches in the user entered and program found number of vessels will cause a data matrix later to be 
unable to be concatenated.  

Troubleshooting: 

Table 4. Troubleshooting Guide for phantom production and 4D reconstruction  

Problem Possible Cause Solution 

PVA vessels 
fall apart 
easily 

The vessel is not completely 
thawing during the thaw phase 
of curing 

Ensure that the fridge is warm 
enough to ensure proper 
thawing 

‘Out of 
memory’ 
Error 

The computer has run out of 
memory computing the 
isonormals of the constructed 
surfaces.  

Comment out the isonormal 
commands.  



Program 
fails during 
the 
binarization 
and 
segmentati
on process, 
A. 

The contrast in the image was 
such that ‘bridges’ formed 
between removed areas and 
the inner luminal area during 
image reconstruction. 

Manipulate thresholding 
values for better contrast. This 
will require some trial and 
error.  

Program 
fails during 
the 
binarization 
and 
segmentati
on process, 
B. 

Images near bifurcations 
(where a human eye can make 
out two distinct vessels) can 
sometimes be viewed as a 
single vessel due to 
thresholding and image 
manipulation.  

A. If the location of the fault 
is known, define the 
location as a single vessel. 

B. Refer to solution for part 
A.  

The 
reconstructi
on has 
random 
spikes and 
offshoots 

Portions of the wall and/or 
surrounding tissue may have 
appropriate thresholding 
values to be included in the 
inner luminal reconstruction. 

A.  Increase amount of graphite in 
the PVA recipe and decrease / 
use no cellulose in the soft 
tissue recipe.  

B. Manipulate thresholding 
values.  

 

Statistical Analysis:  

Relative error was used when discussing the accuracy of the reconstruction methodology, but there are otherwise no 
significant statistical tests done in this protocol.  

Understanding Results: 

Phantom: 

Table 5. Measured phantom material properties 

Phantom Parameter Goal Soft Tissue Mimic Vascular Tissue 
Mimic 

Blood Mimic 

Speed of Sound 
(m/s) 

1435-1660 1658.2 ± 129.7 1623.7 ± 67.3 -- 

Attenuation 
[dB/(cm*MHz)] 

0.22 - 1.5 0.504 ± 0.143 0.84 ± 0.079 -- 

Viscosity (cPs) 3-8 -- -- 1.89 ± 0.14 

 
 

The material parameters of the phantom, summarized in Table 5 above, show that the materials have strong acoustic 
compatibility with one and other and are like real tissues. Compared with previous literature (Hoskins, 2007) and (Wells 
& Liang, 2011), the attenuation in the PVA and agar phantoms are within the range of normal soft tissues. The PVA 
vessel attenuation is slightly lower than nominal vascular tissue but stays within the realm of soft tissue attenuation. 



Variations in the body can be large and so both mimics are considered a success with regards to attenuation properties 
based on the values presented above. Both the PVA and agar phantoms recipes show a speed of sound slightly higher 
than what is expected of normal tissue. This result was expected due to the glycerin inclusion in the agar and a slightly 
higher than normal weight percentage of PVA. The changes to the recipes were intended to help the longevity of the 
phantom. As shown, extra additions will cause the speed of sound of the materials to be on the high end of the interval 
that is commonly accepted for human soft tissue, but this will have no effect on imaging ability. Acoustic testing for the 
blood mimic was not completed due to its similarity with water. The inclusion of glycerol in the blood mimic recipe will 
increase the speed of sound to around 1550 m/s based on other similar recipes. The blood mimic's similarity with water 
also allowed for the assumption that its attenuation is approximately the same as water. 

The focus of the blood mimic was to create a fluid with approximately the same viscosity as blood so that it responded 
similarly to dynamic changes in the flow. It succeeds in this regard as a replacement for plasma (1.8 cPs) but will need 
slight doctoring to better approximate whole blood. It can however be used in place of other, more expensive mimics. 
The viscosity can further be increased by using more dimethicone, up to 12% based on experimentation. The fluid does 
not display shear thinning or thickening (as expected) and its viscosity is temperature independent in the range of 24 
degrees Celsius (room temperature) to 37 degrees Celsius (body temperature). The PVA and Agar were not tested 
mechanically due to various situations arising from COVID restrictions but have been shown to approximate the 
mechanical properties of tissues well by other groups. Specifically, the PVA vessel mimic (at 10 wt%) has been shown 
to approximate the elastic modulus of arteries well ((Chee et al., 2016) and (Mix et al., 2018)). Unlike real tissues, the 
PVA and Agar mimics are isotropic and so won't behave on a large scale like vasculature but can been used as good 
replicas incrementally. Things such as fibers and other inhomogeneities can be added to create a more realistic material 
response if necessary. 

Results for the imaging of the ultrasound phantom are subjective as to what constitutes good contrast and a good 
image. As such, reporting results for this methodology should be done in a similar manner as mentioned above: 
providing acoustic measurements and, if needed, mechanical measurements as well. Because the phantom was used 
to develop a new 4D reconstruction methodology a portion of the phantom results are tied up in the results and 
discussion of the reconstruction.  

4D Reconstruction: 

Table 6. Error comparison for reconstruction methodology 

Design Type Caliper Measurement Clarius System Error Reconstruction Error 

Straight 6.18 mm 1.48±0.80% 1.39±1.125 
Bifurcated 6.81mm 

5.25mm 
4.34mm 

3.44 ± 3.17% 3.17 ±1.92% 

Bifurcated with Stenosis 8.05mm 
6.52mm 
5.29mm 

3.29±2.26% 3.29±1.93% 

Stenosis 39% -- 8.79% 

Total Error -- 2.81%±2.51% 2.67%±1.92% 

 

The presented algorithm using the provided seeding points can effectively discriminate between the vessel lumen(s) 
and surrounding mimic tissue. During the reconstruction pixels are lost due to the various morphological steps, but this 
on average accounted for only a 3% change in the calculated vessel area versus measurements performed using calipers 
(see Table 6). This converts to a variation of about 0.2 mm in the largest vessels and 0.1mm in the smallest vessels. The 
measurements were conducted at 12 locations. The table shows that the reconstruction measurements all exhibit low 
error, which is indicative of accurate reconstruction. The variation from the design parameters can be attributed to 
expansion during construction and testing due to the pressure provided by the pump. The stenosed vessel was designed 
with a stenotic feature of 50% and contained a luminal diameter reduction in only one direction. This can be thought 
of as a reduction in diameter in the lateral direction while the anterior and posterior radii remained the same. The 
methodology found the location of the stenosis accurately but varied from the measured stenosis value by about 10% 
(Table 6, column 4). The discrepancy can be attributed to the shape of the vessel. The code assumes circular cross 



sections when calculating distensibility and stenosis when in actuality the stenosed section of the vessel was elliptically 
shaped. This leads to the conclusion that an idealized circular approximation is likely inappropriate for a multi-
dimensional diameter change. In large vessels that are already approximately circular this assumption is more valid. 
Using ECST criteria and the estimated luminal diameter at the level of the stenosis gives a stenosis value of 42.5% 
compared to 39% from NASCET criteria. Both NASCET and ECST criteria indicate the stenosis is mild (value < 50%). This 
suggests that the stenosis feature in its current state is useful for localization but will need further work to be usable in 
stenosis measurement.   

Computationally, the method can struggle. As part of the reconstruction process the program is tasked with finding an 
isometric surface that represents the binary reconstruction matrix. During this process, the isonormals of the data 
points can be found to help create a smoother looking isosurface. This step sometimes caused the laptop being used 
(Dell G7, Gen.9 i7 processor, 16 Gb RAM) to run out of memory during the reconstruction process if there were too 
many slices in the reconstruction matrix (approximately 400 after interpolation). This however was only a problem if 
the isonormal command is run. The command can be skipped to improve computational time and strain but is cited by 
MATLAB documentation as causing a degradation in the displayed reconstruction. This effect was compared visually; 
no large differences were noticed between the isonormal reconstruction, or the standard (triangle normal) 
reconstruction calculated by MATLAB and so it is recommended to run the program without the isonormals addition. 
The small step size and interpolation already ensure a relatively smooth reconstruction. The computational time can 
vary from 13 minutes (1 vessel, 10 locations, 5mm spread at .25mm interpolation thickness) to approximately 35 
minutes (Bifurcated vessels, 16 locations, 5mm spread at 0.25mm interpolation thickness). The laptop used for the 
reconstructions was used for daily needs as well, and so computational times should be improved when using a 
dedicated system that is not as bogged down with other processes. Scan times are still approximately the same as other 
ultrasound imaging tests. When using 5 second captures, imaging for 20 locations lasted approximately 3 minutes. 20 
scan locations spaced at 5mm were sufficient for the phantom carotid reconstruction tests conducted but might not be 
sufficient for more tortuous or numerous geometries. Scan times for this method are relatively short (2-5 minutes), but 
dependent on the number of scans taken, the computational time can put this method on par with CT, MRI, and other 
long lasting imaging tests time wise. 

Results for the reconstruction should be interpreted in terms of ‘variation from the norm’. Furthermore, although more 
features will be added in the future, the reconstruction methodology should be used more to see variation among 
imaging locations and between different tests rather than hard calculations. Results such as the area versus time plots 
provided by the reconstruction code should be looked at to ensure that every imaged area along the vessel length 
follows the same pattern as all the others. Things like percent diameter change can be helpful here because it can show 
changes in the vasculature if a pattern is not followed or if it is vastly different from the immediately preceding and 
immediately following measurements. Additionally, the 3D reconstruction of the vessels should be relatively smooth; 
there should be no sudden changes in geometry as these indicate errors in the reconstruction process.  

Example Results: 

The program in combination with the pulsatile phantom will output two reconstructions, both 4D and 3D. The 4D 
reconstruction shows pulsatility and is currently locked in orientation. The 3D reconstruction is moveable and scalable 
in space. In addition, the program will output 3 plots: estimated inner luminal area, estimated wall thickness, and 
estimated distensibility for the imaged vessel(s). Figures 5, 6 and 7 are examples of the code output. An example of the 
4D reconstruction is included in the supplemental documentation.  

Figure 6 

Figure 7 

Figure 8 

Time Considerations: 

Phantom: The construction of the phantom will take approximately 1 week. Labor time will only be approximately an 
hour (outside of geometry design), but the required freeze-thaw cycle causes the entire protocol to last much longer.  



4D Reconstruction: The reconstruction program works relatively quickly. Scans take approximately 2-5 minutes, with 
another approximately 5 minutes used by the program user in downloading images and providing the program with 
appropriate inputs. The program will then run for approximately 20 minutes.  
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FIGURE LEGENDS: 

Figure 1. (A) Digital rendering of designed carotid bifurcation. Dimensions and general anatomy are included.; (B) 3D printed 
mold core and outer mold based on the dimensions and anatomy given in 1 (A). The mold core is gray, and the outer mold is 
purple.  

Figure 2. Rendering of the image acquisition setup. On the left of the image is the phantom and ultrasound machines. The 
phantom is rendered without the soft tissue mimic and luers. On the right of the image is the linear stage and adaptor for the 
ultrasound probe. Not picture in this figure are the laptop/computer and pump that both will be needed for system operation.  

Figure 3. Required user input for the initialization of the program. (A) The user clicks on the approximate center of the vessel to 
seed for later operations; (B) The user traces the approximate shape of the vessel to seed for later operations.  

Figure 4. General movement of the binarization and segmentation process. The image shown was taken using a vascular mimic 
with two vessels. These images were taken after all user input has been completed. The panels describe: (A) The original 
ultrasound frame; (B) ROI selection and Gray Scale conversion; (C) Initial contrast enhancement; (D) Greater than and Gaussian 
filtering applied; (E) Binarization function output; (F) Segmentation and elliptical approximation output.  

Figure 5. Visual representation of time-sorting algorithm. (A) Selection of TCD data localized to the ultrasound capture; (B) 
Snipping frames corresponding to one period of the TCD signal. tf – frame duration; td – capture duration; tp – pulse period.  

Figure 6. Example reconstruction of two different geometries of carotid bifurcation. (A) Stenosed bifurcation; (B) Nominal 
bifurcation. 

Figure 7. Comparison of 3D reconstruction and location information. Red colors on the plots were not used on the 
reconstruction due to low visibility. Row (A) corresponds to the top left vessel; Row (B) corresponds to the top right vessel; 
Row(c) corresponds to the bottom vessel.  The plots on the left side of the image show the measured wall thickness at various 
points along the vessels over time. The plots on the right side of the images show the inner luminal area at various points along 
the vessels over time. The results presented in this figure are not given by the code in this form. The code presents all measured 
inner luminal area, wall thickness, etc. on a single plot, respectively.  

Figure 8. Comparison of healthy and stenosed vasculature geometry in the pulsatile phantom. The stenosed location and its 
corresponding spot in the healthy vessel are marked by the red arrow.  
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