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SUMMARY: 36 

This protocol describes the fabrication of a patient specific skull, brain and tumor phantom. It 37 

uses 3D printing to create molds, and polyvinyl alcohol (PVA-c) is used as the tissue mimicking 38 

material.  39 

 40 

ABSTRACT:  41 

Phantoms are essential tools for clinical training, surgical planning and the development of novel 42 

medical devices. However, it is challenging to create anatomically accurate head phantoms with 43 

realistic brain imaging properties because standard fabrication methods are not optimized to 44 

Manuscript Click here to access/download;Manuscript;61344_R2.docx

https://www.editorialmanager.com/jove/download.aspx?id=1200060&guid=07529da4-762a-475f-9d55-e0fc7178a1fc&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1200060&guid=07529da4-762a-475f-9d55-e0fc7178a1fc&scheme=1


   

Page 1 of 13 

 

replicate any patient-specific anatomical detail and 3D printing materials are not optimized for 45 

imaging properties. In order to test and validate a novel navigation system for use during brain 46 

tumor surgery, an anatomically accurate phantom with realistic imaging and mechanical 47 

properties was required. Therefore, a phantom was developed using real patient data as input 48 

and 3D printing of molds to fabricate a patient-specific head phantom comprising the skull, brain 49 

and tumor with both ultrasound and X-ray contrast. The phantom also had mechanical properties 50 

that allowed the phantom tissue to be manipulated in a similar manner to how human brain 51 

tissue is handled during surgery. The phantom was successfully tested during a surgical 52 

simulation in a virtual operating room.  53 

 54 

The phantom fabrication method uses commercially available materials and is easy to reproduce. 55 

The 3D printing files can be readily shared, and the technique can be adapted to encompass many 56 

different types of tumor.  57 

 58 

INTRODUCTION:  59 

Phantoms mimicking the specific properties of biological tissues are a useful resource for various 60 

experimental and teaching applications. Tissue-mimicking phantoms are essential to characterize 61 

medical devices prior to the clinical use1,2 and anatomical phantoms are frequently used in the 62 

training of medical staff in all disciplines3–7. Patient-specific anatomical phantoms made with 63 

appropriate tissue-mimicking properties are often a critical part of the testing environment and 64 

can increase the confidence of clinicians who are learning to use  a new device8,9.  However, high 65 

manufacturing costs and complex fabrication processes often preclude the routine use of 66 

patient-specific phantoms. Here, a method is described for manufacturing a durable, patient-67 

specific brain tumor model using readily available, commercial materials, which can be used for 68 

the training and validation of intraoperative ultrasound (US) using computerized tomography 69 

(CT) imaging.  The phantom described in this study was created using data from a patient with a 70 

vestibular schwannoma (a benign brain tumor arising from one of the balance nerves connecting 71 

the brain and inner ear) who subsequently underwent surgery and tumor resection via a 72 

retrosigmoid suboccipital craniotomy10. The phantom was developed in order to test and validate 73 

an integrated intraoperative navigation system for use during this type of brain tumor surgery. 74 

 75 

In order to be suitable for this application, the brain tumor phantom needs to possess several 76 

key properties. First, it should be made of non-toxic materials, so it can safely be used in a clinical 77 

training environment. Second, it should have realistic imaging properties; for the intended 78 

application, these specifically include ultrasound attenuation and CT contrast. Third, it should 79 

have similar mechanical properties to human tissue so that it can be handled in the same way. 80 

Fourth, the phantom should be based on real patient data, so that it is anatomically accurate and 81 

can be used for surgical planning and training. Finally, the materials used must be durable, so 82 

that the phantom can be used repeatedly. 83 

 84 

In general, the tissue-mimicking material and fabrication method chosen for a phantom depends 85 

on the intended application. For rigid structures like the skull, the chosen property should not 86 

deform or be water-soluble and it should be able to maintain an accurate level of anatomical 87 

detail with repeated use; this is especially important when using the phantom for experiments 88 
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where image registration is used and for surgical simulation purposes. Mineral oil based materials 89 

such as gel wax have been promising for ultrasound11,12 and photoacoustic13 imaging 90 

applications, however, when subjected to repeated mechanical deformation they become 91 

friable, so cannot withstand extended use, especially with standard microsurgical neurosurgery 92 

instruments. Agar and gelatin are aqueous materials that are also commonly used as tissue-93 

mimicking materials. The additives needed to adjust the acoustic properties of these materials 94 

are well known14, but they have limited mechanical strength and are not particularly durable so 95 

are not suitable for this application, where the phantom needs to be repeatedly handled.  96 

 97 

Polyvinyl alcohol cryogel (PVA-c) is a popular choice of tissue-mimicking material, because its 98 

acoustic and mechanical properties can easily be tuned by varying its freeze-thaw cycles. It has 99 

been shown that the properties of PVA-c are similar to those of soft tissues15–18. PVA-c based 100 

brain phantoms have been used successfully for ultrasound and CT imaging19. The material is 101 

strong enough to be used repeatedly, and it has a high degree of elasticity, so phantom tissue 102 

made of PVA-c can be manipulated without being permanently deformed.  Polylactic acid (PLA) 103 

is a readily available rigid material and was used to manufacture the skull, however, a different 104 

printing material can be used in place of PLA, if it has similar mechanical properties and is not 105 

water soluble. 106 

 107 

Brain phantoms in particular have been fabricated using different methods, depending on the 108 

level of complexity required and the tissues that need to be replicated20–23. Usually, a mold is 109 

used, and liquid tissue-mimicking material poured into it. Some studies have used commercial 110 

molds24 whilst others use 3D-printed custom molds of a healthy brain, and simulate brain lesions 111 

by implanting marker spheres and inflatable catheters19,25. To the best of the author’s knowledge, 112 

this is the first report of a 3D-printed patient-specific brain tumor phantom model created with 113 

tissue-mimicking ultrasound and X-ray properties. The total fabrication is visualized by the 114 

flowchart in Figure 1; the whole process takes around a week to complete. 115 

 116 

PROTOCOL:  117 

This study was conducted according to the principles expressed in the Declaration of Helsinki 118 

and was approved by the NHS Health Research Authority and Research Ethics Committee 119 

(18/LO/0266). Informed consent was obtained, and all imaging data were completely 120 

anonymized before analysis. 121 

 122 

1. Data 123 

 124 

1.1 Obtain pre-operative contrast-enhanced T1-weighted Magnetic Resonance Imaging (MRI) 125 

and volumetric computed tomography (CT) data.  126 

 127 

1.1.1 If acquired in Digital Imaging and Communications in Medicine (DICOM) format, convert 128 

to Neuroimaging Informatics Technology Initiative26 (NiFTI) format for processing and analysis. 129 

 130 

1.2 Obtain intraoperative ultrasound data. 131 

 132 
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2. Segmentation 133 

 134 

2.1 Install software to segment the patient data with.  135 

 136 

2.2 Skull segmentation 137 

 138 

NOTE: The steps involved in segmenting the skull broadly follow those outlined by Cramer and 139 

Quigley27 on https://radmodules.com/, but are adapted to create an appropriately-sized 140 

craniotomy. 141 

 142 

2.2.1 Load the patient’s volumetric CT scan in segmentation software, open the Segment Editor 143 

module and create new segmentation named ‘Skull’. 144 

 145 

2.2.2 Use the ‘Threshold’ function to highlight the skull. 146 

 147 

2.2.3 Remove any unwanted segmentations (e.g., skin calcifications, mandible, C1/2, styloid 148 

process, the CT patient frame, and any annotations embedded within the image). Use the 149 

‘Scissors’ function to remove parts when viewing the model 3D and make use of the ‘Islands’ 150 

function after manually disconnecting any unwanted structures using the ‘Erase’ function. 151 

 152 

2.2.4 Manually correct any gaps in the segmentation that were missed during thresholding 153 

using the ‘Paint’ and ‘Draw’ functions (e.g., lamina papyracea, cortical edge of the mastoid bone 154 

and ethmoid bone). 155 

 156 

2.2.5 Use the ‘Paint’ and ‘Draw’ functions to fill in the foramen magnum and create a 5 mm 157 

protruding spike upon which the lower part of phantom model can be secured. 158 

 159 

NOTE: The location of the spike is best determined on the coronal and sagittal image planes. 160 

 161 

2.2.6 Apply the ‘Smoothing’ function. Use a median smoothing setting of 1.0 mm (3 × 3 × 1 162 

pixels) to minimize the amount of detail lost. 163 

 164 

NOTE: If the phantom model must include a complete intact skull (e.g., to facilitate surgical 165 

simulation of creating an appropriately located craniotomy), move to step 2.2.15; however, if a 166 

craniotomy is required in the model, complete steps 2.2.7 to 2.2.14. 167 

 168 

2.2.7 Click ‘Add’ to add a new segmentation and name it ‘Skull Craniotomy’. 169 

 170 

2.2.8 In the ‘Segmentations’ module, copy the ‘Skull’ segmentation across to ‘Skull Craniotomy’ 171 

using the ‘Copy/Move Segments’ tab.  172 

 173 

NOTE: Both the ‘Skull’ and ‘Skull Craniotomy’ segmentations are needed in order to be able to 174 

perform the functions described in steps 2.2.9 to 2.2.13 175 

 176 
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2.2.9 Use the ‘Scissors’ function to remove an appropriately-sized craniotomy in ‘Skull 177 

Craniotomy’.  178 

 179 

NOTE: Creating the craniotomy this way will, also, remove an addition portion of skull on the 180 

opposite side hence the need for steps 2.2.11 to 2.2.14. 181 

 182 

2.2.10 Click ‘Add’ and add a new segmentation; name it ‘Craniotomy Only’. 183 

 184 

2.2.11 In ‘Craniotomy Only’ select the segmentation ‘Skull Craniotomy’ and use the ‘Logical 185 

Operator’ function to subtract ‘Skull Craniotomy’ from ‘Skull’. 186 

 187 

2.2.12 Use the ‘Scissors’ function to erase everything except the desired craniotomy on the 188 

correct side of the tumor, saving ‘Craniotomy Only’. 189 

 190 

2.2.13 In ‘Skull Craniotomy’ use the ‘Logical Operator’ function to subtract ‘Craniotomy only’ 191 

from ‘Skull’ and save. 192 

 193 

2.2.14 Open ‘Segmentations’ module and export the ‘Skull Craniotomy’ as a stereolithography 194 

(STL) file. 195 

 196 

2.2.15 Open 3D modeling software and import the STL file ‘Skull Craniotomy’.   197 

 198 

NOTE: If the model appears in striped pink complete the ‘Flip Normals’ function by selecting the 199 

complete model (Select | Double click) and then ‘Edit | Flip Normals’. The model will now turn 200 

grey and can be edited. Ensure ‘View Objects Browser’ is turned on. 201 

 202 

2.2.16 Reduce the number of triangles to improve the computational time. 203 

 204 

2.2.17 Select the complete model (Select | Double click turns the model orange) then ‘Edit | 205 

Reduce’. The default ‘Reduce’ function is set at 50% so repeat until the desired reduction is 206 

achieved. Aim for a total number of triangles < 500,000. 207 

 208 

2.2.18 Apply ‘Smoothing’ function ensuring the ‘Shape preserving’ box remains ticked 209 

Select the complete model then ‘Deform | Smooth’. 210 

 211 

2.2.19 Click ‘Analysis’ then ‘Inspector’ and use this function to detect any small defects in the 212 

model and click auto-repair (suggest ‘Flat-fill’ selection). 213 

 214 

2.2.20 Cut skull to create a top and bottom using the ‘Edit/Plane’ cut function. Select ‘Keep Both 215 

Slices’ and ‘Remeshed’ fill type. Change skull to transparent with ‘Shaders’ function to provide a 216 

better internal view of the skull and adjust the plane so that it is parallel to the skull base. 217 

 218 

2.2.21 Separate shells by selecting ‘Edit | Separate shells’ and rename ‘Skull_Top’ and 219 

‘Skull_Bottom’ within the objects browser. 220 
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 221 

NOTE: Do not move their positions. Click the eye icon to remove one or the other from view. 222 

 223 

2.2.22  Click ‘Meshmix’ then select ‘Cylinder’ to create a dowel and edit size to 4 mm × 10 mm 224 

× 4 mm (‘Edit | Transform’). Hide ‘Skull_Bottom’ by clicking the eye icon to remove from view. 225 

 226 

2.2.23 Select ‘Edit | Align’ planes. An additional transparent cylinder will appear. In the ‘Align’ 227 

window, choose ‘Surface point’ (left click end transparent cylinder) for the ‘Source’ and ‘Surface 228 

point’ (Shift + left click undersurface of ‘Skull_Top’) for the ‘Destination.’  229 

 230 

2.2.24 Using the ‘Edit | Transform’ function move dowel into skull using the green arrow and 231 

adjust position with blue and red arrows. Rename ‘Dowel_Anterior’. 232 

 233 

2.2.25 In the object browser make 3 copies and rename ‘Dowel_Posterior’, ‘Dowel_Left’ and 234 

‘Dowel_Right’. 235 

 236 

2.2.26 Move each dowel to the desired location using the ‘Edit | Transform’ function. 237 

 238 

NOTE: Do not move change the position of the dowel in the green plane.  239 

 240 

2.2.27 Create copies of each but keep all copies in the same location and create an additional 241 

dowel and resize to 3 mm × 10 mm × 3 mm. Rename ‘Dowel’. 242 

 243 

2.2.28 Create holes for Dowels in the skull using the ‘Boolean Difference’ function. Select 244 

‘Skull_Top’ first and then select a dowel in the object browser. In the ‘Boolean Difference’ tab 245 

ensure ‘Auto-reduce’ is switch off. Repeat for each dowel in turn. 246 

 247 

2.2.29 Hide ‘Skull_Top’ and view ‘Skull_Bottom’ repeating the above ‘Boolean Difference’ 248 

function for each dowel in turn. 249 

 250 

2.2.30 Export ‘Skull_Top’, ‘Skull_Bottom’ and ‘Dowel’ as separate binary STL files. 251 

 252 

2.3 Brain tissue segmentation 253 

 254 

2.3.1 Upload the contrast enhanced T1 MRI of the brain to 255 

http://niftyweb.cs.ucl.ac.uk/program.php?p=GIF and download its output. This is an open-256 

source parcellation tool for T1-weighted images that utilizes a Geodesic Information Flow (GIF) 257 

algorithm28 to perform brain extraction and tissue segmentation. 258 

 259 

2.3.2 Open segmentation software and load the contrast enhanced T1 MRI and GIF parcellation 260 

output file. 261 

 262 

2.3.3 Open the ‘Segment Editor’ module and create a new segmentation. 263 

 264 
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2.3.4 Select the appropriate labels and combine them to form a single segmentation. For 265 

example, cerebral and diencephalon label maps can be combined to create one model, referred 266 

to as ‘Brain’ and midbrain, brainstem, cerebellum and vermian structures can be combined to 267 

create a second model referred to as ‘Cerebellum’. 268 

 269 

2.3.5 Use the ‘Smoothing’ function (suggested median 2.00 mm, 5 × 5 × 3 pixels).  270 

 271 

2.3.6 Use the ‘Scissors’ function to remove any unwanted or erroneous segmentations. 272 

 273 

2.3.7 Save ‘Brain’ and ‘Cerebellum’ segmentations. 274 

 275 

2.3.8 Open ‘Segmentations’ module and export ‘Brain’ and ‘Cerebellum’ as STL files. 276 

 277 

2.4 Tumor segmentation 278 

 279 

2.4.1 Open segmentation software and load the contrast enhanced T1 MRI.  280 

 281 

2.4.2 Open the ‘Segment Editor’ module and create new segmentation named ‘Tumor’. 282 

 283 

2.4.3 Use the ‘Threshold’ function to highlight the tumor. 284 

 285 

2.4.4 Correct the segmentation using the ‘Paint’, ‘Draw’ and ‘Erase’ functions. 286 

 287 

2.4.5 Apply the ‘Smoothing’ function (suggested median 2.00 mm 5 x 5 x 3 pixels). 288 

 289 

2.4.6 Create a new segmentation named ‘Cerebellum_Tumor’. 290 

 291 

2.4.7 Combine the ‘Cerebellum’ model and ‘Tumor’ using the ‘Logical Operators | Add’ 292 

function. 293 

 294 

2.4.8 Save ‘Tumor’ and ‘Cerebellum_Tumor’ segmentations. 295 

 296 

2.4.9 Open ‘Segmentations’ module and export ‘Tumor’ and ‘Cerebellum_Tumor’ as STL files. 297 

 298 

NOTE: At the end of the segmentation process, the following files are available: ‘Skull_Top’, 299 

‘Skull_Bottom’, ‘Dowel’, ‘Brain’, ‘Cerebellum’, ‘Tumor’, ‘Cerebellum_Tumor’. 300 

 301 

3. 3D Printing of Brain/Tumor Molds and Skull  302 

 303 

3.1 Create the brain and tumor molds 304 

 305 

3.1.1 Split the ‘Brain’ segmentation into two hemispheres, using the ‘Plane cut’ tool in 3D 306 

modeling software.  307 

 308 
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3.1.2 Save each hemisphere as a separate STL file ‘Brain right’ and ‘Brain left’.  309 

 310 

3.1.3 Import the STL file ‘Tumor’ into computer-aided design (CAD) software. 311 

 312 

3.1.4 In the mesh workspace, use the ‘Reduce’ function to reduce the size of the model so that 313 

it can be handled by the program – the aim is to reduce the size as much as possible, whilst still 314 

retaining all the detail necessary. 315 

 316 

3.1.5 Return to the solid workspace and use the ‘Mesh to BRep’ tool to convert the imported 317 

mesh to a body that can be manipulated. If this action cannot be completed, the mesh was not 318 

reduced enough in step 3.1.3.  319 

 320 

3.1.6 Click ‘Create’ then ‘Box’ and draw a box around the tumor. Select to create this as a ‘New 321 

Body’ and rotate the view to ensure the box completely encloses the tumor on all sides. 322 

 323 

3.1.7 In the modify tab, use the ‘Combine’ tool to cut the tumor (the ‘Tool Body’) from the box 324 

(the ‘Target Body’). This will then leave a box with a hollow shape of the tumor inside it.  325 

 326 

3.1.8 Check that the hollowed-out box is present. Cut this now into an appropriate number of 327 

pieces so that once the mold is filled, it can be prized apart without damaging the phantom inside. 328 

For the tumor here, it is enough to split the box in two, but for the other parts of the phantom, 329 

more pieces are needed.  330 

 331 

3.1.9 Create planes through the box in the places that the mold needs to be cut. Click 332 

‘Construct’ then ‘Midplane’ to create a plane through the center of the box. Right click on the 333 

created plane and choose ‘Offset Plane’ to position the plane more precisely.  334 

 335 

3.1.10 Use the ‘Split Body’ function in the ‘Modify’ tab to split the mold along the planes created.  336 

 337 

3.1.11 Move the individual pieces of the mold, by right clicking and selecting ‘Move/Copy’, so 338 

that all the pieces are facing outwards. 339 

 340 

3.1.12 Add rivets to the faces of each piece of the mold (so it can fit together securely), by clicking 341 

‘Create sketch’ then ‘Centre diameter circle’ and on each face, drawing small circles. Right click 342 

then ‘Extrude’ these circles outwards a few millimeters on one face and extrude them inwards 343 

on the corresponding face. 344 

 345 

NOTE:  The circles that are extruded inwards need to be slightly bigger - approximately 1.5 mm - 346 

than those that are extruded outwards, so that they will fit together snugly. 347 

 348 

3.1.13 Save each piece of the mold as a separate STL file.  349 

 350 

3.1.14 Repeat steps 3.1.4 – 3.1.14 for ‘Brain left’, ‘Brain right’ and ‘Cerebellum tumor’. 351 

 352 
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NOTE: Using the file ‘Cerebellum tumor’ rather than just ‘Cerebellum’ to create the mold means 353 

that the mold will have a space in it for the tumor to be inserted during construction.   354 

 355 

3.2 Print the 3D molds 356 

 357 

3.2.1 Install or open 3D printing software. 358 

   359 

3.2.2 Open the STL file for each piece of the mold in the printing software and rotate it so that 360 

it lies flat against the build plate. It is possible to add multiple mold pieces to the build plate and 361 

to print these simultaneously.    362 

 363 

3.2.3 Choose a large layer height (around 0.2 mm) and low infill value (around 20%) for faster 364 

printing. Print the molds using a rigid material such as Polylactic acid (PLA). If the molds are 365 

positioned appropriately, support material is not necessary.  366 

 367 

3.3 Print the Skull 368 

 369 

3.3.1 Open the ‘Skull Top’ file in the printing software and choose a large layer height (around 370 

0.2 mm) and low infill value (around 20%).  371 

 372 

3.3.2 Print the skull model in PLA but in contrast to step 3.2.3, support material will be required, 373 

so select to ‘Add support’ in the software. PVA is used as the support material as it can later be 374 

dissolved away with water.   375 

  376 

3.3.3 Repeat steps 3.3.1 and 3.3.2 for ‘Skull Bottom’. 377 

 378 

3.3.4 Once the top and bottom of the skull have been printed, submerge them in water 379 

overnight to dissolve away the PVA support material. 380 

  381 

NOTE: The support material will dissolve away much faster if warm water is used, but if the water 382 

is too warm, it will deform the printed PLA. Therefore, it is preferable to use cool water and leave 383 

the print submerged overnight.  384 

 385 

4. Preparation of PVA-c 386 

 387 

4.1.1 Measure 200 g of PVA powder and set to the side. 388 

 389 

4.1.2 Heat 1800 g of deionized water to 90 °C and add to a 2L conical flask. 390 

 391 

NOTE: The water needs to be almost boiling so the PVA powder will dissolve readily, but if the 392 

water reaches 100 °C, some will be lost to evaporation, which is to be avoided.  393 

 394 

4.1.3 Suspend the conical flask in a temperature-controlled water bath set at 90 °C.  395 

 396 
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4.1.4 Position an electronic stirrer in the flask, ensuring it does not touch the bottom or sides, 397 

and set the speed to 1500 rpm. 398 

 399 

NOTE: Check that the water is stirring evenly and there are not stagnant points at the sides or 400 

bottom.  401 

 402 

4.1.5 Gradually add the PVA powder to the conical flask, over around 30 min, then leave it to 403 

stir for around another 90 min. The resulting gel is the tissue-mimicking material PVA-c.   404 

 405 

4.1.6 Remove the conical flask from the water bath and cover the top with cling film to prevent 406 

the formation of a skin on top of the PVA-c. Leave the PVA-c to cool to room temperature (around 407 

20 °C). Once cooled, the PVA-c will be transparent. Tiny white crystals may be seen in the PVA-c, 408 

but any bubbles appearing on the surface must be gently scraped off. 409 

 410 

4.1.7 Add 0.5 w/w% potassium sorbate to the PVA-c as a preservative, and manually stir well.  411 

 412 

4.1.8 The PVA-c can be left at room temperature if covered in cling film for a few days before 413 

it is poured into molds.  414 

 415 

5.  Phantom Assembly  416 

 417 

5.1.1 Measure out enough PVA-c to fill the tumor mold into a beaker and pour the rest into a 418 

separate beaker.  419 

 420 

5.1.2 To the PVA-c for the tumor, add 1 w/w% glass microspheres for ultrasound contrast and 421 

5 w/w% Barium Sulfate for X-ray contrast, and stir by hand.  422 

 423 

NOTE: It may be necessary to measure out excess PVA-c for the tumor so that these percentages 424 

are a measurable amount. 425 

 426 

5.1.3 Sonicate the beaker to ensure homogenous mixing of the additives. 427 

 428 

5.1.4 Leave to cool and allow any bubbles formed to escape, around 10 min, then scrape any 429 

bubbles from the surface. 430 

 431 

NOTE: Do not leave for extended period once the glass spheres have been added, no longer than 432 

around 10 min, before pouring the PVA-c into a mold, as the glass spheres will settle to the 433 

bottom of the beaker. Once the phantom has been frozen, this will no longer be a concern, and 434 

the final phantom can be used at room temperature.  435 

 436 

5.1.5 Secure the tumor mold together (tape can be used to cover the joins in the mold) and 437 

pour in the PVA-c through the hole in the top of the mold. Leave for a few minutes to allow any 438 

bubbles formed in the pouring process to escape through the hole, then place straight into the 439 

freezer.  440 
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 441 

5.1.6 Perform two freeze-thaw cycles on the tumor; each cycle here consists of 6 h of freezing 442 

at -20 °C and 6 h of thawing at room temperature. Then, carefully remove from mold. 443 

  444 

5.1.7 Place the tumor into the corresponding space for it in the cerebellum mold, then 445 

construct the rest of the cerebellum mold and secure it together. 446 

 447 

5.1.8 To the remaining PVA-c add 0.05 w/w% glass microspheres, then repeat steps 5.1.3 and 448 

5.1.4. 449 

 450 

5.1.9 Pour the PVA-c into the cerebellum mold, allowing it to surround the tumor that has been 451 

placed inside. Additionally, pour the mixture into the molds for each brain hemisphere. 452 

 453 

5.1.10 Perform two freeze-thaw cycles on each brain hemisphere and the cerebellum; each cycle 454 

here consists of 24 h of freezing at -20 °C and 24 h of thawing at room temperature. 455 

 456 

NOTE: Cycles with 12 h freezing followed by 12 h thawing also effective, to allow the phantom to 457 

be created in less time. 24 h was chosen for ease of application, to avoid returning to the lab 458 

every 12 h.  459 

 460 

5.1.11 Once the phantoms have thawed for the second time, carefully remove them from the 461 

molds and place into the printed skull. 462 

 463 

NOTE: When not in use, the completed PVA-c phantoms should be stored in an airtight container 464 

in the fridge, and can be kept for a few weeks in this way  465 

 466 

5.1.12 For completion, place the ‘Cerebellum tumor’ phantom on the spike at the base of the 467 

‘Skull Bottom’ model. The models of two brain hemispheres (‘Brain left’ and ‘Brain right’) are 468 

placed on top and slot into the uppermost part of the ‘Cerebellum tumor’.   469 

 470 

5.1.13 Place the four dowels in each space on the ‘Skull Bottom’ model and place ‘Skull Top’ 471 

model on top.  If required, the model may then be maneuvered into the desired position to 472 

simulate intraoperative use in surgery. 473 

 474 

6. Phantom Imaging 475 

 476 

6.1 Ultrasound Imaging 477 

 478 

6.1.1 The skull will not be water-tight, so image using ultrasound gel. 479 

 480 

NOTE: Gel is not used intraoperatively but may be used in simulation and does not significantly 481 

change the clinical workflow or the quality of the acquired images. 482 

 483 
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6.1.2 Image the brain and tumor through the craniotomy, with a clinical scanner and burr hole 484 

probe.  485 

 486 

6.2 CT Imaging 487 

 488 

6.2.1 Image the whole phantom in a CT scanner.  489 

 490 

REPRESENTATIVE RESULTS:  491 

Following the described protocol, an anatomically realistic phantom was fabricated, which 492 

consists of a patient-specific skull, brain and tumor. The relevant anatomical structures for the 493 

phantom (skull, brain, tumor) are segmented using patient MRI and CT data (Figure 2a,b). The 494 

patient intra-operative ultrasound data (Figure 2c; Figure 2d shows the same image as Figure 2c, 495 

but with the tumor outlined) was used to compare the phantom images to the real patient 496 

images.      497 

 498 

Meshes were created for each piece of the model (Figure 3), and these were then used to 499 

manufacture the 3D molds. The molds were easily printed on a commercial printer and 500 

assembled by slotting the pieces together. The cerebellum mold was the most complex to design 501 

and assemble (Figure 4). The skull (Figure 5a) was the most difficult part to print as it required 502 

support material, so was a slow process; the whole print took a total of three days to complete, 503 

which is a limiting factor in the protocol.  504 

 505 

The completed phantom (Figure 5) was a realistic model of a patient skull, brain and tumor. The 506 

two brain hemispheres (Figure 5b) were produced separately, and have a realistic appearance, 507 

featuring the gyri and sulci of the brain. The whole phantom is white in color, as this is the natural 508 

color of PVA-c; this can easily be changed by adding dye but was not necessary for the application. 509 

The cerebellum (Figure 5c) fits comfortably into the base of the printed skull and the brain 510 

hemispheres sit on top of this. The tumor is easily visible in the cerebellum, as the extra contrast 511 

added to the tumor results in it being an off-white color that separates it from the surrounding 512 

material, which is it securely attached to.  513 

 514 

The phantom was imaged with both CT and ultrasound (Figure 6a,b). Barium sulfate was used to 515 

give the tumor appropriate CT contrast, and the phantom image (Figure 6a) shows that this was 516 

achieved, as the tumor is clearly visualized. The skull was not printed with 100% infill, in order to 517 

reduce the time taken for printing. Therefore, the skull does not look entirely realistic in the CT 518 

images, because the lattice structure of the print can be seen. This is not a problem for the 519 

application, as only the outline of the skull is needed for the neuronavigation system. The skull 520 

could be printed with 100% infill to avoid this reduced accuracy of the CT image, but would add 521 

time onto the printing process. Glass microspheres were added to the cerebellum, brain 522 

hemispheres and tumor for ultrasound contrast. The results show that the tumor is also visible 523 

with ultrasound imaging (Figure 6b) and can be distinguished from the surrounding tissue. On 524 

visual inspection, the ultrasound images obtained from the phantom (Figure 6a), and those 525 

obtained from the patient (Figure 2c) show that the contrast agents used in the phantom were 526 

effective for creating realistic imaging properties.   527 
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 528 

The phantom was tested during surgical simulation in a virtual operating room (Figure 7). The 529 

phantom model was positioned on the surgical operating table using a standard skull clamp and 530 

the CT scan of the phantom was registered using a clinical neuronavigation system. A 531 

retrosigmoid approach to the tumor was simulated and the tumor was imaged using a clinical 532 

ultrasound system with a burr hole ultrasound transducer. During the surgical simulation, the 533 

phantom model proved to be stable and no damage was observed from manipulating the 534 

phantom in the same way the human brain would be during this procedure, so it could be used 535 

repeatedly under the same conditions.  536 

 537 

FIGURE AND TABLE LEGENDS:  538 

 539 

Figure 1: Flowchart to show the steps required to make a patient specific PVA-c brain phantom. 540 

 541 

Figure 2: Patient data used to create phantom model. Data sources of a patient with a left sided 542 

vestibular schwannoma: (a) axial contrast-enhanced T1-weighted MRI, white arrow pointing 543 

towards tumor; (b) axial non-contrast CT scan windowed to highlight bone, white arrow pointing 544 

towards an expanded internal auditory meatus caused by the tumor; (c) intraoperative 545 

ultrasound image obtained during vestibular schwannoma surgery; (d) annotated intraoperative 546 

ultrasound image ✱: tumor (hyperechoic on ultrasound), ✧: brain (cerebellum).  547 

 548 

Figure 3: Completed meshes for each section of the phantom. STL mesh for (a,b) skull, ✶: left 549 

sided retrosigmoid craniotomy; (c,d) cerebral hemispheres; (e,f) tumor and cerebellum, ✱: 550 

tumor. 551 

 552 

Figure 4: 3D printed cerebellum mold. 3D printed cerebellum mold fully constructed (top left) 553 

and the separate pieces, which are numbered from 1 to 4. The hole in piece 2 (denoted by ‘H’) 554 

enables the PVA-c to be poured into the mold.   555 

 556 

Figure 5: Completed phantom. The finished phantom (a) skull with craniotomy (b) phantom with 557 

skull top removed: ✶: retrosigmoid craniotomy, ✱: tumor, ✧ brain (cerebellum), ✩brain (right 558 

cerebral hemisphere); (c) cerebellum and tumor:  ✱: tumor, ✧ brain (cerebellum). 559 

   560 

Figure 6: CT and ultrasound images acquired with the phantom. (a) Axial CT image of complete 561 

phantom through the level of the skull base and tumor, (b) Intraoperative ultrasound image of 562 

phantom acquired with burr hole ultrasound probe through the retrosigmoid craniotomy in a 563 

plane approximately perpendicular to the skull (Simulating surgery, the cerebellum was 564 

retracted slightly in order to image directly on the tumor). ✱: tumor, ✧ brain (cerebellum), ✶: 565 

left sided retrosigmoid craniotomy. 566 

 567 

Figure 7: Testing the phantom during surgical simulation. Testing the phantom model through 568 

surgical simulation in a virtual operating room. ✣: neuronavigation system displaying the 569 

registered scan of the CT phantom model, ✦: ultrasound system used to image the phantom 570 
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with a burr hole ultrasound transducer (seen positioned next to the ultrasound monitor). Note 571 

the model pictured here is based on data acquired from different patient with a right sided 572 

tumor. 573 

 574 

DISCUSSION: 575 

This protocol details the fabrication process of a patient specific brain phantom, which includes 576 

the skull, brain, and vestibular schwannoma tumor. 3D printing methods allowed for 577 

anatomically accurate detail to be achieved. The phantom described here was successfully 578 

manufactured with the desired level of anatomical detail; CT and ultrasound imaging were used 579 

to demonstrate that the tumor was easily visualized with both modalities. The tissue mimicking 580 

material, PVA-c, is well established as a tissue-mimicking material for ultrasonic phantoms; its 581 

acoustic and mechanical properties can be tuned with additives and the number of freeze-thaw 582 

cycles.  The material is readily available, simple to use and non-toxic. With repeated use, the 583 

phantom had sufficient durability to withstand manipulation and contact with an ultrasound 584 

probe during physical simulations of vestibular schwannoma surgery. 585 

  586 

Several key steps were identified as being critical to the fabrication process. First, the 587 

segmentation of structures for inclusion in the phantom must include the desired level of 588 

anatomical detail. The creation of accurate STL files and 3D molds then follows naturally. 589 

Secondly, the positioning of planes within the cerebellum mold in step 3.1.9 must be considered 590 

carefully, so that the phantom can be readily removed, without damage; it must be cut into 591 

enough pieces to allow anatomical details to be retained, whilst enabling the phantom to be 592 

removed without getting stuck in the mold. In this case, several iterations were tested and finally 593 

the mold was cut into four separate pieces. The third key consideration is that during the PVA-c 594 

manufacturing process (section 4), the PVA-c must be left to cool to room temperature (step 595 

4.1.6). If this step is missed and hot PVA-c is added to the molds, it can cause the molds to melt 596 

or distort. It is also crucial that once the glass spheres are added (steps 5.1.2 – 5.1.4), the PVA-c 597 

is not left to sit for more than around 10 minutes; if left for a prolonged period of time, the glass 598 

spheres will settle to the bottom, and the resulting phantom will have inhomogeneous 599 

ultrasound contrast29. Once the glass spheres are added, the PVA-c must be added directly into 600 

the molds and placed into the freezer. After the first freeze cycle, the glass spheres will be 601 

secured in the place, and the phantom can be used at room temperature. Finally, it is important 602 

that the molds are carefully sealed (e.g., with tape) before the PVA-c is added, to minimize 603 

leakage of the mixture through gaps where the separate pieced of the mold joined together. 604 

 605 

The protocol has several limitations. For example, some specialist equipment is required, 606 

including a water bath and an electronic stirrer. A sonicator is also used as part of this protocol, 607 

but the sonication step (5.1.3) could be replaced with additional electronic stirring; however, 608 

with this alternative, it would take longer to achieve a homogeneous mixture than is possible 609 

with the use of sonication. One limitation of PVA-c is that it degrades over time and becomes 610 

moldy. The addition of potassium sorbate, as described here, increases the phantom’s shelf-life, 611 

although it must still be kept in an air-tight container. A second limitation of PVA-c is that freeze-612 

thaw cycles are required, which increases the amount of time required to make a phantom. To 613 

minimize phantom fabrication time, a key consideration is the speed of freezing and thawing; 614 
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once the phantom is either fully frozen or fully thawed, the time that it remains in that state does 615 

not significantly affect the final phantom16, 30. Therefore, the cycle lengths used can be varied, 616 

provided that the phantom is fully frozen and thawed at each stage in the cycle. For instance, the 617 

tumor in the phantom of this study is very small, so shorter cycles could be used for the tumor 618 

than for the brain. Finally, 3D printing the molds and skull is a time-consuming process which 619 

consumes a significant portion (3 days) of the total time (1 week) required to fabricate a phantom 620 

with this protocol. The printer used was a commercial model from 2018; the printing process 621 

could be completed in shorter time frames with the use of newer, faster printers.  622 

 623 

The brain phantom presented here could be used directly for clinical training and validation of 624 

neuronavigation systems. As the tissue mimicking material, PVA-c enables the resulting phantom 625 

to be used repeatedly, for example as a training tool or for the validation of intraoperative 626 

ultrasound in vestibular schwannoma surgery, as it is a durable and non-toxic material. As such, 627 

the fabrication method is complementary to those previously described in which 3D printing was 628 

used to create patient specific brain phantoms20–25. The use of PVA-c as the TMM makes the 629 

phantom suitable for use in simulation of neurosurgery, as the material can withstand repeated 630 

manual manipulation and contact from an ultrasound probe. This work sets the stage for further 631 

quantitative validation studies. The phantom method described here is very versatile and could 632 

be used to fabricate many types of patient-specific tumor phantoms, extending from the brain 633 

to other organs, with compatibility across several imaging modalities.  634 
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Name of Material/ Equipment Company Catalog Number

AutodeskFusion 360 Autodesk Inc., San Rafael, California, United Stateshttps://www.autodesk.co.uk/products/fusion-360/overview

Barium sulphate Source Chemicals -

CT scanner Medtronic Inc, Minneapolis, USA -

Glass microspheres Boud Minerals

Mechanical stirrer  IKA 4442002

Meshmixer Autodesk Inc., San Rafael, California, United States http://www.meshmixer.com

Neuronavigation system Medtronic Inc, Minneapolis, USA -

PLA Ultimaker (Ultimaker BV, Utrecht, Netherlands) UM9016

Potassium sorbate Meridianstar -

PVA Ultimaker -

PVA powder Sigma-Aldrich 363146

Sonicator Fisher Scientific 12893543

Ultimaker Cura Ultimaker BV, Utrecht, Netherlands
 https://ultimaker.com/software/ultimaker-

cura

Ultimaker S5 Printer Ultimaker BV, Utrecht, Netherlands -

Ultrasound scanner BK Medical, Luton, UK -

Water bath IKA 20009381

3D Slicer
http://slicer.org -
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Comments/Description

CAD software

O-arm 3D mobile X-ray imaging system 

Eurostar Digital 20, IKA

3D modelling software. Version 3.5.484 used 

S7 Stealth Station

 99%+ hydrolysed, average molecular weight 

85,000-140,000

3D printing software. Version 4.0.0 used

BK 5000 scanner 

HBR4 control, IKA
Software used to segment patient data. 

Version 4.10.2 used 
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6. Please revise the manuscript text to avoid the use of any personal pronouns in the protocol (e.g., 
"we", "you", "our" etc.). 

 Done.  
 
7. JoVE cannot publish manuscripts containing commercial language. Please remove all commercial 
language from your manuscript and use generic terms instead. All commercial products should be 
sufficiently referenced in the Table of Materials and Reagents. 
For example: 3D Slicer (http://slicer.org; version 4.10.2), Meshmixer(Autodesk Inc., San Rafael, 
California, United States; http://www.meshmixer.com/; version 3.5.484), Install Fusion 360 
(Autodesk Inc., San Rafael, California, United States; https://www.autodesk.co.uk/products/fusion-
360/overview), Ultimaker Cura (Ultimaker BV, Utrecht, Netherlands 295 
https://ultimaker.com/software/ultimaker-cura; version 4.0., Ultimaker S5 printer, Ultimaker BV, 
Utrecht, Netherlands, Sigma Aldrich, Eurostar Digital 20, IKA, Boud Minerals, 350 Lincolnshire, UK, 
Medtronic Inc, Minneapolis, USA, BK 5000 scanner (BK Medical, Luton, UK), Mayfield skull clamp, S7 
Stealthstation, Medtronic Inc, Minneapolis, USA, etc. 

 Done. 
 
8. Please include an ethics statement before the numbered protocol steps, indicating that the 
protocol follows the guidelines of your institution’s human research ethics committee. 

 Done – please see lines 116-119. 
 
9. Please ensure that all text in the protocol section is written in the imperative tense as if telling 
someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be 
described in the imperative tense in complete sentences wherever possible. Avoid usage of phrases 
such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be 
written in the imperative tense may be added as a “Note.” 

https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fslicer.org%2F&data=02%7C01%7C%7Ccd4fb7e23fe148322a2708d7d10f166c%7C1faf88fea9984c5b93c9210a11d9a5c2%7C0%7C0%7C637207735037500879&sdata=cvmaqfJjwplg1gAxpBKvR30l%2Fei2nZyn%2FZeio1UsInY%3D&reserved=0
https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.meshmixer.com%2F&data=02%7C01%7C%7Ccd4fb7e23fe148322a2708d7d10f166c%7C1faf88fea9984c5b93c9210a11d9a5c2%7C0%7C0%7C637207735037500879&sdata=ioWtf8l7lanQaLIUfUWuWNyS4SzhjYlJVTyHurG4L2w%3D&reserved=0
https://eur01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.autodesk.co.uk%2Fproducts%2Ffusion-360%2Foverview&data=02%7C01%7C%7Ccd4fb7e23fe148322a2708d7d10f166c%7C1faf88fea9984c5b93c9210a11d9a5c2%7C0%7C0%7C637207735037510876&sdata=jb8Jw0RNyi4wjY%2BwObV05tzv20%2BoAKCnvAl3jR8ELSE%3D&reserved=0
https://eur01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.autodesk.co.uk%2Fproducts%2Ffusion-360%2Foverview&data=02%7C01%7C%7Ccd4fb7e23fe148322a2708d7d10f166c%7C1faf88fea9984c5b93c9210a11d9a5c2%7C0%7C0%7C637207735037510876&sdata=jb8Jw0RNyi4wjY%2BwObV05tzv20%2BoAKCnvAl3jR8ELSE%3D&reserved=0
https://eur01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fultimaker.com%2Fsoftware%2Fultimaker-cura&data=02%7C01%7C%7Ccd4fb7e23fe148322a2708d7d10f166c%7C1faf88fea9984c5b93c9210a11d9a5c2%7C0%7C0%7C637207735037510876&sdata=K4v4nr%2FVHt8fqs5Vm1PgW8XCALqeRlYa0LqJ4FMjy%2Bg%3D&reserved=0


 Done. 
 
10. The Protocol should contain only action items that direct the reader to do something. 

 Done. 
 
11. Please ensure that individual steps of the protocol should only contain 2-3 actions sentences per 
step. 

 Done. 
 
12. Please ensure you answer the “how” question, i.e., how is the step performed? Please include all 
the button clicks in the software, command lines, etc. If using longer scripts please include as a 
supplementary file. 

 We added extra details in section 3 – please see from line 308. 
 
13. 2.2.4-2.2.7: How is this done? 

 More details were added – please see lines 151-166. 
 
14. 2.3.1: Please include citation for Geodesic Information Flow (GIF) and provide its significance 

 A citation is provided – please see line 262. GIF is a novel framework to propagate voxel-
wise annotations between morphologically dissimilar images by diffusing and mapping the 
available examples through intermediate steps.  

 
15. There is a 10-page limit for the Protocol, but there is a 2.75-page limit for filmable content. 
Please highlight 2.75 pages or less of the Protocol (including headings and spacing) that identifies the 
essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the most 
cohesive story of the Protocol. 

 Done – please see the yellow highlighted sections. This highlighting was done before a line 
space was added in between every step; before the line spacing, 2.75 pages were 
highlighted.  

 
16. Please remove the embedded figure(s) from the manuscript. All figures should be uploaded 
separately to your Editorial Manager account. Each figure must be accompanied by a title and a 
description after the Representative Results of the manuscript text. 

 Done – titles were added from line 550. 
 
17. Please ensure that the results are described with respect to your experiment, you performed an 
experiment, how did it help you to conclude what you wanted to and how is it in line with the title. 

 Done – please see revised results section at lines 501-546. 
 
18. Please obtain explicit copyright permission to reuse any figures from a previous publication. 
Explicit permission can be expressed in the form of a letter from the editor or a link to the editorial 
policy that allows re-prints. Please upload this information as a .doc or .docx file to your Editorial 
Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has 
been modified from [citation].” 

 Thank you. None of the figures are reused from previous publications. 
 
19. Figure 6: Please remove the commercial terms from the legend. 

 Done. 
 
20. As we are a methods journal, please ensure the Discussion explicitly cover the following in detail 
in 3-6 paragraphs with citations: 



a) Critical steps within the protocol 
b) Any modifications and troubleshooting of the technique 
c) Any limitations of the technique 
d) The significance with respect to existing methods 
e) Any future applications of the technique 
 

 Done – please see the revised discussion in lines 589. 
 
21. Please sort the materials table in alphabetical order. 

 Done. 
 
Reviewers' comments: 
Reviewer #1:  
Manuscript Summary: 
A step-by-step guide detailing how the authors developed a phantom simulation for restro-sigmoid 
approach. One could very easily follow this protocol and replicate the study. I recommend the 
publication. 
 
Major Concerns: 
None. 
 
Minor Concerns: 
Re: the validation - will that be a separate paper? There were no details about how exactly this was 
validated (e.g. Face, construct validity etc - surveys? Speed of surgery etc....) or do the authors mean 
that they confirmed the feasibility (more likely) of the model - by testing it in the intra-operative 
environment....(caution using the term validity as it suggests several people have tested this and 
confirmed realism, usefulness and that people can improve on it - which requires evidence). If the 
authors do mean that they have confirmed validation - please can they also state that the details of 
this will be in further publications (and state the type of validation at least and numbers, even if just 
one line). 
 

 Thank you. The phrasing in the results was unclear in the original version, which has been 
corrected and now reads: “The phantom was tested during surgical simulation in a virtual 
operating room (Fig 7).” – please see line 539.  

 This phantom has not been published elsewhere.  
 
Reviewer #2: 
Manuscript Summary: 
This paper describes the methods to manufacture a patient-specific phantom for training brain 
tumor surgery. The phantom was manufactured so that ultrasound and CT images would be similar 
to the real case. The paper describes the image segmentation steps needed for 3D printing the skull 
and the molds to make the brain and tumor phantom. PVA-c was the material used to product the 
brain parts. The paper is well written and a video describing the used methodology in details can be 
useful to other researchers in the field. 
 
Major Concerns: 
- It was a bit confusing to follow all the computational steps. Since many steps and different 
software are needed; I think it can be useful to show a flowchart with all the steps needed to 
product the phantom. 

 A flow chart has now been added (line 551), detailing all the steps required to produce the 
phantom (Fig 1). The flowchart is introduced in the text (line 124).  



 
- Also, I think it would be interesting to include more images obtained during the segmentation steps 
to create the skull and the molds. For example, it was not very clear to me how the dowels were 
created and used. 

 There are already multiple examples in the literature of the segmentation process, so they 
are not included here. In order to be meaningful to the reader, many images and steps 
would need to be included to ensure it makes sense. Instead, in the text (line 143) we point 
to a series of YouTube videos that go through the process in detail: http://radmodules.com. 

 
- CT and ultrasound images were obtained from the patient and from the phantom. It will be useful 
to quantitatively compare these images. This comparison will be important to understand how 
accurate was the proposed method to reproduce the anatomical parts and their position inside the 
skull. 

 We agree that quantitative validation is an important next step, and this has now been 
highlighted in the discussion (line 650). As explained in the discussion, quantitative analysis 
is of significant interest. However, the methodology and results required for this are 
extensive and would fit best within a separate manuscript. Here, qualitative analysis 
suggests that the phantom has strong correspondence with real patient anatomical 
structures.   

 
- In the last few years many studies reporting methods to manufacture patient-specific phantoms 
were published and not cited in the present paper. Here I illustrate 2 examples, 
1. Patient-specific brain phantom for ultrasound using PVA-c. Tsai et al. Creation and Validation of a 
Simulator for Neonatal Brain Ultrasonography: A Pilot Study. Acad Radiol. 2017 01; 24(1):76-83. 
2. Patient-specific phantom for neurosurgery using mineral oil-based gel. The authors obtained CT 
images of the phantom. Grillo et al. Patient-specific neurosurgical phantom: assessment of visual 
quality, accuracy, and scaling effects. 3D Printing in Medicine, v. 4, p. 3, 2018. 

 Thank you. These studies have now been cited in the paper, along with a couple of other 
relevant works on neurosurgical phantoms – please see lines 109 & 647 for the locations of 
these citations. 

 
- I understand the need for freezing-thaw cycles is another limitation of using PVA-c phantoms. First, 
it demands specific equipment. Second, in my opinion more critical for the present application, it 
delays the phantom production. Probably, it took almost a week to manufacture the proposed 
phantom. These patient-specific models are being frequently used for training the patient-specific 
surgical procedure. In many cases, the MRI and CT images are taken a couple of days before the 
surgery. Therefore, the model (phantom) should not take long to be manufactured. This limitation 
should be discussed. 

 The limitation of the demand for specialist equipment has now been discussed – please see 
line 623. The freezer used in this protocol was a commercial lab freezer and was not a 
specialist freezer, as is often used for the creation of PVA-c phantoms, but the freezer used 
was found to be satisfactory for the requirements of this phantom.  

 The limitation of the extended time involved with the freeze thaw cycles has now been 
covered in the discussion (line 634).  

 
Minor Concerns: 
Specific comments 
- Define abbreviations such as DICOM and NiFTI. 

 Done. 

http://radmodules.com/


 
- Page 6, lines 304-305. "NOTE: the printed PVA is a solid plastic, and is different to the tissue-
mimicking material PVA-c." Should it read PLA here? 

 This was a mistake; the whole line has now been removed. Thank you for pointing this out.  
 
- Line 358. This sentence is not clear. "Do not leave for extended period of time before pouring the 
PVA-c into a mould as the glass spheres will settle to the bottom of the beaker." What is extended 
period here? Leave at room temperature? Isn't the mold left at room temperature? Apparently, the 
precipitation of ultrasound scatterers is an issue with PVA-c phantoms, see for example, Dong et al, 
PMB, 2020 https://iopscience.iop.org/article/10.1088/1361-6560/ab7abf. Please, comment. 

 This sentence has now been amended so is now clearer (lines 358-362). The PVA-c is poured 
into the moulds and left for no longer than ten minutes to allow bubbles to escape. The 
mould is then placed straight into the freezer so that the ultrasound scatterers do not have 
time to sink. After this first freeze, the phantom becomes solid enough that the scatterers 
are longer able to sink, and the phantom can be left at room temperature without any 
further problems. Precipitation described by Dong et al., has been experienced when either:  

(a) the phantom is left to rest for too long before the first freeze, as this allows time 
for the scatterers to sink. The time frame that this occurs over has not been 
investigated thoroughly, but ten minutes resting before freezing was found to be 
acceptable, with no subsequent precipitation observed.  
(b) when the PVA-c has not been sufficiently mixed after the addition of scatterers, 
and they are therefore not distributed evenly throughout the mixture, so when 
poured into the phantom, result in inhomogeneities. Thorough sonication was used 
to avoid this incomplete mixing.  

This material is now presented in the text (line 613) along with the citation from Dong et al.   
 
- Why did the 2 freezing thaw cycles of the tumor consist of 6 hours freezing and for the brain it 
consisted of 12 hours? 

 The key part of the freeze thaw process is the speed of freezing and thawing as this where the 

chemical changes occur that turn the PVA-c from a liquid to a more solid material. Once the 

phantom is either fully frozen or fully thawed, the time it remains in that state is unimportant, 

as no further chemical changes occur (as far as the authors are aware). Therefore, the cycle 

lengths can be varied to suit different situations, as long as the same freezing / thawing 

conditions are applied each time (i.e. the same freezer is used, and the same thawing location 

and temperature). The tumour created here was very small, so only a small amount of time 

was required to freeze it – 6-hour cycles were used to ensure it was fully frozen and thawed, 

but this time could probably be reduced if necessary. As the brain and cerebellum were larger, 

longer cycles were required to allow them time to fully freeze and thaw. 12 hours would likely 

be sufficient, but 24 hour cycles were used for ease (so they did not have to be moved every 

12 hours) and result in no difference in phantom output to previous iterations that were 

created with shorter cycles.  

 
- In line 374, when you say: " 12-hour duration cycles are also effective, to allow the phantom to be 
created in less time", it mean 6 hours of freezing and 6 hours of thawing? The authors should 
comment on why they chose 48 hours cycles instead of 12 hours. What are the differences in the 
phantom output? 

 A freeze thaw cycle refers to 12 hours freezing, followed by 12 hours thawing – this has now 
been clarified in the text (line 467). The time period of 24 hours was chosen instead to avoid 
having to return to the lab every 12 hours. Both 12 and 24 hours allowed enough time for 

https://eur01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fiopscience.iop.org%2Farticle%2F10.1088%2F1361-6560%2Fab7abf&data=02%7C01%7C%7Ccd4fb7e23fe148322a2708d7d10f166c%7C1faf88fea9984c5b93c9210a11d9a5c2%7C0%7C0%7C637207735037520872&sdata=OXx5uAquhLLPxs4iC2rDmOqqSJaSbqZAophvwfyNN3E%3D&reserved=0


the phantom to completely freeze or thaw, and so no difference was observed between the 
phantom created here that used 24 hours and previous iterations that used 12 hours.  

 
- Since the thawing is conduct at room temperature, how can the thawing period (6 hours or 24 
hours) be controlled? 

 The temperature in the lab is kept at a (relatively) consistent 20°C. Thawing therefore 
occurred at (approximately) the same speed, and once thawed to room temperature, no 
difference was observed whether the phantom remained at room temperature for a further 
few hours, or was placed back into the freezer straight away. The temperature could be 
more accurately controlled in future using a specialist freezing/thawing chamber, although it 
is unlikely to alter the final result significantly for this application.   

 
- What do the numbers 1, 2, 3, and 4 represent in figure 3? 

 There are 4 separate pieces of the mould, which are shown in the figure and labelled with 
numbers 1-4. The caption of figure 4 has now been changed to make this clearer.  
 

- Figure 1D was not introduced in the text. 

 This has now been addressed (line 403). (Fig 1d is now called Fig 2d as the flow chart added 
is now Fig 1).   

  


