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SUMMARY:  27 
The protocol describes the fabrication of fully colored three-dimensional prints of patient-28 
specific, anatomical skull models to be used for surgical simulation. The crucial steps of combining 29 
different imaging modalities, image segmentation, three-dimensional model extraction, and 30 
production of the prints are explained.    31 
 32 
ABSTRACT:  33 
Three-dimensional (3D) printing technologies offer the possibility of visualizing patient-specific 34 
pathologies in a physical model of correct dimensions. The model can be used for planning and 35 
simulating critical steps of a surgical approach. Therefore, it is important that anatomical 36 
structures such as blood vessels inside a tumor can be printed to be colored not only on their 37 
surface, but throughout their whole volume. During simulation this allows for the removal of 38 
certain parts (e.g., with a high-speed drill) and revealing internally located structures of a 39 
different color. Thus, diagnostic information from various imaging modalities (e.g., CT, MRI) can 40 
be combined in a single compact and tangible object.  41 
 42 
However, preparation and printing of such a fully colored anatomical model remains a difficult 43 
task. Therefore, a step-by-step guide is provided, demonstrating the fusion of different cross-44 
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sectional imaging data sets, segmentation of anatomical structures, and creation of a virtual 45 
model. In a second step the virtual model is printed with volumetrically colored anatomical 46 
structures using a plaster-based color 3D binder jetting technique. This method allows highly 47 
accurate reproduction of patient-specific anatomy as shown in a series of 3D-printed petrous 48 
apex chondrosarcomas. Furthermore, the models created can be cut and drilled, revealing 49 
internal structures that allow for simulation of surgical procedures.  50 
 51 
INTRODUCTION:   52 
Surgical treatment of skull base tumors is a challenging task requiring precise preoperative 53 
planning1. Multimodal imaging using computed tomography (CT) and magnetic resonance 54 
imaging (MRI) provides the surgeon with information about the patient’s individual anatomy. In 55 
clinical practice, this diagnostic information is visualized by displaying a series of two-dimensional 56 
(2D) cross-sections representing different aspects of the anatomy (e.g., CT for visualization of 57 
bone, CT angiography for vessels, MRI for soft tissue). 58 
 59 
However, especially for beginners, medical students, and patients, understanding the complex 60 
relations of the different 3D structures to the cross-sectional images is challenging. Beside 61 
cadaveric studies2, this problem could be addressed by establishing real-size anatomical models 62 
of individual pathologies, displaying anatomical structures in different colors3. 63 
 64 
Thanks to technical advances in the last years, 3D printing technologies allow cost-effective 65 
construction of complex shapes4,5. Therefore, this technique offers the possibility to construct 66 
patient-specific anatomical models that are tangible, clearly depict spatial relations, and can be 67 
used for surgical planning and simulation. Especially in rare and complex cases such as petrous 68 
apex chondrosarcomas, preoperative simulation of tumor removal in an individual case might 69 
help to improve the self-confidence of the surgeon and the patient outcome. 70 
 71 
Common FDM-printing (filament deposition modelling) techniques only allow for creating 72 
objects with a closed surface in one or a limited variety of colors6. To provide a model for surgical 73 
simulation that contains various complex shaped anatomical structures mainly nested inside 74 
each other, fully volumetrically colored 3D prints are needed. This allows for a successive removal 75 
of tissue layers until an internal structure is revealed.  76 
 77 
Plaster-based color 3D binder jetting is a technique able to produce the required multicolor 78 
models7. Whereas in its standard configurations only the surface of an object can be colored, 79 
herein a modified technique is described to ensure volumetric application of color to internal 80 
anatomical structures. 81 
 82 
To demonstrate this technique, cases of patients with skull base chondrosarcomas were selected 83 
as an example. Chondrosarcomas account for 20% of all neoplasia in the skeletal system, mostly 84 
located in the long bones. Primary skull base chondrosarcomas are a rare condition responsible 85 
for 0.1–0.2% of all intracranial tumors8. Mainly located at the petrous apex, these tumors grow 86 
in a complex anatomical environment involving pivotal structures such as the internal carotid 87 
artery, the optic and other cranial nerves, as well as the pituitary gland. Treatment of these 88 



   

   
 

neoplasms is mainly focused on a total surgical resection, because adjuvant therapies alone (e.g., 89 
radiation) are not effective enough9.  90 
 91 
Due to the complexity and rarity of this tumor entity, preoperative surgical simulation in a 3D 92 
printed skull model might help to better visualize and understand the anatomy and to assist the 93 
surgeon achieve complete resection. As shown by others10,11 3D printing of patient-specific 94 
models improves both residents’ and experienced neurosurgeons’ understanding of complex 95 
neuroanatomy. 96 
 97 
However, creating such individualized models from medical imaging data requires skills in image 98 
segmentation, 3D modelling, and 3D printing, especially when anatomical structures are to be 99 
printed in different colors. This manuscript intends to make fabrication of the described 100 
anatomical models more accessible for others by providing a detailed protocol for converting 101 
medical imaging data into virtual 3D models and for the fabrication of multicolored 3D objects. 102 
 103 
The workflow mainly consists of four parts: 1) segmentation of medical imaging data and creation 104 
of a virtual 3D model; 2) preparation of the virtual 3D model for multicolor 3D printing; 3) 105 
preparation for volumetric coloring of selected parts; and 4) 3D printing and post processing. 106 
 107 
PROTOCOL:  108 
 109 
The protocol was approved by the responsible local ethics committee (Ethikkommission der 110 
Landesärztekammer Rheinland-Pfalz, Deutschhausplatz 3, 55116 Mainz, Germany). All 111 
institutional guidelines for the care and use of patient data were followed. 112 
 113 
1. Segmentation of medical imaging data and creation of a virtual 3D model 114 
 115 
NOTE: The software we used for segmentation was Amira 5.4.5. The segmentation process can 116 
also be accomplished by using open source software (e.g., 3D Slicer, https://www.slicer.org/) 117 
 118 
1.1. Use imaging data with high spatial resolution (e.g., a slice thickness of 1 mm or less). Here, a 119 
cranial CT dataset with a slice thickness of 0.5 mm and additional MRI data with a slice thickness 120 
of 1 mm were used. Use CT data for the segmentation of bone, contrast enhanced T1 MRI images 121 
for the segmentation of tumor and neural structures, as well as time-of-flight (TOF) images for 122 
vessels. 123 
 124 
1.2. Download the DICOM files on the computer and open the segmentation software. Import 125 
the files of the different imaging modalities and select the folder with the imaging data. 126 
 127 
1.3. Click on the CT images and connect them with a volume rendering module (Volren). Choose 128 
Specular for a more realistic rendering and adjust the color transfer slider to visualize bone only. 129 
Continue by importing the MRI sequences and connect them to a volume rendering module as 130 
well.  131 
 132 



   

   
 

1.4. Registration 133 
 134 
1.4.1. Because the MRI and CT images do not overlap, it is necessary to fuse the different imaging 135 
data. Therefore, right click on the MRI dataset and choose Compute > Affine Registration. 136 
Choose Reference by clicking on the white square of the module, then drag the cursor onto the 137 
CT. 138 
 139 
1.4.2. In the Registration Module’s properties leave all settings on default and click on Align 140 
Centers, followed by clicking Register. The two different imaging datasets are now fused. Repeat 141 
this step for all further imaging datasets. 142 

 143 
1.5. Verification of matching accuracy: 144 
 145 
1.5.1. Check the matching accuracy by hiding the volume renderings (click on the orange square 146 
of the module) and adding an OrthoSlice module to the MR images. Click on the white triangle 147 
and choose Colorwash. Next click on the white square, choose Data and connect this port with 148 
the CT data by dragging the mouse onto it. 149 
 150 
1.5.2. Adjust the color slider to visualize the neural structures superimposed to the bony skull 151 
structures. Check for any misalignments by toggling the weight factor slider while looking at the 152 
border between the skull and brain surfaces as well as the ventricles. Repeat this procedure on 153 
different slices in coronal and sagittal directions. 154 

 155 
1.6. Volumetric editing 156 
 157 
1.6.1. Deactivate the OrthoSlice module’s visibility and reactivate volume rendering of the CT. 158 
Go to the CT data and look for the lowest value in the dataset, in this case -2,048. 159 
 160 
1.6.2. Next add a Volume Edit module, connect the Volren module with the output data, and set 161 
the Padding Value to -2,048. 162 
 163 
1.6.3. Click on Cut Inside and mark the region to be removed in the 3D viewport.  164 

 165 
NOTE: It is important to avoid overlapping with parts not intended to be removed. 166 
  167 
1.6.4. In this example, parts of the mandible bone and the upper cervical vertebrae were 168 
removed. 169 

 170 
1.7. Segmentation of bone 171 
 172 
1.7.1. Next, the remaining bone must be segmented and converted into a surface mesh. To do 173 
so, click on the Segmentation Editor, choose the modified CT image sequence, and add a new 174 
Labelset by clicking on New. 175 
 176 



   

   
 

1.7.2. Now choose Threshold as a segmentation option. Set the lower slider to a value of ~250 in 177 
case of a CT. Ensure that thin bone structures such as the temporal bone or the upper orbital 178 
region are selected in the preview. Otherwise, adjust the lower threshold but avoid selecting any 179 
soft tissue. 180 
 181 
1.7.3. Next click on Select and finally add the selection to the labelset (by clicking on the red plus 182 
icon). 183 
 184 
1.7.4. Return to the Pool View. A new labelset has been created for the CT. Right click and choose 185 
Compute > Surface Gen, check the Compactify option, and click Apply. 186 
 187 
1.7.5. Finally, add a SurfaceView module and adjust the color of the generated mesh. 188 

 189 
1.8. Segmentation of other structures 190 
 191 
1.8.1. Add other relevant structures by repeating the previous steps. In case of the tumor, manual 192 
segmentation was used rather than a thresholding operation. 193 
 194 
1.8.2. To perform manual segmentation, go to the Segmentation Editor, and choose the manual 195 
segmentation option (brush icon) to mark structures such as the tumor in every slice. Finally add 196 
the selection again by clicking onto the plus icon. Thus, the tumor, the optic nerve, and the 197 
intracranial vessels will be segmented and added to the model. 198 

 199 
1.9. Exporting meshes 200 
 201 
1.9.1. Finally export the generated meshes in the STL format by right clicking on the mesh and 202 
clicking on Save. Choose binary STL as the file format. 203 
 204 
2. Preparation of the virtual 3D model for multicolor printing 205 
 206 
NOTE: The software used for print preparation in this protocol is Netfabb Premium 2019.0. 207 
Autodesk offers free use of this software in its educational program. 208 
 209 
2.1. Import data and perform automatic repair. 210 
 211 
2.2. Open the print preparation program and import the meshes generated in the previous steps 212 
as new parts. Check Automatic Repair and click Import. 213 

 214 
2.3. Deleting small loose parts 215 
 216 
2.3.1. Select the skull and split its shells into parts by clicking on Modify > Split Shells into Parts. 217 
This separates any loose objects not connected to the skull bone. 218 
 219 
2.3.2. Select the skull bone and toggle its visibility off. 220 



   

   
 

 221 
2.3.3. Now select all other parts and delete them. 222 
 223 
2.3.4. Toggle the skull’s visibility on again. 224 
 225 
2.3.5. Repeat this step for all other objects. 226 

 227 
2.4. Remove overlapping regions. 228 
 229 
NOTE: In some regions, such as the tumor inside the petrous apex of the skull, the geometries of 230 
both objects intersect each other. To avoid printing errors, it is necessary to remove such 231 
intersections. 232 
 233 
2.4.1. Select the two intersecting objects and click on Boolean Operations. 234 
 235 
2.4.2. Move the object to be subtracted from the other one to the red side of the list and click on 236 
Apply. Now the two objects are clearly separated. This should be checked by toggling their 237 
visibility. 238 
 239 
2.4.3. Repeat these steps to allow the tumor as well as the artery inside the tumor to become 240 
clearly separated from each other. 241 

 242 
2.5. Add supporting structures where needed. 243 
 244 
2.5.1. In case of the basilar artery, additional supports are needed to prevent the object from 245 
being a loose part after printing. 246 
 247 
2.5.2. Add a new object, in this case a cylinder (File > Part Library), and adjust its dimensions and 248 
subdivisions as needed. 249 
 250 
2.5.3. Place the cylinder to completely intersect with the skull and the vessel geometry. 251 
 252 
2.5.4. Now perform the Boolean operation again to subtract the parts within the bone and the 253 
blood vessel. 254 
 255 
2.5.5. Repeat this step to add more supports where needed (e.g., the optic nerve). 256 
 257 
3. Preparation for volumetric coloring of selected parts 258 
 259 
NOTE: To allow volumetric coloring of certain parts it is necessary to generate not only one 260 
surface shell but many subshells (additional surfaces) inside the object.  261 
 262 
3.1. Select the tumor, in this case, and generate a new shell from it (right click > Modify > 263 
Generate Shell). 264 



   

   
 

 265 
3.2. Set a shell thickness of 0.3 mm in the Inner Offset Mode with an accuracy of 0.15 mm and 266 
Apply. Select the Keep Original Part checkbox. This generates an inner shell with a distance of 267 
0.3 mm to the original surface. 268 
 269 
3.3. Select the outside surface of both shells and generate a new shell from it. Select a shell 270 
thickness of 0.25 mm in Hollow Mode with an accuracy of 0.15 mm. Also select the Remove 271 
Original Part checkbox. This generates a space of 0.05 mm between the two adjacent shells. 272 
 273 
3.4. Repeat steps 3.1–3.3 so that multiple inner shells with constant thicknesses and invariant 274 
offsets are created. 275 
 276 
NOTE: It is recommended to use a shell thickness of 0.35–0.25 mm as well as an offset of 0.1–277 
0.05 mm to achieve smooth volumetric coloring. 278 
 279 
3.5. Repeat steps 3.1–3.4 with all other objects, such as the blood vessels. 280 
 281 
4. Coloring and exporting of the 3D model 282 
 283 
NOTE: The coloring of all parts of the model, including the distinct nested shells, is done using 284 
the Netfabb software. 285 
 286 
4.1. Select a part to be colored in the Parts Menu on the left side. Double click the Texture and 287 
Color Mesh icon. Choose a color by clicking the color bar on the right side. In the top menu left 288 
click on the Paint on Shells icon. Subsequently left click on the model displayed in the screen 289 
center. Finally left click on the Apply Changes box in the lower right corner. Be sure to confirm 290 
the Remove Old Part selection.  291 
 292 
4.2. Repeat these steps with all other objects and shells, respectively. 293 
 294 
4.3. Export all objects. Select all objects to be printed, including supports and inner shells, and 295 
export them as individual files. Be sure to choose the VRML (WRL) format, because the STL format 296 
is not able to transport the color information. 297 
 298 
5. Printing and post processing of the 3D model 299 
 300 
5.1. Set up the 3D printer 301 
 302 
NOTE: The 3DPrint Software (Version 1.03) was used to control the ZPrinter 450 binder jetting 303 
machine. 304 
 305 
5.1.1. Open the software and import the colored VRML files by clicking on Open and choosing all 306 
relevant data. Click on the Open button in the lower right window corner. In the subsequent 307 
window choose millimeters as units. Make sure to check the Keep Position and Orientation as 308 



   

   
 

well as the Apply Settings to All Files boxes. Finally choose Z151 as the material type. Click on 309 
the Next button.  310 
 311 
5.1.2. For positioning the 3D objects inside of the build volume, mark all objects by pressing the 312 
<STRG>+A key.  313 

 314 
5.1.2.1. In the upper left window, representing the XY view of the build volume, click and drag 315 
the marked objects to the center. In the lower left window, representing the XZ view of the build 316 
volume, click and drag the objects in the middle of the lower part above the yellow line.  317 
 318 
5.1.2.2. If a whole skull model is printed, be sure that the opening is facing upwards. If isolated 319 
small models are printed, be sure to align delicate parts such as vessels with the XY plane, 320 
because this orientation will increase the strength of the respective parts.  321 

 322 
5.1.2.3. Check the correct orientation of the models by clicking and moving them in the window 323 
on the right-hand side.  324 
 325 
5.1.3. To prepare for the build process, click on the Setup icon in the upper menu. Make sure 326 
that the correct Material Type is selected and that the Layer Thickness is set to 0.1 mm. The 327 
Bleed Compensation should be checked and the Print in Monochrome option unchecked.  328 
 329 
5.1.4. To start the printing process, click on the Build icon in the upper menu. In the subsequent 330 
window choose Entire Build and click the OK button. Be sure that in the following Printer Status 331 
dialogue all listed items are set correctly and that the printer is online. Then, click on the Print 332 
button in the lower part of the dialogue box.   333 

 334 
5.2. Post processing of the model 335 
 336 
NOTE: Always wear a laboratory coat, gloves, eye protection, and a mask while handling the loose 337 
powder and the hardening solution. Always work in a well-ventilated area. 338 

 339 
5.2.1. Unpacking 340 
 341 
5.2.1.1. After the print is finished, unpack the model by carefully removing the loose powder with 342 
the integrated vacuum cleaner. It is important not to directly contact the model with the suction 343 
tube to prevent thin structures from breaking apart. 344 
 345 
5.2.1.2. Remove the model and clean it by applying pressurized air as well as cleaning it with a 346 
soft brush. Thicker, more stable, parts of the model can additionally be ground with a harder 347 
brush. This optional step allows for a smoother surface finish. Keep in mind that in this state the 348 
model is still very fragile. 349 

 350 
5.2.2. Infiltration 351 
 352 



   

   
 

5.2.2.1. Put the model inside a plastic tub.  353 
 354 
5.2.2.2. Infiltrate it carefully with the hardening solution until no whitish areas are visible. 355 
 356 
5.2.2.3. The surplus solution has to be removed with pressurized air and disposable paper towels 357 
to maintain all the surface details.  358 
 359 
5.2.2.4. Let the model cure for several hours until it is completely dry. 360 
 361 
REPRESENTATIVE RESULTS:   362 
Eight patients with chondrosarcoma of the petrous apex were selected for the study and virtual 363 
3D models were created, each containing bone, tumor, vessels, pituitary gland, and optic nerve 364 
crossing. Three models underwent multicolored 3D printing using the plaster-based color 3D 365 
binder jetting technique (Figure 1A1,A2). Additionally, a single tumor with an internal artery was 366 
created (Figure 1B1) to show the benefits of volumetric coloring compared to surface coloring 367 
(Figure 1B2,B3). 368 
 369 
These models were used to demonstrate the simulation of a surgical approach (e.g., burr hole 370 
creation) and tumor resection. This printing technique allowed for combining anatomical 371 
structures derived from different imaging modalities into one single object. 372 
 373 
The plaster material had bone-like properties and could be easily drilled without melting. Thus, 374 
it was feasible to use it to simulate a surgical access route. After the hardening procedure it was 375 
stable enough to reproduce even fragile structures such as the intracerebral vessel tree.  376 
 377 
The ability to color the entire volume of the model allowed an object’s internal structure, such 378 
as the internal carotid artery travelling through the tumor, to be clearly visualized. By removing 379 
layers of tumor with the drill, the red artery was gradually revealed during the surgical simulation. 380 
 381 
To prove the accuracy of the technique, 3D models were scanned in a computer tomograph. The 382 
models created for printing were superimposed to these scans. A deviation mapping was created, 383 
and the accuracy was determined in 50 randomly chosen surface points. A mean deviation of 384 
0.021 mm demonstrates the high accordance of the 3D print compared to the original data. 385 
 386 
FIGURE AND TABLE LEGENDS:  387 
Figure 1: Volumetric vs. surface colored 3D prints. A1. Exemplary full color 3D print of a patient 388 
with chondrosarcoma at the right petrous apex. A2. Detailed view of anatomical structures 389 
(arrow = internal carotid artery bifurcation; O = optic nerve chiasm; T = tumor). B1. Blood vessel 390 
crossing the tumor volume and cross-sectional level (dotted line). B2. The conventional 391 
multicolor printing technique reveals color only at the surface. B3. The modified technique 392 
produces volumetrically colored objects suitable for advanced surgical simulation. 393 
 394 
Figure 2: Workflow for volumetric coloring of 3D prints. A. Virtual 3D model of a tumor with a 395 
blood vessel crossing its volume without inner shells. B. A tumor and a blood vessel with multiple 396 



   

   
 

inner shells (distance 0.05 mm). C. An example of a high shell distance (1 mm). The single layers 397 
of colored and white shells are still visible. D. An example of small shell distance (0.1 mm). The 398 
object’s inner volume is completely colored.  399 
 400 
DISCUSSION: 401 
The therapy of intracranial chondrosarcoma is mainly based on complete surgical removal. Often 402 
located on the petrous apex, this tumor is close to important structures such as the internal 403 
carotid artery, the optic nerve, and the pituitary gland. Therefore, planning the surgical 404 
trajectories is a crucial step prior to surgery. Multicolor 3D printing allows for fusion of these 405 
structures, each derived from different imaging modalities, into a single object. 406 
 407 
During the preparation for 3D printing it is important to carefully select adequate imaging data. 408 
High resolution images with a small slice thickness are well suited for 3D reconstruction and 409 
smooth transitions, whereas high slice thicknesses will produce coarse, uneven objects. Another 410 
critical step of the method is to avoid any intersections of two neighboring objects such as tumor 411 
and skull bone. Therefore, Boolean operations have to be performed to subtract one object from 412 
the other. 413 
 414 
To allow for volumetric coloring it is necessary to create onion shell-like subsurfaces inside an 415 
object (Figure 2A,B). It is necessary to have a minimum distance between two adjacent surfaces 416 
of at least 0.1 mm to obtain smoothly colored objects (Figure 2D). If the distance chosen is above 417 
this value, the individual shells inside the object might become visible (Figure 2C). Attention 418 
should be paid to an increased color consumption of the 3D printer when using volumetric 419 
coloring. Furthermore, it is also important to check the model for any loose parts and add 420 
supports when necessary (e.g., the basilar artery). 421 
 422 
The method can only produce stiff, plaster-like material that is not very durable. Especially 423 
without the hardening procedure, the model can be easily destroyed during the unpacking 424 
procedure. Thus, fragile elements such as blood vessels often tend to break apart.  425 
 426 
The technique is also not suitable for simulation of soft tissue. To simulate brain tissue, for 427 
example, it might be necessary to either print it with a method that is able to produce soft and 428 
hard materials directly12,13 or to print molds that can be used to cast soft objects, such as silicone 429 
rubber14. In one test case, the latter method was used to simulate a soft tumor. The limitation of 430 
this last procedure was that although the silicone tumor was very flexible, it was necessary to 431 
have enough space to insert it into the 3D printed model. Furthermore, it was not possible to 432 
create inner structures, such as a blood vessel. 433 
  434 
3D binder jetting is an additive manufacturing technique that assembles objects by partial 435 
hardening and coloring thin layers of plaster powder. Thus, it allows for printing a nearly 436 
unlimited range of colors, color transitions, and colored structures inside the volume of objects 437 
in one single process. 438 
 439 
Compared to other printing techniques such as filament printers, which produce the lowest costs 440 



   

   
 

but only allow two or three colors at once, and Poly Jet printers that produce multicolor, multi- 441 
material objects but are very expensive, this technique offers a compromise at an affordable 442 
price. The mean material cost for a printed skull was about 150 €. 443 
 444 
With this method it is possible to visualize even more abstract data such as filament fibers derived 445 
from MRI fiber tracking sequences or functional imaging depicting, for example, the brain speech 446 
area (e.g., Broca’s area).  447 
 448 
Apart from surgical simulation, 3D printed, fully colored models of real patient anatomy can help 449 
improve the education of medical students or young physicians so they can better understand 450 
complex anatomical relations. It is also an important tool in patient education. 451 
 452 
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Name of Material/Equipment Company Catalog Number

3D printer 3D Systems (formerly Zcorp) x

3D printing software 3D Systems (formerly Zcorp) x

Binder solution for cartridge 4D Concepts GmbH, Groß-Gerau, Germany 42-0100-7001

Infiltration solution 4D Concepts GmbH, Groß-Gerau, Germany 42-0250-1090

Modeling Software for 3D print 

preparation

Autodesk,  San Rafael, CA, USA x

Print head for binder 4D Concepts GmbH, Groß-Gerau, Germany 42-0150-2010

Print head for color 4D Concepts GmbH, Groß-Gerau, Germany 42-0150-2011

Printing powder 4D Concepts GmbH, Groß-Gerau, Germany 42-0050-2061

Segmentation software Thermo Fisher Scientific, Waltham, MA, USA x
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Comments/Description

Zprinter Z450

3DPrint Software (Version 1.03)

VisiJet PXL Binder Cartridge clear 1 x ca. 1 Liter

Color-Bond 90, 1 bottle, 454 g

Netfabb Premium (Version 2019.0) 

HP 11 print head (C4810A)

HP 57 printhead C 6657 AE Tricolor

VisiJet PXL Core Eco Drum ca. 14 kg - ca. 11,47 L

Amira 5.4.5
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First revision of JoVE60471 “Multicolor 3D printing of complex 

intracranial tumors in neurosurgery for research, training and 

individualized treatment planning” 
 

Changes made according to the editor’s and reviewer’s statements are in italics. 

 

Editorial and production comments: 

Changes to be made by the Author(s) regarding the written manuscript: 

 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 

no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any 

errors in the submitted revision may be present in the published version. 

The manuscript has been carefully proofread again and spelling as well as grammar issues 

have been corrected to the best of our knowledge. 

 

2. Please submit each figure as a vector image file to ensure high resolution throughout 

production: (.psd, ai, .eps., .svg). 

The figures are all produced as pixel graphics and contain images. Therefore it is not 

possible to provide a vector image file. 

 

3. Figure 1: Please remove “Fig 1”. 

4. Figure 2: Please remove “Fig 2”. 

“Fig 1” and “Fig 2” have been removed from the figures  

 

5. Title: Please shorten the title for brevity. “for research, training and 3 individualized 

treatment planning” can be removed. 

The title has been shortened in the manuscript and the video as proposed. 

 

6. Please rephrase the Summary to clearly describe the protocol and its applications in 

complete sentences between 10-50 words: “Here, we present a protocol to …” 

The Summary has been shortened and modified as follows: 

“The protocol describes the fabrication of fully colored 3D prints of patient-specific, 

anatomical skull models to be used for surgical simulation. The crucial steps of combining 

different imaging modalities, image segmentation, 3D model extraction and production of the 

3D print are explained. “  

 

7. Please ensure that the references appear as the following: [Lastname, F.I., LastName, F.I., 

LastName, F.I. Article Title. Source. Volume (Issue), FirstPage – LastPage (YEAR).] For 

more than 6 authors, list only the first author then et al. 

The references have been modified according to the JoVE EndNote style provided on the 

JoVE website. 

 

8. Please include volume and issue numbers for all references. 

The references have been modified according to the JoVE EndNote style provided on the 

JoVE website. For some references this data was not available. 

 

9. Please cite at least 10 prior publications. 

Additional publications were added to the manuscript. 

 

10. For in-text formatting, corresponding reference numbers should appear as numbered 

superscripts after the appropriate statement(s). 
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The references and in-text formatting have been modified according to the JoVE EndNote 

style provided on the JoVE website. 

 

11. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our" 

etc.). 

All personal pronouns were removed. 

 

12. 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. 

A statement about the ethics committee’s approval was inserted. 

 

13. Please provide a title for each figure. 

A title for each figure legend in the protocol was added. 

“Figure 1 – Volumetric vs. surface colored 3D prints” 

“Figure 2 – Workflow for volumetric coloring of 3D prints” 

 

Changes to be made by the Author(s) regarding the video: 

 

1. Please ensure that the video title matches the article title. We suggested changes above. 

The shorter title has been integrated in the video as well. 

 

2. Please repeat the title slide at the end of the video as well. 

Title slide was inserted at the end of the video again.  

 

Reviewers' comments: 

Reviewer #1:  
Manuscript Summary: 

The manuscript is well written and protocols are clearly explained. Topic is of high interest 

for 3D printing techniques for biomedical purposes. 

 

Major Concerns: 

the hard material described is good for a bone drilling simulation. However it is not suitable 

for other tissues simulation (vessels, soft tissues). It would be interesting to know if the 

authors are planning to work also on this kind of tissues. 

The following paragraph has been added in the Limitations section of the paper’s Discussion: 

“To simulate e.g. the brain tissue it might be necessary to either print this with a method that 

is able to produce soft materials directly or to print molds that can be used to cast soft objects 

e.g. from silicone rubber. In one test case the latter method was used to simulate a soft tumor.  

The limitation of this procedure was that although the silicone tumor was very flexible it is 

always necessary to have enough space to insert it into the 3D printed model. Furthermore it 

is not possible to create inner structures such as a blood vessel.” 

 

Minor Concerns: 

I would enclose and discuss the following references for discussion: 

 

Quantitative evaluation of different far lateral approaches to the cranio-vertebral junction 

using the microscope and the endoscope: a cadaveric study using a tumor model. PMID: 

29479657 

 

A workflow to generate physical 3D models of cerebral aneurysms applying open source 

freeware for CAD modeling and 3D printing. 



 

Both references have been enclosed in the Introduction part. 

 

 

 

Reviewer #2: 
Manuscript Summary: 

Congratulations on your manuscript, the results in the images are great, the method is 

straightforward and easy to understand with some experience in the 3D printing area 

 

Major Concerns: 

None 

 

Minor Concerns: 

There are some minor grammatical and syntax errors in the manuscripts, mainly repetitive 

sentences which should be addressed. 

The manuscript has been carefully proofread again and spelling as well as grammar issues 

have been corrected to the best of our knowledge. 

 


