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SUMMARY:  25 

This method demonstrates a voxel-based 3D printing workflow, which prints directly from 26 

medical images with exact spatial fidelity and spatial/contrast resolution. This enables the 27 

precise, graduated control of material distributions through morphologically complex, graduated 28 

materials correlated to radiodensity without loss or alteration of data.  29 

 30 

ABSTRACT:  31 

Most applications of 3-dimensional (3D) printing for presurgical planning have been limited to 32 

bony structures and simple morphological descriptions of complex organs due to the 33 

fundamental limitations in accuracy, quality, and efficiency of the current modeling paradigm. 34 

This has largely ignored the soft tissue critical to most surgical specialties where the interior of 35 

an object matters and anatomical boundaries transition gradually. Therefore, the needs of the 36 

biomedical industry to replicate human tissue, which displays multiple scales of organization and 37 

varying material distributions, necessitate new forms of representation.  38 

 39 

Presented here is a novel technique to create 3D models directly from medical images, which are 40 

superior in spatial and contrast resolution to current 3D modeling methods and contain 41 

previously unachievable spatial fidelity and soft tissue differentiation. Also presented are 42 

empirical measurements of novel, additively manufactured composites that span the gamut of 43 

material stiffnesses seen in soft biological tissues from MRI and CT. These unique volumetric 44 
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design and printing methods allow for deterministic and continuous adjustment of material 45 

stiffness and color. This capability enables an entirely new application of additive manufacturing 46 

to presurgical planning: mechanical realism. As a natural complement to existing models that 47 

provide appearance matching, these new models also allow medical professionals to “feel” the 48 

spatially varying material properties of a tissue simulant—a critical addition to a field in which 49 

tactile sensation plays a key role. 50 

 51 

INTRODUCTION:  52 

Currently, surgeons study numerous discrete 2-dimensional (2D) imaging modalities displaying 53 

distinct data to plan for operations on 3D patients. Furthermore, viewing this data on a 2D screen 54 

is not fully capable of communicating the full extent of the collected data. As the number of 55 

imaging modalities grows, the ability to synthesize more data from distinct modalities, which 56 

exhibit multiple scales of organization, necessitates new forms of digital and physical 57 

representation to condense and curate information for more effective and efficient surgical 58 

planning. 59 

 60 

3D-printed, patient-specific models have emerged as a new diagnostic tool for surgical planning 61 

that has been shown to reduce operating time and surgical complications1. However, the process 62 

is time-consuming due to the standard stereolithography (STL) method of 3D printing, which 63 

shows a visible loss of data and renders printed objects as solid, homogeneous, and isotropic 64 

materials. As a result, 3D printing for surgical planning has been limited to bony structures and 65 

simple morphological descriptions of complex organs2. This limitation is a result of an outdated 66 

manufacturing paradigm guided by the products and needs of the industrial revolution, where 67 

manufactured objects are fully described by their exterior boundaries3. However, the needs of 68 

the biomedical industry to replicate human tissue, which displays multiple scales of organization 69 

and varying material distributions, necessitate new forms of representation that represent the 70 

variations across the entire volume, which change point by point. 71 

 72 

To address this issue, a 3D visualization and modeling technique (Figure 1) was developed and 73 

coupled with a novel, additive manufacturing process that enables greater control over the 74 

mixing and deposition of resins in ultrahigh resolution. This method, called bitmap printing, 75 

replicates human anatomy by 3D printing directly from medical images at a level of spatial fidelity 76 

and spatial/contrast resolution of advanced imaging technology approaching 15 µm. This enables 77 

the precise and graduated control required to replicate variations in morphologically complex 78 

soft tissue with no loss or alteration of data from diagnostic source images. 79 

 80 

PROTOCOL: 81 

 82 

NOTE: 3D Slicer Medical Image Computing Software4 (see the Table of Materials) was used for 83 

the work completed in sections 1 through 3.  84 

 85 

1.  Data input  86 

 87 
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1.1.  Open the medical image computing software, click the File button and DICOM from the 88 

dropdown menu, and wait for the DICOM Browser window to open.   89 

 90 

1.1.1.  In the DICOM Browser window, select Import. Wait for the Import DICOM Files from 91 

directory popup window to appear. 92 

 93 

1.1.2.  Navigate to the DICOM file stack and click the Import button.  94 

 95 

1.1.3.  Ensure that the selected stack of DICOM files are loaded into the DICOM Browser. Ensure 96 

that the data has been correctly populated and matches the desired study in the following 97 

categories: Patient, Study, Series, and Instance.  98 

 99 

1.1.3.1.  Click the Advanced check box to activate additional metadata. Select the desired 100 

Series Number and click the Examine button. Ensure the desired sequence is not displaying 101 

warnings. Click the check box next to the desired DICOM Data file | Load.  102 

 103 

NOTE: Select the highest resolution images with the thinnest slice acquisition as this method is 104 

capable of printing at 15 µm and 27 µm slice thickness.  105 

 106 

1.2.  For volume rendering, once the sequence is loaded into the medical image computing 107 

software, navigate to Modules and select Volume Rendering Module from the dropdown menu.  108 

 109 

1.2.1.  In the Volume Rendering module, select the name of the sequence from the Volume 110 

dropdown menu to activate the image stack and translate the data into a voxelized volume. 111 

Ensure that the active module’s name matches the desired sequence selected in step 1.1.3.1. 112 

 113 

1.2.2.  Click the Eye Ball icon next to the Volume dropdown to visualize the selected volume in 114 

3D. Ensure that the 3D display window is open and a grayscale 3D representation is visible.  115 

 116 

1.2.3.  Next, click the arrow next to Advanced to open the Advanced Tools. Select the Volume 117 

Property tab to open a set of controls for modifying the color channel of the voxel model.  118 

 119 

1.2.4.  Navigate to the Scalar Opacity Mapping menu. Left-click in the field to create points 120 

where intensity values will be defined by opacity. Place points along this scale to visualize the 121 

anatomy of interest.  122 

 123 

NOTE: The right–left location of the point is correlated to the range of the image’s intensity 124 

values, and the up–down location refers to the opacity. 125 

 126 

1.2.5.  Navigate to the Scalar Color Mapping menu. Left-click in the field to create points and 127 

specify colors correlated to intensity values. Double-click in the field to open a Select Color 128 

window to modify color information.  129 

 130 

2.  Manipulations  131 



 132 

NOTE: A masking step is required if the anatomy is sufficiently complex, to the point where 133 

surrounding tissues and extraneous data are present after modifications to the Volume 134 

Properties.  135 

 136 

2.1. Navigate to Modules and select the Segment Editor from the dropdown menu. Ensure 137 

the Segment Editor toolbars appear. 138 

 139 

2.1.1. Navigate to the Segmentation dropdown and select Create New Segmentation as. Type 140 

a custom name for the segmentation from the Rename Segmentation popup window and click 141 

OK. 142 

 143 

2.1.2. Navigate to the Master Volume dropdown and select the active volume, which will have 144 

the same name as the Volume Rendering. Next, click the Add button directly below the 145 

dropdown. Ensure the segment container is created in the field below. 146 

 147 

2.1.3. Navigate to the effects tool panel below and select the Scissors tool. Navigate to the 148 

Scissors menu and select Fill Inside, Free-form, and Unlimited. Next, hover over the 3D Window, 149 

right-click and hold while drawing around the area to be erased. Ensure a colored swath appears, 150 

showing what has been covered. Repeat this process until all areas to be deleted are covered.  151 

 152 

NOTE: There are Extensions, such as Segment Editor Extra Effects, that can be downloaded into 153 

the medical image computing software, containing tools for creating this segmentation. 154 

 155 

2.1.4 Next, select the Mask Volume tool from the Effects menu. Check Select Inside to delete 156 

all image data covered by the segment. Next, modify the Fill Value to be -1000, which is equal to 157 

air, or void, in the Hounsfield unit scale. Finally, hit apply and click the Eye Ball next to the Output 158 

Volume to show the new masked volume.  159 

 160 

2.1.4.1 Navigate to Modules and select Volume Rendering from the dropdown menu. Click the 161 

Eye Ball next to the active volume to turn off the visualization.  162 

 163 

2.1.4.2 Next, from the dropdown menu, select the newly created masked volume. Click the Eye 164 

Ball to activate the volume.  165 

 166 

2.1.4.3 Finally, navigate to the Inputs menu and open the Properties dropdown menu. Select the 167 

Volume Property created in step 1.2.5. Ensure the volume in the 3D View is masked and color-168 

encoded.  169 

 170 

3. Slicing 171 

 172 

NOTE: This process bypasses the traditional 3D printing method by sending the slice files directly 173 

to the 3D printing instead of an STL mesh file. In the following steps, slices will be created from 174 



the volume rendering. The Bitmap Generator module is a custom-built extension. This can be 175 

downloaded from Extensions Manager. 176 

 177 

3.1. Navigate to the Modules, select Slicerfab from the dropdown. Ensure the Print 178 

Parameters and Output Parameters menus are present. 179 

 180 

3.1.1 Under the Printer Parameters dropdown, ensure the X resolution is set to 600 DPI and 181 

the Y resolution is set to 300 DPI. Ensure the Layer thickness is set to 27 µm. 182 

 183 

3.1.2 Next, open the Output Parameters menu and modify the scale of the final model as 184 

needed.  185 

 186 

3.1.3 Finally, select a file location for the slices to be saved and click Generate.  187 

 188 

NOTE: This step can take several minutes to complete. 189 

 190 

4. Dithering 191 

 192 

NOTE: Adobe Photoshop (see the Table of Materials) was used for the work completed in section 193 

4. 194 

 195 

4.1. Open the image editing software and click File and select Open from the dropdown menu. 196 

Navigate to the first image of the PNG file stack created in the previous step and click the Open 197 

button.  198 

 199 

4.2. Navigate to Window and select Actions from the dropdown menu. In the Actions menu, 200 

click New Action, enter a custom name, and select OK. Ensure the action is being recorded by 201 

checking that the Record button is active and red.  202 

 203 

4.2.1. Once the image has loaded, navigate to Image | Mode | Indexed Color. In the Index 204 

window, select from the dropdown menu Local Perceptual and specify the number of colors to 205 

be 8. 206 

 207 

4.2.2. In the Forced menu, select Custom. Click the first two squares, wait for the Custom Color 208 

window to pop up, and select a custom color pallet. Select 100% Magenta and ensure C, Y, and 209 

K are set to 0. 210 

 211 

4.2.2.1. Repeat this process and ensure there are two squares devoted to 100% C, Y, and 212 

K.  213 

 214 

4.2.3. In the Options menu, for Matte, select Custom from the dropdown menu. For Dither, 215 

select Diffusion, and for Amount, select 100%. Finally, click OK. 216 

 217 



4.2.4. Navigate to the Action menu and click the square button to stop recording. Close the 218 

active window and click No in the save changes popup window.  219 

 220 

4.3 Navigate to File | Automate | Batch. In the Batch popup window, navigate to the Action 221 

dropdown and select the action created in the previous step. Next, under the Source menu, click 222 

the Choose button and navigate to the folder of images exported in step 3.1.3. Under the 223 

Destination menu, click the Choose button, select a destination folder location for the new files, 224 

and click OK.  225 

 226 

5. Voxel printing  227 

 228 

NOTE: Stratasys GrabCAD5 was used for the work completed in section 5.  229 

 230 

5.1. Open the print software, click Apps and Launch Voxel Print Utility from the dropdown 231 

menu.  232 

 233 

5.1.1. In the Slice Files’ Prefix text box, enter the prefix of the PNG file stack. Next, click the 234 

Select button and navigate to the folder where the PNG files stack is located, and click OK.  235 

 236 

5.1.2. Under Slice Range, ensure the First Slice and Number of Slices match the number of files 237 

in the created folder.  238 

 239 

5.1.3. Under Slicing Parameters, ensure the Sliced thickness (mm) matches the settings 240 

specified in step 3.1.1.1 and Slice width (pixels) and Slice height (pixels) match the PNG files 241 

width and height.  242 

 243 

5.1.4. Under Background Color, ensure the background matches the background color, set not 244 

to print. Once completed, click the Next button. 245 

 246 

5.2. On the Tools page under Material Mapping, select the material from the dropdown menu 247 

to be mapped to the associated color, derived from the PNG files. Repeat this process for each 248 

color in the menu. Then, click Finish | OK on the popup window Info Gcvf creation succeeded. 249 

 250 

5.3. On the host computer print software, click File | Import File from the dropdown menu. 251 

Navigate to the Gcvf file and click Load. On the main screen, select Print.  252 

 253 

REPRESENTATIVE RESULTS:  254 

A positive result, as shown in Figure 2 and Figure 3, will be a direct translation of the volume 255 

rendering as defined in steps 1.2.5 or 2.1.1.4. The final model should visually match the volume 256 

rendering in size, shape, and color. Along this process, there are numerous steps where an error 257 

can occur, which will affect one or more of the properties listed above.  258 

 259 

Issues related to the uniform scaling, as shown in Figure 4, of the printed models can be a result 260 

of the imaging, the computer hardware, and/or default software settings. Hospitals use a variety 261 



of techniques to produce and render images from a range of possible scanners. As this method 262 

works directly from the source images, which can expose metadata not typically utilized, it is 263 

important to be familiar with the nuances of the imaging workflow. Issues of scale can arise when 264 

‘transformation’ is baked into the metadata, which can artificially adjust layer height and 265 

rotation.  266 

 267 

Scale issues can also be a result of the computer monitor size. Some versions of Slicerfab have 268 

been set to slice the volume rendering and save the resulting PNG to the size of the active screen. 269 

In these versions of Slicerfab, images that are larger than the monitor will be cut off. Finally, 270 

various updates in Photoshop have resulted in scale issues when the updates modify the defaults 271 

to the image import resolution. When the default is set to anything other than 600 DPI, the 272 

images will not maintain the same scale of images produced by the medical image computing 273 

software. They will result in distortions to the X–Y dimension while the z height of the model will 274 

remain correct. 275 

 276 

Issues related to irregular shapes and unexpected geometries can result when working with 277 

opacity in the medical image computing software. The volume properties tab contains the ability 278 

to modify both color and opacity channels. When the opacity channel is set below 50%, the 279 

rendering algorithms produce visualizations that are difficult for the user to perceive, particularly 280 

surrounding complex structures. This can result in additional data being parsed in the process 281 

and can lead to unwanted data being 3D printed. 282 

 283 

Issues related to color can result from software graphics and user errors in both image editing 284 

software and print software. The medical image computing software has numerous choices for 285 

adjusting the volume rendering. Although the current version of Slicerfab has hard-coded 286 

rendering settings, modifications can still be made. Activating light and shade settings, as well as 287 

GPU rendering settings, can produce unexpected and irreproducible results. Finally, the dithering 288 

steps starting at step 4.1.2.3 can impact color based on the options for color synthesis, which is 289 

determined by the number and relative concentrations of the available base materials in the 290 

printer.  291 

 292 

The ‘local perceptual’ dithering algorithm attempts to produce a visual approximation of the 293 

source color from the available colors defined in the ‘color picker.’ Modifying the number and 294 

color of the base materials will modify the resulting hue and color accuracy of the printed model. 295 

Furthermore, if clear is used as a base material, as shown in Figure 5, issues surrounding surface 296 

and subsurface light scattering through the printed model often result in unfaithful color 297 

translations from the digital rendering to the printed model6. 298 

 299 

FIGURE AND TABLE LEGENDS: 300 

 301 

Figure 1: Flow diagram. 302 

 303 

Figure 2: Voxel digital to physical dithering of color. (A) a cross-section of a cardiac model is 304 

shown by dividing the density ranges of the anatomy into 2, 4, and 10 colors. (B) An enlargement 305 

https://paperpile.com/c/YpWE3f/EsDr


of a portion of each model is called out, showing the individual pixels, which will be processed to 306 

droplets of materials in the 3D printing process. (C) Shown here are cross-sectional 3D printed 307 

models using the voxel technique, demonstrating the translation from an image to the model.  308 

 309 

Figure 3: Voxel representative results. Two models displaying representative results of a 310 

successful method. (A) A cross-sectional kidney model of an adult with clear cell carcinoma. The 311 

tumor on the right side has been removed to show the interface between the kidney and tumor. 312 

This allows a surgeon a better understanding of the morphology of the tumor and its relationship 313 

to critical elements to be avoided. (B) A sectioned cardiac model showing the variation in tissue 314 

density. 315 

 316 

Figure 4: Voxel scale issue. Two images of the same model showing the result of a scaling issue. 317 

(A) Cross-sectional image of the kidney. The X–Y resolution is shown proportionally but is 50% of 318 

the intended product (B) Profile view of the kidney. The X-resolution remains accurate from the 319 

source data and results in a model that appears stretched in the X-direction.  320 

 321 

Figure 5: Potential problems. Two images of two different models demonstrate the issues 322 

around the clarity of working with translucent materials. (A) This model shows the result of 323 

enclosed voids within the model that have been filled with a ‘support’ material by the printer. In 324 

this model, the voids were intentionally created to create a variation in optical properties. (B) 325 

This model shows open voids that run deep into the model. The voids are tortuous, making 326 

standard postprocessing techniques, which polish the surface, impossible. The resulting optical 327 

distortion has rendered the model unusable for clinical applications.   328 

 329 

Figure 6: Voxel processing workflow and image quality comparison. From the input DICOM 330 

data, (A) a mask is created to isolate the area of interest and reconstruct it into a 3D Volume 331 

Rendering, (B) from which a histogram is analyzed to parse the ranges of intensity values. The 332 

shape channel of the voxel-based volume rendering is activated to visualize the form of the 333 

resulting masked DICOM. The material channel of the voxel-based volume rendering is modified, 334 

through lookup tables, which map color to the specified intensity ranges (C). The volume 335 

rendering is sliced as full-color PNG files to the required constraints and resolution of the printer 336 

(D). Every PNG slice is dithered into the material descriptions needed to fabricate the medical 337 

data. (E) The resulting color-composite PNGs are sent to the printer. (F) A visualization of a high-338 

resolution data set compared to a low-resolution data set (G) using the same technique to 339 

demonstrate the need for the highest quality source data.  340 

 341 

DISCUSSION:  342 

The current representational framework that the majority, if not all, of digital modeling tools 343 

employ today results in the STL file format8. Nevertheless, the specific nature of this paradigm 344 

has proven inadequate when trying to express the granular or hierarchical structure of more 345 

complex, natural materials. With the arrival of recent additive manufacturing techniques such as 346 

multimaterial 3D printing, highly tuned and highly optimized objects can be produced, which 347 

display gradual material transitions throughout their volume. This paper suggests that a voxel or 348 

bitmap-based process is more suited to complex material representations and provides a 349 

https://paperpile.com/c/YpWE3f/x5Bz


technique for translating radiodensity and morphologic complexity from radiological images. The 350 

advantages of this workflow include i) a precise, graduated control over the material distribution 351 

at multiple scales within a 3D printed volume and ii) the power to increase existing 2D image 352 

processing techniques on 3D voxel fields and produce new creative avenues within the design 353 

and engineering of objects whose aesthetic qualities and material organization are highly 354 

modulated to suit their structural performance. 355 

 356 

Every step in this process is critical to achieving an accurate final 3D print, and there is little room 357 

for error. Along the way, there are numerous points where extra attention is required, and checks 358 

should be performed to ensure accuracy. First, selecting the right images for this method has a 359 

direct impact on the final 3D printed model, as shown in Figure 6F,G. This method seeks to 360 

maintain the purity of the source images; any modifications to improve resolution or smooth 361 

contours could introduce or eliminate data. The final product in this method is only as good as 362 

the input data. This method allows for droplet resolution of 15 µm and 27 µm layer thickness. 363 

Therefore, it is critical to work closely with a radiologist to source the highest resolution images 364 

with the thinnest slice count.  365 

 366 

Second, the model editing steps described in the protocol steps 1.1, 2, and Figure 6A require user 367 

input to mask and modify the lookup tables to extract and render the desired outcome. Due to 368 

the high level of resolution, multiple scales of an anatomical structure are editable. A thorough 369 

understanding of medical image data structures and their relation to biological tissues is critical 370 

to extracting the desired data. Attention during this step can allow for highly tuned models that 371 

replicate multiple scales of organization in biological tissue.  372 

 373 

Third, the dithering step described in protocol step 4 determines how materials will be graduated 374 

from the source colors. It is critical to ensure the source colors relate to the colors in the printer. 375 

If the colors in the printer do not match the colors in the dithering step, unexpected variations in 376 

color can occur in the final model. Additionally, numerous dithering techniques will produce a 377 

variety of results. It is critical that this be examined closely to ensure that no data is lost, and the 378 

appropriate information is being displayed coherently.  379 

 380 

We provide some troubleshooting solutions to the issues defined in the representative results. 381 

First, issues related to scale are generally related to a Transformation baked into the medical 382 

image metadata received from a radiological department. This issue can be corrected in the 383 

medical image computing software by deleting all these inherited ‘Transformations.’ The first 384 

step is to open the Transformation menu and select Delete Active Transform from the dropdown 385 

menu. Repeat this process for all inherited transformations; this should immediately correct the 386 

issue.  387 

 388 

Second, issues related to geometry are generally related to activating the opacity channel in 389 

protocol step 1.2.4. When the opacity channel is set below 50%, the rendering algorithms 390 

produce visualizations, which are difficult for the user to perceive, particularly surrounding 391 

complex structures. The solution to this issue is to set the opacity channel to 100%, thus creating 392 

a solid color that can be defined as a ‘clear’ material in protocol step 5.  393 



 394 

Third, issues related to slicing in the Slicerfab program are often a result of multiple ‘Volumes’ 395 

and the region of interest tool (ROI) being loaded in the medical image computing software. If 396 

multiple ‘Volumes’ are loaded, select the extraneous volumes from the Volume dropdown menu 397 

in the Volume Rendering module so that it is active. Next, from the same dropdown menu, select 398 

Delete current Volume. Repeat this step for an additional ROI that may have been created. When 399 

one ‘Volume’ and one ‘ROI’ are present, Slicerfab should work without the need for a restart.  400 

 401 

Generally, all limitations of this protocol are related to hardware and related material availability. 402 

The current 3D printers used in this method are limited to 15 µm X–Y and 25 µm Z height 403 

resolution. This limitation is relevant when working with ultrahigh-resolution imaging data, such 404 

as Micro CT, where image resolution can approach 5 mm and would cause this method to 405 

introduce error7. This printer is also limited to printing 7 base materials at any one time, which 406 

can limit the range of available colors.  407 

 408 

Blending at the droplet level does occur, allowing for the potential of 25,000,000 possible color 409 

combinations that can be created by co-deposition. However, the exact mechanism of material 410 

blending at the droplet level prior to UV curing is not well known. Furthermore, the printed 411 

material requires significant postprocessing, leading to visual artifacts with interior voids and 412 

hard-to-reach features. Therefore, it is critical to evaluate the geometry prior to fabrication to 413 

ensure the desired visual clarity when interior voids and complex geometry will not allow for 414 

postprocessing.   415 

 416 

Three-dimensional printing is currently used to fabricate models for surgical planning, 417 

implantation, and operative navigation, improving patient care during surgical procedures and 418 

across the hospital environment9,10. However, the current adoption of 3D printed models for 419 

presurgical planning has been slow, partly due to the limited range of applications available with 420 

the current STL method for 3D printing. This method produces a loss in data and visible 421 

inaccuracies compared to the source data set, severely limited levels of complexity in relation to 422 

true anatomical morphology, and volumetric gradients of the original data that cannot be 423 

reproduced. 424 

 425 

Although 3D printing morphologic data alone have proven to be successful, the range of 426 

applications with this method is limited to bony applications and simple geometric 427 

representations of complex anatomical features. In this process, valuable volumetric data are 428 

lost, which compromises the consistency and integrity of source data. Inversely, this method to 429 

extract the material composition of the 3D-printed model without deviation from medical images 430 

avoids these issues. This method can reproduce medical images with greater accuracy with 431 

known advantages for surgical procedures where morphological accuracy is critical. The protocol 432 

in this paper describes the tactile visualization of medical data through submillimeter resolution, 433 

multimaterial, 3D voxel printing. The incorporation of soft resins, with durometers in the range 434 

analogous to human tissue, could foreseeably allow for the recreation of radiologically scanned 435 

soft tissue to be used with tactile planning methods during surgical preparation. 436 

 437 
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planning models through bitmap printing 
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REBUTTLE SUBMISSION 

 
Dear COMIRB Board Review Members, 
 
Enclosed is a response submission application for the review of the study “Medical 
Imaging for 3D Printing.” 
 
This study involves a prospective study for the use of 3D printed models in presugical 
planning at Children’s Hospital Colorado and UCHealth between. 
 
Below is a response to your requests: 
 

Editorial comments: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. 

 

We have completed a spell check and grammar check.  

 

2. Please provide an institutional email address for each author. 

 

This has been completed as well as proper case. 

 

3. Please revise the following lines to avoid previously published work: 25-26, 52-57,282-283, 290-

299. Please refer to the iThenticate report attached. 

 

We have addressed all lines except 290-299 as this is not intellectural property and only 

acknowledgements.  

 

4. 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 …” 

 

We have edited this down to below 50 words.  

 

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

 

We have deleted all personal pronouns 

 

6. JoVE cannot publish manuscripts containing commercial language. This includes trademark 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Rebuttle.docx
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symbols (™), registered symbols (®), and company names before an instrument or reagent. 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. 

 

We have removed all commercial langue. It has been placed in a ‘note’ and added to the table of 

materials.  

 

7. 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.” However, notes should be concise and 

used sparingly. Please include all safety procedures and use of hoods, etc. 

 

We have reworded the protocol section to be written in the imperative tense.  

 

8. Please note that your protocol will be used to generate the script for the video and must contain 

everything that you would like shown in the video. Please add more details to your protocol steps. 

Please ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add 

references to published material specifying how to perform the protocol action. Please add more 

specific details (e.g. button clicks for software actions, numerical values for settings, etc) to your 

protocol steps. There should be enough detail in each step to supplement the actions seen in the 

video so that viewers can easily replicate the protocol. 

 

We have reworded and edited this section 

 

9. Please include a one-line space between each protocol step and then highlight up to 3 pages 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. 

Remember that non-highlighted Protocol steps will remain in the manuscript, and therefore will still 

be available to the reader. 

 

We have added a one-line space between each protocol step 

 

10. Pleas move the Figure and Table Legends to the end of the Representative Results section. 

 

We have moved the figure and table legend to the end of the representative results section.  

 

11. Please merge the Discussion and conclusion section and ensure that the section covers in details 

the following: 

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 

 



This has been completed 

 

12. Figure 2: Please include scale bars in all the images of the panel. 

 

We have not added scale bars, we added an axis bar. The point of this figure was to show the same 

model in section and profile. We have added an axis notation to help the reader understand that 

point. Adding a scale bar is irrelevant.  

 

13. Please revise the table of the essential supplies, reagents, and equipment. The table should 

include the name, company, and catalog number of all relevant materials in separate columns in an 

xls/xlsx file. Please sort the Materials Table alphabetically by the name of the material. 
 

We have completed all changes.  

 

Reviewer 1 comments: 

1. From my understanding Stratasys' GrabCAD software for the J750 already performs voxel level 

printing of parts. 

 

Yes it does. It is the only commercially available printer to voxel print. However, the only way to voxel 

print is to custom code the model and files.  

 

a. This is started at line 178 

b. Can this process be performed on other printers or is limited to printers with "Voxel Print Modes?" 

 

Currently, only the Statasys J750.  

 

2. The paper seems a little vague regarding using this method to control only colors or are they also 

stating that materials can be controlled with this method as well. 

a. Step 4 of the procedure adds more detail here, but I think it would be advantageous to add these 

details in the Introduction section as well. 

 

All discussions about material mechanics has been removed.  

 

3. Line 38 - software should be cited as per website. 

 

3D slicer has been cited at the end per 3D slicer documentation for citations. 485-490 

https://www.slicer.org/wiki/Documentation/4.x/Acknowledgments 

 

4. Line 61-62 states that their method requires no segmentation although the process of pulling out 

anatomies, regardless of how it is done, is called segmentation. 

 

This is not true. We are masking the image based data. No segmentations are being created or used 

in the process. The result of our process is image based data and not a segmentation which is 

defined as : Medical Image Segmentation is the process of automatic or semi-automatic 

detection of boundaries within a 2D or 3D image.  



 

5. At line 71 they say to startup an open source software but do not specify what the software is until 

line 88. 

 

Line 83-84 now has a note with defining 3D slicer.  

 

6. Line 87 - keep the units the same and change the .027mm to 27um 

a. Again, at Line 226 

b. Again, at Line 258 - also value changes from .027 to 0.25 

 

These have all been addressed 

 

7. Lines 139-142 - They are a little vague as to what 3D printer requirements need to be matched. 

Could be confusing for someone not familiar with printers. 

 

181-185 this has been addressed.  

 

8. Line 260 - I am assuming they mean 5um and not mm. 

 

Nope. We mean 5mm. DICOM images can come in a wide range of slice thicknesses. It would be a 

dream to get 5um slices from radiology but that is currently not possible.  

 

9. Line 263 - I am assuming they mean co-deposition. 

 

432 this has been addressed 

 

10. Line 340 - Missing label for Figure 4. 

 

This label has been added and all figures have been reordered 

  

12. Perhaps add pictures of different angles of the printed models as it is difficult to see exactly what 

they are describing, especially in figure 4.   
 
We have added an axis bar to help orient the viewer.  

 

Reviewer 2 comments: 

1-In the abstract it is stated that the method you propose allows for four orders of magnitude of 

material stiffness, but that is not demonstrated. I am familiar with polyjet, you can, for example, use 

tango black and mix it in various amounts with Vero Clear to get rubber-like material with a varying 

shore hardness, but one cannot vary "four orders of magnitude" the stiffness. More like from Shore A 

27 to Shore A 97. By the way, printing in Tango black cannot be done with the same level of 

resolution of other materials using the same method. It is just a mushy material. Therefore, the claim 

needs to be removed, tuned down, or demonstrated. 

 

Yes, you can make objects with many, many colors via polyjet, but that is very different to varying in 

the same measure the stiffness of the material. 



 

Although this comment is by the reviewer is not correct and limited, we have removed all discussion 

related to material durometer.  

 

3-Your protocol depends on a open source (slicer.org), but it is not mentioned its version. This is very 

significant. What if the software changes the GUI (graphical user interphase)? 

 

83. Slicer has been moved to the notes section and the version explicitly defined.  

 

4-I would recommend as support information a series of screenshots of navigating through the 

different menus of the software. When we pt together SOPs (standard operational procedures) on 

how to use equipment, including the screenshots of what you see as you navigate the menus makes 

a big difference. 

 

Since the video, flow diagram, and protocol cover this already, we find additional documentation to 

be redundant.  

 

5-On the same note, I would recommend the authors to have as supplementary information a step-

by-step example from 2d images to printed object so people can check it out at any stage in the 

process. Does nto have to be complex or large, but be illustrative to understand better the protocol. 

 

Since the video, flow diagram, and protocol cover this already, we find additional documentation to 

be redundant. The reviewer does understand a video will be made from this protocol, right?   

 

6-The figures need to be numbered in the order they appear for the first time in the text. You text 

starts by calling Fig 4, then Fig 5, then Fig 3 (This happens in the section "Representative Results"). It 

makes no sense. 

 

The author was not able to find this, please use line numbers. Regardless, the authors have reworked 

and reordered the figures.   

 

7-Somewhere in the text needs to be explicitly stated the X, Y and Z dimensions of the voxels. Are X 

and Y the same? Are they 42.3 microns? But is the printer is 600 DPI, why the X-Y resolution is 15 

microns (line 258)? The z slicing of 25 microns is very common in a high-precision 3d printer. 

 

181. The voxels are defined by the radiological images and will vary based on the image acquisition. 

The printer remains the same.  

 

8-The flow diagram needs to be labeled as a figure and be assigned a number (again, I order of 

when the figure appears first in the text—the diagram is probably figure 1). 

 

303. This has been completed 

 

Minor Concerns: 

1-On line 188 you wrote "Hospital's use a variety...". Did you mean "Hospitals use a variety..."? 

 



Yes 

 

2-Line 255 What is ROI? how is that relevant in the discussion? 

 

418. Region of Interest.  

 

3-On line 258, use the same units. You state in the same sentence microns and millimeters. Stick to 

one. That makes sense is to use micrometers since the measures are >1. 

 

Done.  

 

4-Lines 263-264: It is unfortunate you cannot find out more about how the materials are blended. 

This is not essential for the paper, but right now is a black box. 

 

That is because the materials from the print company is a black box.  

 

5-Line 340. Title of Figure 4 caption is missing. 

 

Fixed 

 

6-The flow diagram needs to be made A LOT larger, e.g. 2-column instead of 1 column. It is very 

hard to read. It has a lot of details. Even if you need to spend a page showing it, it would be worth it. 

 

Fixed 

 

7- Figure 3. Are the two images really showing the same model? Is the same point of view? They look 

so different! For example, the image on the left is missing some structures shown on the image on 

the right. 

 

Yes. One image is section the other is profile. An axis bar was added to help the viewer understand 

the relationship. 

 

8- Figure 3, what direction is X, Y? caption mentions those directions but the images don't clarify it. 

 

An axis bar was added to help the viewer understand the relationship. 

 

 

We have completed all changes requested from Reviewer 2. Reviewers 3 comments were 

completed as part of the changes made above.  

 


