
Journal of Visualized Experiments
MRI based toolbox for neurosurgical planning in non-human primates

--Manuscript Draft--

Article Type: Invited Methods Article - JoVE Produced Video

Manuscript Number: JoVE61098R2

Full Title: MRI based toolbox for neurosurgical planning in non-human primates

Section/Category: JoVE Bioengineering

Keywords: Non-human Primates, Magnetic Resonance Imaging, Neurosurgical Planning, 3D Printing,
Viral Vector Delivery, Optogenetics

Corresponding Author: Azadeh Yazdan-Shahmorad
University of Washington
Seattle, Washington UNITED STATES

Corresponding Author 's Institution:  University of Washington

Corresponding Author E-Mail: azadehy@uw.edu

Order of Authors: William K.S. Ojemann

Devon J Griggs

Zachary Ip

Olivya Caballero

Hesamoddin Jahanian

Susana Martinez-Conde

Stephen Macknik

Azadeh Yazdan-Shahmorad

Additional Information:

Question Response

Please indicate whether this article will be
Standard Access or Open Access.

Standard Access (US$2,400)

Please indicate the city, state/province,
and country where this article will be
filmed. Please do not use abbreviations.

Seattle, Washington, US

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



         

TITLE:  1 
A MRI-Based Toolbox for Neurosurgical Planning in Nonhuman Primates 2 
 3 
AUTHORS AND AFFILIATIONS:  4 
William K. S. Ojemann1,2, Devon J. Griggs2,3, Zachary Ip1,2, Olivya Caballero4, Hesamoddin 5 
Jahanian5, Susana Martinez-Conde4, Stephen Macknik4, Azadeh Yazdan-Shahmorad1,2,3 6 
 7 
1Bioengineering Department, University of Washington, Seattle, WA, USA 8 
2Washington National Primate Research Center, University of Washington, Seattle, WA, USA 9 
3Electrical and Computer Engineering Department, University of Washington, Seattle, WA, USA  10 
4Department of Ophthalmology, SUNY Downstate Health Sciences University, Brooklyn, NY, USA 11 
5Radiology Department, University of Washington, Seattle, WA, USA 12 
 13 
Corresponding Author:  14 
Azadeh Yazdan-Shahmorad  (azadehy@uw.edu) 15 
 16 
Email Addresses of Co-Authors: 17 
William K. S. Ojemann   (wojemann@uw.edu) 18 
Devon J. Griggs   (djgriggs@uw.edu) 19 
Zachary Ip    (ipzach@uw.edu) 20 
Olivya Caballero   (Olivya.Caballero@downstate.edu) 21 
Hesamoddin Jahanian   (hesamj@uw.edu) 22 
Susana Martinez-Conde  (smart@neuralcorrelate.com) 23 
Stephen Macknik    (Stephen.Macknik@downstate.edu) 24 
 25 
KEYWORDS:  26 
nonhuman primates, magnetic resonance imaging, neurosurgical planning, 3D printing, viral 27 
vector delivery, optogenetics 28 
 29 
SUMMARY:  30 
The method outlined below aims to provide a comprehensive protocol for the preparation of 31 
nonhuman primate (NHP) neurosurgery using a novel combination of three-dimensional (3D) 32 
printing methods and MRI data extraction. 33 
 34 
ABSTRACT:  35 
In this paper, we outline a method for surgical preparation that allows for the practical planning 36 
of a variety of neurosurgeries in NHPs solely using data extracted from magnetic resonance 37 
imaging (MRI). This protocol allows for the generation of 3D printed anatomically accurate 38 
physical models of the brain and skull, as well as an agarose gel model of the brain modeling 39 
some of the mechanical properties of the brain. These models can be extracted from MRI using 40 
brain extraction software for the model of the brain, and custom code for the model of the skull. 41 
The preparation protocol takes advantage of state-of-the-art 3D printing technology to make 42 
interfacing brains, skulls, and molds for gel brain models. The skull and brain models can be used 43 
to visualize brain tissue inside the skull with the addition of a craniotomy in the custom code, 44 
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allowing for better preparation for surgeries directly involving the brain. The applications of these 45 
methods are designed for surgeries involved in neurological stimulation and recording as well as 46 
injection, but the versatility of the system allows for future expansion of the protocol, extraction 47 
techniques, and models to a wider scope of surgeries. 48 
 49 
INTRODUCTION:  50 
Primate research has been a pivotal step in the progression of medical research from animal 51 
models to human trials1,2. This is especially so in the study of neuroscience and neural 52 
engineering as there is a large physiological and anatomical discrepancy between rodent brains 53 
and those of nonhuman primates (NHP)1-3. With emerging genetic technologies such as 54 
chemogenetics, optogenetics, and calcium imaging that require genetic modification of neurons, 55 
neural engineering research studying neural function in NHP’s has gained special attention as a 56 
preclinical model for understanding brain function2,4-16. In most NHP neuroscience experiments, 57 
neurosurgical measures are required for the implantation of various devices such as head posts, 58 
stimulation and recording chambers, electrode arrays and optical windows4-7,10,11,13-15,17,18. 59 
 60 
Current NHP labs use a variety of methods that often include ineffective practices including 61 
sedating the animal to fit the legs of a head post and approximate the curvature of the skull 62 
around the craniotomy site. Other labs fit the head post to the skull in surgery or employ more 63 
advanced methods of gaining the necessary measurements for implantation like analyzing an 64 
NHP brain atlas and magnetic resonance (MR) scans to try to estimate skull curvatures2,10,11,16. 65 
Neurosurgeries in NHPs also involve fluid injections, and labs often have no way to visualize the 66 
projected injection location within the brain2,4,5,13,14 relying solely on stereotaxic measurements 67 
and comparison to MR scans. These methods have a degree of unavoidable uncertainty from 68 
being unable to test the physical compatibility of all the complex components of the implant. 69 
 70 
Therefore, there is a need for an accurate noninvasive method for neurosurgical planning in 71 
NHPs. Here, we present a protocol and methodology for the preparation of implantation and 72 
injection surgeries in these animals. The whole process stems from MRI scans, where the brain 73 
and skull are extracted from the data to create three dimensional (3D) models that can then be 74 
3D printed. The skull and brain models can be combined to prepare for craniotomy surgeries as 75 
well as head posts with an increased level of accuracy. The brain model can also be used to create 76 
a mold for the casting of an anatomically accurate gel model of the brain. The gel brain alone and 77 
in combination with an extracted skull can be used to prepare for a variety of injection surgeries. 78 
Below we will describe each of the steps required for the MRI based toolbox for neurosurgical 79 
preparation. 80 
 81 
PROTOCOL:  82 
 83 
All animal procedures were approved by the University of Washington Institute for Animal Care 84 
and Use Committee. Two male rhesus macaques (monkey H: 14.9 kg and 7 years old, monkey L: 85 
14.8 kg and 6 years old) were used. 86 
 87 
1. Image acquisition 88 



  

 89 
1.1. Transport the monkey to a 3T MRI scanner and place the animal in an MR-compatible 90 
stereotaxic frame (Table of Materials). 91 
 92 
1.2. Record the standard T1 (flip angle = 8°, repetition time/echo time = 7.5/3.69 s, matrix size = 93 
432 x 432 x 80, acquisition duration = 103.7 s, Multicoil (Table of Materials), number of averages 94 
= 1, slice thickness = 1 mm) anatomical MR images. 95 
 96 
NOTE: For successful skull isolation, use the MRI acquisition parameters applied here to maximize 97 
separation between skull and brain.  98 
 99 
2. Brain extraction 100 
 101 
2.1. In the MR imaging software for brain extraction select Open | Open Image. Load the T1 102 
Quick Magnetization Prepared Rapid Gradient Echo (MPRAGE) scan acquired in step 1.2 into an 103 
MR imaging software (Table of Materials). 104 
 105 
2.2. To extract the brain, under the Plugins dropdown menu select Extract Brain (BET). Extract 106 
at an intensity threshold around 0.5− 0.7 and set the threshold gradient value to 0. Repeatedly 107 
use the extraction function at successively lower intensity thresholds until the scan contains only 108 
the cortical anatomy (Figure 1B). 109 
 110 
NOTE: This is an iterative process because the software is not designed for NHP brains and 111 
extraction is not precise 112 
 113 
2.3. Under the region of interest (ROI) menu select Threshold to ROI and select the option for 114 
Shrink Wrap and 3D in order to create a bitmap of the brain. This will convert the volume to 115 
binary bits from a gradient, which streamlines future model generation processes. Choose a 116 
threshold (usually around 600) to isolate the brain from the surrounding tissue. This threshold 117 
can be found by hovering over the gray matter. Select OK to form the bitmap. 118 
 119 
2.4. To create a surface, select Build Surface under the image menu and input the threshold used 120 
to extract the brain in step 2.3. Then select OK. The resulting surface can be used as a reference 121 
for adjusting the threshold value to produce the highest quality representation of the targeted 122 
anatomy (Figure 1C). 123 
 124 
2.5. Under the file tab select Save or Save as, and save the extracted brain ROI as a .nii or .nii.gz 125 
file for use in creating the model of the brain. 126 
 127 
3. Brain modeling 128 
 129 
3.1. Select Load Data | Choose Files to Add and load the extracted brain saved in the .nii or .nii.gz 130 
file type in medical image processing software (Table of Materials). 131 
 132 



  

3.2. Hover over the welcome to slicer drop down menu in the modules toolbar and move to all 133 
modules. From that menu select the Editor functionality. Click OK on the popup warning. 134 
 135 
3.3. From the Editor module menu, select Threshold Effect and adjust the threshold range sliders 136 
so the portion of the bitmap containing the brain is highlighted in all three slices. When loading 137 
a bitmap, adjusting both sliders to a value of 1 selects the whole brain. Select Apply. 138 
 139 
3.4. Open the model maker module, and in the input volumes dropdown menu select the bitmap 140 
file generated in step 3.3. Under Models, select Create New Model Hierarchy. After assigning 141 
the name of the model to the hierarchy, select Apply to create the volume. 142 
 143 
3.5. Save the file in the .stl format. 144 
 145 
3.6. To further modify the brain model, load the .stl file as a solid body in computer aided design 146 
software (Table of Materials) 147 
 148 
NOTE: This may take a while, as the imported mesh brain surfaces are often quite complex. 149 
 150 
3.7. Once the file is imported, in the feature tree on the left side of the screen click on the rollback 151 
bar and drag it up to remove any floating solid bodies until only the features containing the brain 152 
are remaining in the file. Save the remaining file as a .prt for further manipulation and as a .stl 153 
for 3D printing. 154 
 155 
4. Brain molding 156 
 157 
4.1. Load the extracted brain model from section 3 to the computer aided design software by 158 
opening the .prt file. 159 
 160 
4.2. Creating a right and left mold of the full brain 161 
 162 
4.2.1. Click the Sketch button and select the top plane as the sketch plane. Draw a rectangle 163 
containing either the entirety of the right or left hemisphere of the brain. Select the extrude 164 
boss/base feature while in the sketch and extrude a cubic rectangle to contain the top part of the 165 
brain. 166 
 167 
NOTE: The cube may have to be extruded in two directions in order to contain the entire 168 
hemisphere. This is because the zero point, where the plane of extrusion is located, may fall 169 
inside the brain model. Extruding in both directions ensures that the mold will encompass the 170 
whole volume of interest. 171 
 172 
4.2.2. To create the negative space, subtract the model of the brain from the newly extruded 173 
cube using the “combine” feature and selecting the subtract option. 174 
 175 



  

4.2.3. Repeat steps 4.2.1 and 4.2.2 for the other hemisphere of the brain (left or right) and save 176 
the resulting files as a .stl for 3D printing and a .prt for further manipulation. 177 
 178 
4.3. Creating a right and left mold of the upper half of the brain. 179 
 180 
4.3.1. Create a sketch in the top plane and draw a rectangle containing either the entirety of the 181 
right or left hemisphere of the brain. Select the extrude boss/base feature while in the sketch 182 
and extrude with the Offset from Plane feature selected. Offset the extrusion up to a distance 183 
where there are no overhanging contours in the brain anatomy, capturing just the upper 184 
anatomy. 185 
 186 
4.3.2. To create the negative space, subtract the model of the brain from the newly extruded 187 
cube using the Combine feature and selecting the subtract option. 188 
 189 
4.3.3. Create a sketch plane on the dorsal side of the mold and select Convert Entities and then 190 
select the sketch from step 4.3.1. 191 
 192 
4.3.4. Select the extrude boss/base feature while in the sketch and, with the blind extrude option 193 
selected, extrude the solid body approximately 5 mm to completely enclose the subtracted brain 194 
anatomy in the mold. 195 
 196 
4.3.5. Repeat steps 4.3.1−4.3.4 for the other hemisphere of the brain (left or right) and save the 197 
resulting files as a .stl for 3D printing and a .prt for further manipulation. 198 
 199 
4.4. By changing the dimensions and location of the cube and following the same protocol (steps 200 
4.1 and 4.2), create molds that contain different parts of the brain. 201 
 202 
4.5. For 3D printing, use ~70% infill density and increase the thickness of the outer shell of the 203 
print in order to minimize leakage of the molding material. If there are gaps or defects in the 204 
print, fill them using nail polish or another binding agent. 205 
 206 
5. Skull modeling 207 
 208 
5.1. Import the QUICK MPRAGE MRI from step 1.2 into the matrix manipulation software as a 209 
DICOM file. The DICOM file may be in separate 2D frames. If this is the case, combine all frames 210 
into a 3D matrix. Ensure that each 2D frame of the matrix is displaying a coronal slice.  211 
 212 
5.2. Create a binary mask by thresholding the 3D matrix using a greater than operator for 213 
individual pixel values. Adjust the threshold such that the skull anatomy is being captured by the 214 
mask (see Supplemental coding file CalibrateMask). 215 
 216 
NOTE: The mask will contain four distinct layers. From the outside in, they will be referred to as 217 
“outside”, “musculature”, "skull”, and “brain”. At this stage, “outside” and “skull” are 0’s in the 218 
mask, and “musculature” and “brain” are 1’s.  219 



  

 220 
5.3. To remove the “musculature” layer, process each frame from the 3D mask separately by 221 
iteratively grabbing a 2D slice from the mask (i.e., 3D_Mask(:,:,1)).  222 
 223 
5.3.1. For each frame, select 0 pixels from the corners of the frame in the “outside” layer as the 224 
“seed”. Then search neighboring 0’s until you encounter a 1 pixel. Continue searching until no 225 
more 0’s can be found. Convert all connected 0’s to 1’s . This is done using the Matlab function 226 
“imfill”, with the inputs and outputs being [MASK2] = imfill(MASK1,LOCATIONS,CONNECTIVITY), 227 
where MASK1 is your original mask, and MASK2 is the filled in mask (see Supplemental coding 228 
file FillExterior).  229 
 230 
5.4. Some skull information will be lost during the removal. To mitigate the information loss, 231 
perform step 5.3 in all three dimensions of the data, and keep them separate.  232 
 233 
NOTE: Now both “outside” and “musculature” are 1’s, and will be considered as “outside”. The 234 
mask now contains three distinct layers, “outside”, “skull”, and “brain”. “Outside” and “brain” 235 
are 1’s, and “skull” is 0’s. 236 
 237 
5.5. Invert the values of the mask using the ~ operator (i.e., MASK2 = ~MASK1). Now “skull” is 1’s 238 
and “outside” and “brain” are 0’s. 239 
 240 
5.6. The 1’s that are touching each other in each mask can be considered “objects”. Create an 241 
index of all objects in each mask using the Matlab function “bwconncomp”, with the inputs and 242 
outputs being [CC] = bwconncomp(MASK), where MASK is the 3D mask matrix, and CC is a 243 
structural object containing the index values of for each object, the number of objects and the 244 
size of the matrix. For each mask, remove all objects except for the largest one containing the 245 
most voxels by setting the values of the smaller objects to 0’s (see Supplemental coding file 246 
RemoveNoise). 247 
 248 
5.7. Add the masks created from each pass together (see Supplemental coding file 249 
MergeMasks). 250 
 251 
5.8. Scale the brain to a consistent resolution. 252 
 253 
5.8.1. From the DICOM header, compare the step size between each frame of the MRI to the 254 
dimensions of each pixel. 255 
 256 
5.8.2. If these values are different, define a scale factor to compensate for the difference in 257 
resolution between step size and pixel size for each voxel. For example, if each frame is 1 mm 258 
apart, and the pixel dimension is 0.33 mm x 0.33 mm, the scale factor will be 3.  259 
 260 
5.8.3. Add additional empty voxels to the 3D mask until the lowest resolution dimension of the 261 
mask is larger by a factor defined by the scale factor (see Supplemental coding file “ScaleMask”). 262 
 263 



  

5.8.4. Linearly interpolate values in the mask until the mask fills the new space. 264 
 265 
5.8.5. Export skull as an .stl file or similar filetype for 3D printing.  266 
 267 
6. Craniotomy creation in the 3D skull model 268 
 269 
6.1. Using the MRI file from step 5.1, manually identify the approximate location of the 270 
craniotomy from anatomical landmarks found in the macaque brain atlas (e.g., central sulcus)19. 271 
 272 
6.1.1. View an individual slice of the 3D matrix (Similar to step 5.3).  273 
 274 
6.1.2. Manually scan forward or backward through the 3D matrix until recognizable anatomical 275 
landmarks are located.  276 
 277 
6.1.3. Save the frame number as the z coordinate (i.e., 3D_Mask(:,:,z) 278 
 279 
6.1.4. Use a data selection tool to save the x and y coordinates of a single point on this frame for 280 
the craniotomy to be centered on using the Matlab function “getpts”, with the inputs and outputs 281 
being [x,y] = getpts. “getpts” opens up a user interface, click on the desired frame (see 282 
Supplemental coding file LocateCraniotomy).  283 
 284 
6.2. Convert the radius of the intended craniotomy from mm to voxels using the information in 285 
the DICOM header. 286 
 287 
6.3. Using the point specified in step 6.1 as a centerpoint, set all voxels within the radius defined 288 
in 6.2 to zero in the mask from step 5.8.4 using Supplemental coding file Craniotomy, where the 289 
inputs and outputs are [craniotomyMask] = Craniotomy(mask, x, y, z, radius, X, Y, Z, 290 
resolution)where cranitomyMask is a 3D matrix with a the craniotomy removed, mask is the 291 
initial 3D matrix, x,y,z are the centerpoint coordinates of the craniotomy, radius is the radius of 292 
the craniotomy, X,Y,Z are grid vectors of the 3D matrix, and resolution is your radius defined in 293 
step 6.2 (see Supplemental coding file Craniotomy). 294 
 295 
6.4. For multiple craniotomies, repeat steps 6.1−6.3 for each unique craniotomy. 296 
 297 
6.5. Export skull as an .stl file or similar filetype for 3D printing.  298 
 299 
7. 3D printing 300 
 301 
NOTE: Two types of 3D printers for physical prototypes (Table of Materials) are used. For the 302 
following specifications, all 3D printer and printing software settings should be default unless 303 
otherwise mentioned. 304 
 305 
7.1. In order to print the prototypes and molds, use a standard PLA printer (Table of Materials) 306 
and create the G-Code with the following printer and software settings: inner density >50% (this 307 



  

is especially important for the molds as they must hold liquid), fast honeycomb internal fill 308 
pattern, rectilinear external fill pattern, plate temperature = 50 °C, and extruder temperature = 309 
230 °C. 310 
 311 
7.2. In order to print higher fidelity models of the brain and skull use an industrial-grade printer 312 
to make a combined print of acrylonitrile butadiene styrene (ABS) for the model and a dissolvable 313 
support material (Table of Materials). Then create the G-Code and with the following printer 314 
settings: fill style Sparse - High Density. All other settings will be automatically set to the 315 
appropriate default setting.  316 

 317 
7.2.1. Dissolve the model in support solvent (Table of Materials) for ~12 h. 318 

 319 
7.3. After implementing the appropriate printer settings, press Start and watch the first layer of 320 
the print to ensure that the base layer is clean and even. 321 
 322 
7.4. After 3D printing the molds, patch any visible holes with nail polish (Table of Materials) to 323 
guarantee a tighter seal. 324 
 325 
NOTE: The 3D printed brain and skull models can be combined by inserting the brain model into 326 
the open bottom of the skull. Removing the eye anatomy can ease the placement of the brain 327 
model without losing important information. When placed inside the skull, the brain naturally 328 
aligns to the anatomically correct position. 329 
 330 
8. Preparation of agarose 331 
 332 
8.1. Mix the agar powder (Table of Materials) and locust bean gum powder (Table of Materials) 333 
in a 1:4 ratio by mass. 334 
 335 
8.2. Combine the powder mixture with 1x phosphate buffered solution (Table of Materials) to a 336 
0.6% concentration solution in an Erlenmeyer flask. 337 
 338 
NOTE: Concentrations used by other labs falls in a range of 0.5%-0.6%20,21 . 339 
 340 
8.3. Set the microwave to max power and place the flask containing the solution in the 341 
microwave for 2 min. 342 
 343 
8.4. Observe the solution. When the solution begins to bubble, stop the microwave and timer, 344 
remove the flask, and swirl vigorously. Set the flask back in microwave and resume the 345 
microwave and timer. 346 
 347 
NOTE: The purpose is to heat the solution without reducing the volume significantly due to 348 
evaporation during boiling. 349 
 350 
8.5. Repeat step 8.4 until the two minutes is complete. 351 



  

 352 
8.6. Remove the flask and maintain swirling to prevent the solution from setting in the flask. 353 
 354 
8.7. Run cold water on the outside of the flask to cool the solution while swirling. Cool the 355 
solution until the outside of the flask is hot to the touch, yet tolerable and safe, to prevent the 356 
solution from deforming the plastic mold in the following steps. 357 
 358 
8.8. Swirl the flask while transporting the solution to the mold to avoid premature hardening. 359 
 360 
9. Agarose molding 361 
 362 
NOTE: The agarose molding process outlined below is the same for the full hemisphere and upper 363 
half hemisphere molds 364 
  365 
9.1. Pour the agarose solution into one of the brain molds until full. Continue to swirl remaining 366 
solution in the flask. 367 
 368 
9.2. Monitor the level of solution in the mold for leaks. Refill the mold as necessary since the 369 
setting agarose will seal any leaks in the mold. 370 
 371 
9.3. Allow the solution in the mold to sit unperturbed at room temperature until the solution has 372 
set and hardened into a solid. 373 
 374 
NOTE: While wait times may vary depending on the volume of solution and other factors, 2 h is 375 
found to be a reliable wait time. 376 
 377 
9.4. Use a spatula to gently remove the gel model from the mold. Be strategic with the location 378 
of spatula insertion into the mold in order to prevent potential deformations to the surface of 379 
the mold. 380 
 381 
9.5. To slow the natural evaporation process and exposure to biological agents, place the gel 382 
model in a sealed container in a refrigerator. 383 
 384 
10. Injection into agarose gel model 385 
 386 
10.1. Prepare the pump for infusion and fix it in a stereotaxic arm on a stereotaxic frame (Table 387 
of Materials). Position the pump to the correct injection trajectory and location normal to the 388 
surface of the gel model from section 9. 389 
 390 
10.2. Fill a 250 µL syringe (Table of Materials) with DI water. Mount the syringe onto the pump 391 
(Table of Materials). 392 
 393 



  

NOTE: Before drawing any dye, DI water should fill the injection cannula (Table of Materials) 394 
completely. That way when the dye is drawn up through the cannula there is no compression or 395 
expansion of air by the plunger that might impact the injection volume.  396 
 397 
10.3. Use the pump driver (Table of Materials) to withdraw the food coloring (Table of Materials) 398 
into the syringe to the target volume for injection. Inject the food coloring slowly until a small 399 
bead forms at the tip of the cannula to prevent air bubbles from being injected into the gel. Dry 400 
the bead off the tip of the cannula. 401 
 402 
10.4. Position the gel model under the cannula. Lower the cannula until the tip touches the 403 
surface of the gel model. Note the measurements on the stereotaxic arm. 404 
 405 
10.5. Lower the cannula into the gel model quickly and smoothly to the target injection depth 406 
and ensure that the surface of the gel has sealed around the cannula. 407 
 408 
10.6. Run the pump and observe the spread of the food coloring until the target volume is 409 
injected. Start with a flowrate of 1 µL/min and increase to 5 µL/min with 1 µL/min steps every 410 
minute. The spread of the food coloring in the gel is an approximation of the spread of a viral 411 
vector in the brain. 412 
 413 
10.7. Remove the cannula from the gel quickly and smoothly. 414 
 415 
10.8. Capture images of the spread of the food coloring with a photographic device (Table of 416 
Materials) and physically measure the dimensions of the embolism in order to calculate the 417 
ellipsoid volume of the injection. This approach is possible due to transparent nature of the gel. 418 
 419 
REPRESENTATIVE RESULTS:  420 
The manipulation and analysis of MRIs as a preoperative craniotomy planning measure has been 421 
used successfully in the past2,5,10,16. This process, however, has been greatly enhanced by the 422 
addition of the 3D modeling of the brain, skull, and craniotomy. We were able to successfully 423 
create an anatomically accurate physical model of the brain that reflected the area of interest for 424 
our studies (Figure 1). We were similarly able to create an anatomically accurate physical model 425 
of the primate skull extracted from the MR images (Figure 2).  426 
 427 
The two physical models of the skull and brain combined with a tight interference fit, validating 428 
the accuracy of the two models relative to each other and legitimizing the extrapolated MRI 429 
analysis data (Figure 3A,B). With the combined model we were able to insert a craniotomy into 430 
the skull prior to printing and visualize the predicted anatomy in the craniotomy (Figure 3). The 431 
accuracy of the predicted anatomy in the craniotomy was validated through a comparison of the 432 
physical model and the predicted craniotomy from MRI analysis (Figure 3B). Additionally, we 433 
were able to combine all of the parts of our example interface and evaluate the geometry of the 434 
various components in relation to the skull and brain (Figure 3C,D). 435 
 436 
In order to test the skull model, a physical model of the skull of Monkey L was extracted using 437 



  

the methods outlined above and 3D printed to plan for a head post implantation surgery. The 438 
feet of the head post were then manipulated and fitted to the curvature of the skull at the 439 
location of the implantation (Figure 3E). As a result of the preoperative fitting of the head post, 440 
the surgery time was reduced from approximately 2.5 hours to 1 hour (216% faster) from opening 441 
to implantation, greatly reducing the risk of operative complications22. 442 
 443 
By manipulating the 3D model of the brain in SolidWorks, we were able to create a mold that 444 
accurately reflected the anatomy of both the printed brain and the brain model extracted from 445 
the MRI (Figure 4A−C). This mold was used to cast an agarose mixture model of the brain (Figure 446 
4D,E). Using these molds of the brain, we were able to inject in different areas of the brain and 447 
estimate the volume of the infusion of an injection procedure modeled with a yellow dye (Table 448 
of Materials). The half-hemisphere gel model of the brain was successfully used to capture a 449 
clear view of the spread of the dye in a model virus injection, allowing us to measure an 450 
approximate volume of the dye over time as it was injected (Figure 5A). Injection of dye into the 451 
brain model was combined with a 3D printed skull to model viral vector injection surgery (Figure 452 
5B,C). This was combined with an electrocorticography array placement on top of the injection 453 
to guide the implantation in preparation for surgery7,10.  454 
 455 
FIGURE LEGENDS:  456 
Figure 1: Models of extracted brain. (A) Layered series of T1-QuickMPRAGE coronal slices of the 457 
brain of Monkey H. (B) Layered series of MR slices of the extracted brain of Monkey H using the 458 
BET plugin and Mango software as outlined in the Methods section. (C) Axial, sagittal, and skewed 459 
view of a model of the gray matter of Monkey H created using the surface building functionality 460 
in Mango. (D) Axial, sagittal, and skewed view of a 3D printed model of the gray matter of Monkey 461 
H created using a Dremel 3D45 extruding printer. 462 
 463 
Figure 2: Skull extraction. (A) Layered series of T1-QuickMPRAGE coronal slices of the brain of 464 
Monkey H. (B) Layered series of binary mask after simple thresholding MR slices. (C) Layered 465 
series of binary mask after removing “musculature layer”. (D) Layered series of binary mask of 466 
skull after processing as outlined in the Methods section. (E) 3D model generated from binary 467 
mask. (F) 3D model with simulated craniotomy removed. 468 
 469 
Figure 3: Surgical preparation using 3D printed prototypes. (A) Combination of the 3D printed 470 
brain extracted with Mango inside of a 3D printed skull extracted from MRI of Monkey L as 471 
outlined in the Methods section. (B) Comparison of craniotomy targeting between our 3D models 472 
and MR planning in Monkey L. (C,D) An example of using our toolbox to prepare for chamber (C) 473 
and array (D) implantation15. (E) 3D printed model of the skull of Monkey L used for pre-bending 474 
the head-post prior to surgery. 475 
 476 
Figure 4: Gel brain modeling. (A, B) 3D model of the mold for Monkey H. (C) 3D printed molds 477 
from A and B. Pictured left is a mold used to create the upper portion of the right hemisphere. 478 
Pictured right is a mold to create the right hemisphere (D) Agarose models of the upper portion 479 
of the right hemisphere (left) and the whole right hemisphere (right). (E) Agarose model of the 480 
right hemisphere placed inside of a 3D print of an extracted skull from Monkey L, demonstrating 481 



  

the accurate representation of the brain and craniotomy.  482 
 483 
Figure 5: Injection modeling. (A) Time lapse images of the injection procedure. Top left panel 484 
pre-insertion. Top right panel post-insertion. Lower four panels show the spread of the dye over 485 
time. (B) Gel model of a section of the brain positioned within a 3D printed skull with a 486 
craniotomy such that injections of food coloring may be observed in relation to the cortical 487 
structures and electrode placement. (C) 3D print of a chamber fit to the skull and observed in 488 
relation to the electrode array, gel model, and injection.  489 
 490 
DISCUSSION:  491 
This article describes a toolbox for preparation for neurosurgeries in NHPs using physical and CAD 492 
models of skull and brain anatomy extracted from MR scans.  493 
 494 
While the extracted and 3D printed skull and brain models were designed specifically for the 495 
preparation of craniotomy surgeries and head post implantations, the methodology lends itself 496 
to several other applications. As described before, the physical model of the skull allows for pre-497 
bending of the head post before surgery, which creates a good fit with the skull. Moreover, the 498 
extracted skull from MRI can be used to generate a 3D designed head post with a higher fidelity 499 
to the skull anatomy. While CT imaging is traditionally a better modality for skull extraction, in 500 
the proposed method, the brain and skull anatomy come from the same imaging modality, which 501 
could contribute to enhanced anatomical consistency between the bone and soft-tissue models. 502 
This anatomical consistency could enhance precision and ensure that the craniotomy will cover 503 
the cortical region of interest and that all the implanting components, such as stimulation and 504 
recording chambers, fit the skull curvature. This is supported by extant studies that quantitatively 505 
compared MRI-extracted skull topography to extractions from other scan types23,24. Other work 506 
in the field has outlined methods for the creation of models and 3D printed prototypes for head 507 
post implantation25,26, but they do not use solely MR scans to create an adaptable model for the 508 
preparation for both head posting and craniotomy. It is important to note that the MRI 509 
acquisition parameters used here are critical in successful skull extraction as outlined in the 510 
protocol. Previous work in the field of brain extraction and skull stripping offers alternatives to 511 
the widely available BET brain extraction used in this protocol27. Similarly, skull extraction custom 512 
scripts exist, however, they require the manual removal of non-skull voxels compared to a 513 
completely automated protocol28. While here we show only a few examples, these tools are 514 
applicable to a variety of other surgeries such as electrode and chamber implantations in 515 
NHPs2,4,5,7,10,15,18,29,30, as well as other animal models31,32. 516 
 517 
When combined with the agarose mixture brain models, the surgical preparation toolbox can be 518 
applied to prepare for surgical procedures involving fluid injections such as optogenetics and 519 
chemogenetics2,4,5,10,33,34. Although here we had success with using PLA to 3D print the molds, 520 
this process can be further improved by using an ABS filament, which has a higher glass transition 521 
temperature that will make the molding process more efficient. Prior work has proposed agarose 522 
gel as an artificial material that can mimic some of the mechanical properties of the brain relevant 523 
to fluid infusion20,21. However, previous work has not combined the agarose with a brain-realistic 524 
mold to provide a surgical preparation tool. The molded agarose mixture gel brains can be used 525 



  

to give qualitative cortical context to the injection location and visualize the volume and location 526 
of fluid diffusion. The gel brains can also be used to practice the injection motion and location 527 
within the stereotaxic frame. This can be applied not only to optogenetics but translated into 528 
other experiments requiring injection into the brain2,4,34. The model can also be used to enhance 529 
the current CED standard practice by optimizing injection speed and cannula thickness. This 530 
model can also be strengthened by the quantitative validation of the agarose gel mixture to 531 
accurately represent diffusive and convective flow in the brain5,10. In future efforts we can also 532 
incorporate vasculature information into our 3D models by including contrast-enhanced imaging 533 
to our imaging procedure which can provide critical information on injection planning. 534 
 535 
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Name of Material/ Equipment Company Catalog Number Comments/Description

3D Printing Software (GrabCAD 

Print) Stratasys Version 1.36 Used for High quality 3D printing

3D Printing Software (Simplify 3D) Simplify3D Version 4.1 Used for PLA 3D printing

Agarose

Benchmark 

Scientific A1700 Used for making gel brains

Black Nail Polish L.A. Colors CNP637 Used for gel molding

Cannula (ID 320 um, OD 432 um)

Polymicro 

Technologies 1068150627 Used to inject dye into gel brain

Cannula (ID 450 um, OD 666 um)

Polymicro 

Technologies 1068150625 Used to inject dye into gel brain

Catheter Connector B Braun PCC2000 Perifix for 20-24  Gage epidural catheters; Units per Cs 50

Dremel 3D Digilab 3D45 printer Dremel F0133D45AA Used for prototyping in PLA

ECOWORKS Stratasys 300-00104 Used to dissolve QSR support structures

Erlymeyer flask Pyrex 4980 Used for gel molding

Ethyl cyanoacrylate

The Original 

Super Glue 

Corp. 15187 Used to make combined cannula

Graduated cylinder 3023 Used for gel molding

HATCHBOX PLA 3D Printer 

Filament HATCHBOX

3DPLA-1KG1.75-

RED/3DPLA-

1KG1.75-BLACK 1kg Spool, 1.75mm, Red/Black

Locust Bean Gum

Modernist 

Pantry 1018 Gumming agent for gel brain mixtures

MATLAB MathWorks R2019b Used for skull extraction

McCormick Yellow Food Color McCormick Used for dye injection

Microwave Panasonic NN-SD975S Used for agarose curing

MR Imaging Software (3D Slicer) 3D Slicer Version 4.10.2 Used for 3D model generation
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MR Imaging Software (Mango 

with BET plugin)

Reasearch 

Imaging 

Institute Version 4.1 Used for brain extraction

Philips Acheiva MRI System Philips 4522 991 19391 Used to image non-human primates

Phosphate Buffered Solution Gibco 70011-044 10X diluted with DI water to 1X

Pump WPI UMP3T-1 Used for dye injection

Pump driver WPI UMP3T-1 Used for dye injection

Refrigerator

General 

Electric Used to preserve agarose gel

Scientific Spatula VWR 82027-494 Used to extract gel molds

SolidWorks

Dassault 

Systemes 2019

Stratasys ABS-M30 filament Stratasys 333-60304 Used for high quality 3D printing

Stratasys F170 3D printer Stratasys 123-10000 Used for high quality 3D printing

Stratasys QSR support Stratasys 333-63500 Used to create supports with ABS model

Syringe SGE SGE250TLL Used for dye injection



18006387664



Response letter 
We thank the editorial board for constructive feedback on our manuscript. We have addressed 
the editorial comments as described below: 
 
 

1. Please note that the editor has formatted the manuscript to match the journal's style. 
Please retain the same. The updated manuscript is attached and please use this version 
to incorporate the changes that are requested. 
The format was preserved. 

 
2. For each protocol step, 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. Software steps must be more explicitly explained ('click', 'select', 
etc.). Please add more specific details (e.g., button clicks or menu selections for software 
actions, numerical values for settings, etc.). In case of running of scripts within a 
programming environment, we would need explicit instructions regarding which 
functions/scripts are running, all inputs and outputs, and screenshots to match every step of 
the protocol. 

We have addressed this comment by adding more detailed description to different 
sections of the manuscript.  

 
3. Please address specific comments marked in the attached manuscript. 

All of the comments are address. The only comment that is not addressed is the 
comment about citations. We have used the JoVE format in EndNote for our 
citations in the manuscript. Please let us know if you want us to use a different 
format. 
 

4. Once formatted please ensure that the highlighted content is no more than 2.75 pages 
long including heading and spacings. Note that the highlighted content should contain 
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. Please ensure that the highlighted steps form a 
cohesive narrative with a logical flow from one highlighted step to the next. 

We have changed the highlighted sections in the manuscript to address the above 
comments. The highlighted sections are 2.5 pages. 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Response_Letter.docx

https://www.editorialmanager.com/jove/download.aspx?id=1190469&guid=2da4180f-f01c-400e-8dc0-a39dce1549be&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190469&guid=2da4180f-f01c-400e-8dc0-a39dce1549be&scheme=1


  

example scan for the coding files

Click here to access/download
Supplemental Coding Files

T1MPRAGE

https://www.editorialmanager.com/jove/download.aspx?id=1190455&guid=c089a3fa-9632-48c3-8e65-7401f14c3510&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190455&guid=c089a3fa-9632-48c3-8e65-7401f14c3510&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190455&guid=c089a3fa-9632-48c3-8e65-7401f14c3510&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190455&guid=c089a3fa-9632-48c3-8e65-7401f14c3510&scheme=1


  

Click here to access/download
Supplemental Coding Files

CalibrateMask.m

https://www.editorialmanager.com/jove/download.aspx?id=1190456&guid=c5b688fc-7039-4bda-a4ee-69db52402a55&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190456&guid=c5b688fc-7039-4bda-a4ee-69db52402a55&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190456&guid=c5b688fc-7039-4bda-a4ee-69db52402a55&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190456&guid=c5b688fc-7039-4bda-a4ee-69db52402a55&scheme=1


  

Click here to access/download
Supplemental Coding Files

Craniotomy.m

https://www.editorialmanager.com/jove/download.aspx?id=1190457&guid=9a322c2a-8b92-4f29-ba00-d1bb207e345a&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190457&guid=9a322c2a-8b92-4f29-ba00-d1bb207e345a&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190457&guid=9a322c2a-8b92-4f29-ba00-d1bb207e345a&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190457&guid=9a322c2a-8b92-4f29-ba00-d1bb207e345a&scheme=1


  

Click here to access/download
Supplemental Coding Files

Example_Extraction.m

https://www.editorialmanager.com/jove/download.aspx?id=1190458&guid=a25496be-d3cb-47c8-a5c1-0b9b9774cc08&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190458&guid=a25496be-d3cb-47c8-a5c1-0b9b9774cc08&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190458&guid=a25496be-d3cb-47c8-a5c1-0b9b9774cc08&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190458&guid=a25496be-d3cb-47c8-a5c1-0b9b9774cc08&scheme=1


  

Click here to access/download
Supplemental Coding Files

FillExterior.m

https://www.editorialmanager.com/jove/download.aspx?id=1190459&guid=6f927316-fea8-4c92-be5d-e34750e4c9b7&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190459&guid=6f927316-fea8-4c92-be5d-e34750e4c9b7&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190459&guid=6f927316-fea8-4c92-be5d-e34750e4c9b7&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190459&guid=6f927316-fea8-4c92-be5d-e34750e4c9b7&scheme=1


  

Click here to access/download
Supplemental Coding Files

LocateCraniotomy.m

https://www.editorialmanager.com/jove/download.aspx?id=1190460&guid=6101e033-ead1-48f7-82cc-6c740324cad9&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190460&guid=6101e033-ead1-48f7-82cc-6c740324cad9&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190460&guid=6101e033-ead1-48f7-82cc-6c740324cad9&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190460&guid=6101e033-ead1-48f7-82cc-6c740324cad9&scheme=1


  

Click here to access/download
Supplemental Coding Files

make_STL_of_Array.m

https://www.editorialmanager.com/jove/download.aspx?id=1190461&guid=930dcb31-70a3-4081-9a11-bfd3e8f54e7e&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190461&guid=930dcb31-70a3-4081-9a11-bfd3e8f54e7e&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190461&guid=930dcb31-70a3-4081-9a11-bfd3e8f54e7e&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190461&guid=930dcb31-70a3-4081-9a11-bfd3e8f54e7e&scheme=1


  

Click here to access/download
Supplemental Coding Files

MergeMasks.m

https://www.editorialmanager.com/jove/download.aspx?id=1190462&guid=5673825b-102a-47f8-9712-4178d9772f72&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190462&guid=5673825b-102a-47f8-9712-4178d9772f72&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190462&guid=5673825b-102a-47f8-9712-4178d9772f72&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190462&guid=5673825b-102a-47f8-9712-4178d9772f72&scheme=1


  

Click here to access/download
Supplemental Coding Files

ReadMe.rtf

https://www.editorialmanager.com/jove/download.aspx?id=1190463&guid=c1c7126b-8de3-4d54-b99d-f952b81a42b9&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190463&guid=c1c7126b-8de3-4d54-b99d-f952b81a42b9&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190463&guid=c1c7126b-8de3-4d54-b99d-f952b81a42b9&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190463&guid=c1c7126b-8de3-4d54-b99d-f952b81a42b9&scheme=1


  

Click here to access/download
Supplemental Coding Files

RemoveNoise.m

https://www.editorialmanager.com/jove/download.aspx?id=1190464&guid=a90db315-adb3-4403-bc1b-636e5576de39&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190464&guid=a90db315-adb3-4403-bc1b-636e5576de39&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190464&guid=a90db315-adb3-4403-bc1b-636e5576de39&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190464&guid=a90db315-adb3-4403-bc1b-636e5576de39&scheme=1


  

Click here to access/download
Supplemental Coding Files

ScaleMask.m

https://www.editorialmanager.com/jove/download.aspx?id=1190465&guid=d67ff65f-b092-4f93-be90-493cd5835be3&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190465&guid=d67ff65f-b092-4f93-be90-493cd5835be3&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190465&guid=d67ff65f-b092-4f93-be90-493cd5835be3&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1190465&guid=d67ff65f-b092-4f93-be90-493cd5835be3&scheme=1


ARTICLE AND VIDEO LICENSE AGREEMENT 

Title of Article: 

Author(s):  

Item 1 (check one box): The Author elects to have the Materials be made available (as described at 

http://www.jove.com/author) via:      Standard Access       Open Access 

Item 2 (check one box): 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

ARTICLE AND VIDEO LICENSE AGREEMENT 

1. Defined Terms.  As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries 
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties” 
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

2. Background.  The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article.  In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article.  In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above.  The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats.  If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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ARTICLE AND VIDEO LICENSE AGREEMENT 

4. Retention of Rights in Article.  Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included.  All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 

11. Indemnification.  The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all 
claims, costs, and expenses, including attorney’s fees, arising 
out of any breach of any warranty or other representations 
contained herein.  The Author further agrees to indemnify and 
hold harmless JoVE from and against any and all claims, costs, 
and expenses, including attorney’s fees, resulting from the 
breach by the Author of any representation or warranty 
contained herein or from allegations or instances of violation 
of intellectual property rights, damage to the Author’s or the 
Author’s institution’s facilities, fraud, libel, defamation, 
research, equipment, experiments, property damage, personal 
injury, violations of institutional, laboratory, hospital, ethical, 
human and animal treatment, privacy or other rules, 
regulations, laws, procedures or guidelines, liabilities and 
other losses or damages related in any way to the submission 
of work to JoVE, making of videos by JoVE, or publication in 
JoVE or elsewhere by JoVE.  The Author shall be responsible 
for, and shall hold JoVE harmless from, damages caused by 
lack of sterilization, lack of cleanliness or by contamination 
due to the making of a video by JoVE its employees, agents or 
independent contractors.  All sterilization, cleanliness or 
decontamination procedures shall be solely the responsibility 
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 

12. Fees.  To cover the cost incurred for publication, JoVE
must receive payment before production and publication the 
Materials. Payment is due in 21 days of invoice. Should the 
Materials not be published due to an editorial or production 
decision, these funds will be returned to the Author. 
Withdrawal by the Author of any submitted Materials after 
final peer review approval will result in a US$1,200 fee to 
cover pre-production expenses incurred by JoVE.  If payment is 
not received by the completion of filming, production and 
publication of the Materials will be suspended until payment is 
received. 

13. Transfer, Governing Law.  This Agreement may be
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees.  This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to any 
conflict of law provision thereunder.  This Agreement may be 
executed in counterparts, each of which shall be deemed an 
original, but all of which together shall be deemed to me one 
and the same agreement.  A signed copy of this Agreement 
delivered by facsimile, e-mail or other means of electronic 
transmission shall be deemed to have the same legal effect as 
delivery of an original signed copy of this Agreement.   

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission. 

CORRESPONDING AUTHOR: 

Name:  

Department:  

Institution: 

Article Title: 

Signature:   Date: 

Please submit a signed and dated copy of this license by one of the following three methods: 
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;
2) Fax the document to +1.866.381.2236;
3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051 
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