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BACKGROUND: Brain mapping is the most reliable intraoperative tool for identifying
surrounding functional cortical and subcortical brain parenchyma. Brain mapping proce-
dures are nuanced and require a multidisciplinary team and a well-trained neurosurgeon.
Current training methodology involves real-time observation and operation, without
widely available surgical simulation.
OBJECTIVE: To develop a patient-specific, anatomically accurate, and electrically
responsive biomimetic 3D-printed model for simulating brain mapping.
METHODS: Imaging data were converted into a 2-piece inverse 3D-rendered polyvinyl
acetate shell forming an anatomically accurate brainmold. Functional and diffusion tensor
imagingdatawereused toguidewireplacement to approximate theprojectionfibers from
the armand leg areas in themotor homunculus. Electrical parameterswere generated, and
data were collected and processed to differentiate between the 2 tracts. For validation, the
relationship between the electrical signal and the distance between the probe and the
tract was quantified. Neurosurgeons and trainees were interviewed to assess the validity
of the model.
RESULTS: Material testing of the brain component showed an elasticity modulus of
55 kPa (compared to 140 kPa of cadaveric brain), closely resembling the tactile feedback
a live brain. The simulator’s electrical properties approximated that of a live brain with a
voltage-to-distance correlation coefficient of r2 = 0.86. Following 32 neurosurgeon inter-
views, ∼96% considered the model to be useful for training.
CONCLUSION: The realistic neural properties of the simulator greatly improve repre-
sentation of a live surgical environment. This proof-of-concept model can be further
developed to containmore complicated tractography, blood and cerebrospinal fluid circu-
lation, and more in-depth feedback mechanisms.
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F unctional brain mapping was intro-
duced over a century ago by innovators
such as Horsley, Sherrington, Cushing,

and Penfield,1-4 and is based upon the
principle of nerve conduction. Currently,
this technique is widely used in neurosurgery
with applications including neuro-oncology,
epilepsy surgery, and surgery of selective
vascular lesions.5-7 Functional brain mapping

ABBREVIATIONS: 3D, 3-dimensional; DAQ, data
acquisition; OR, operating room; PVA, polyvinyl
acetate; VR, virtual reality

represents the most reliable tool for identi-
fying and protecting eloquent brain tissue,
including speech and motor tracts, during
surgery.8-11
Mastering the technique of brain mapping

requires rigorous training including live obser-
vation and operation, which is complicated by
changing expectations of attending physicians
and reduced resident exposure and autonomy
due to the recent COVID-19 pandemic.12
Surgical education through simulation will
reduce the learning curve and error rates,
increase resident autonomy, and most impor-
tantly increase patient safety and improve patient
outcomes.
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TABLE 1. Example Questions for InterviewsWith Neurosurgeons

Category Question

Surgical training What were the methods used to train surgical skills at your medical school/residency program?
Operating procedures How did you prepare for performing your first procedure in the OR? What challenges did you face in your first awake

procedure?

TABLE 2. Printer Settings for MakerBot Method Print of 3D Brain Mold

Extruder Setting type Setting

Primary filament (extruder in slot 1) Extruder type MakerBot Experimental Extruder
Extruder temperature 210◦C
Material PVA
Speed: insets 50 mm/s
Speed: sparse 90 mm/s
Retraction density 1.5 mm
Infill density 20%
Infill pattern Diamond (fast)
Travel speed 150 mm/s

Support filament (extruder in slot 2) Extruder type MakerBot Support Extruder
Extruder temperature 210◦C
Materials PVA
Support type Breakaway
Infill density 15%
Angle 40◦

Simulators have proven validity and demonstrable transfer of
skills to the clinical setting.13 There is currently no commer-
cialized surgical simulator of brain mapping; trainees are limited
to learn by the classic teaching method of “see one, do one, and
teach one,” instead of a more appropriate “see one, simulate one
(or many), do one, and teach everyone.”14 The anatomy and
nuances of brain mapping surgery can be simulated using current
3-dimensional (3D) printing techniques to replicate functional
white matter tracts and cortex. In this article, we present a proof-
of-concept of an anatomically accurate and electrically responsive
high-definition biomimetic 3D-printed tool for training and
simulating brain mapping.

METHODS

Design Ideation
Thirteen neurosurgeons and neurosurgery residents were interviewed

in an open-ended format to determine critical design aspects and educa-
tional value of a 3D-printed training model (Table 1). This study
was approved by our institutional review board (IRB#16-009946), and
patient consent was waived as only retrospective anonymized imaging
data was used.

Model Creation
Anonymized brain magnetic resonance imaging (MRI) data were

converted into a 2-piece inverse 3D rendered shell, which was printed
from polyvinyl acetate (PVA) using MakerBot method 3D printers

(MakerBot, New York City, USA, 2019) (Table 2). After printing, the
2 pieces of the shell were attached, forming an anatomically accurate
mold of the brain. Then, a preset silicone molded tumor dyed with the
FUSEFX BC-03 dye was inserted into the full brain mold in the supero-
lateral surface in the posterior end of the middle frontal gyrus anterior to
the motor cortex (Figures 1 and 2). The tumor was further dyed with a
layer of blue silicone pigment for a more life-like grayish appearance. The
shell was filled with Ecoflex-20 silicone by Smooth-On and dyed with
equal parts of the FUSEFX silicone dyes S-301-D and BC-03 to create
the opaque pink color. Once the silicone cured for 12 h, the silicone-filled
shell was completely submerged in water to dissolve the PVA mold.

Incorporation of Imaging
Functional MRI and diffusion tensor imaging (DTI) data were

analyzed in the open-source software 3D Slicer15 (Slicer 4.10.2,
www.slicer.org, 2019) to generate tractography. This was used to guide
wire placement in the created mold, to approximate the projection fibers
from the arm and leg areas in the motor homunculus that should be
mapped and preserved during surgery (Figures 1B and 2B).

Electrical Tract Implementation
The wires generate electric fields that are detected by a handheld

probe through electrical coupling. The handheld probe consists of a
shielded wire connected to a data acquisition (DAQ) system (myDAQ
19.0.0, National Instruments, Austin, USA, 2019). The electric fields
were generated digitally through MATLAB (MATLAB R2020b, The
MathWorks, Inc., Natick, USA, 2020) with a 2Vpp square wave running
through each tract, at frequencies of 10 and 20 kHz, respectively.
Electrical parameters remain constant in both cortical and subcortical
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3D-PRINTED SIMULATION OF BRAIN MAPPING

FIGURE 1. Anatomic placement of glioma tumor near motor tracts. A, Superior view of the model showing the hand/arm and leg area
wires exiting the superolateral surface of the brain at the precentral gyrus (motor cortex) and their deep trajectories corresponding with the
corticospinal tracts. B, A 3D reconstruction of a magnetic resonance tractography used to guide wire placement posterior to the glioma in an
anatomically accurate location.

FIGURE 2. Representative views of the brain and electrical components of the simulator. Anterior A and inferior C views of the simulator showing
the leg and arm area wires exiting on the inferior surface in the region of the midbrain’s cerebral peduncles. B, Anterior view of a 3D reconstruction
of a magnetic resonance tractography used to guide wire placement posterior to the glioma in an anatomically accurate location.

regions of the tract. Collected raw data pass from the DAQ device
through in-house processing software written in LabVIEW (LabVIEW
2020, National Instruments, Austin, USA, 2020). Processing includes
a bandpass filter between 5 and 20 kHz, amplification with a gain of
30, and spectral power analysis to discriminate between the 2 tracts and
predict relative location. Following the creation of the model, intellectual
property was protected with a provisional patent application.16

Validation
The relationship between the electrical signal acquired and the

distance between the probe and the simulated tract was quantified (n= 3
trials) by measuring the response recorded by the simulator between 0
and 3 cm at increments of 0.5 cm using a standard ruler. A baseline

reading was taken at a distance greater than 30 cm from the model for
calibration purposes.

A literature review was conducted to gather the elasticity, in kilopascals
(kPa), of human tissue, as well as animal tissues from Rhesus monkeys,
rodents, cows, and pigs. These values were then compared to the elasticity
of Ecoflex-20 silicone to demonstrate material accuracy.

A follow-up survey was conducted in Likert format among 32 neuro-
surgical professionals in order to assess the model’s validity and applica-
bility to surgical and educational scenarios.

Statistical Analysis
To determine critical product features during design ideation, 50%

of interviews needed to mention a topic for it to be included in the
simulator. Electrical data were assessed with a linear regression and
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FIGURE 3. Brain mapping simulator setup for data acquisition and general training and usage. A, Right superolateral view of brain mapping simulator shown with
(1) NI myDAQ device, (2) custom circuit interfacing, (3) white matter tract models, and (4) handheld probe. Also depicted are the associated computer software
interface and feedback mechanism (on screen connected through USB cable), locations of leg and arm white matter tract models in the simulator body, and location of
glioma. B, Draped view of the brain mapping simulator showing a potential surgical training scenario with a glioma near the precentral gyrus (motor cortex) and the
handheld electrical probe. C, Arm area stimulation. Surgeon uses handheld probe to stimulate the arm area in motor cortex and receives written and LED feedback
on the screen (in orange). D, Leg area stimulation. Surgeon uses handheld probe to stimulate the leg area in motor cortex and receives written and LED feedback on
the screen (in orange).

estimation of fit via the calculation of r2. A 95% CI based on observed
variance was calculated to ensure that no outliers were present. Material
results are reported as percent improvement over baseline, as results were
compared to values from literature.

RESULTS

Neurosurgeon Interviews and Design Ideation
Via multiple interviews (n = 13) with neurosurgeons who

routinely perform awake and asleep craniotomies for brain
tumor resection, we identified 3 primary needs to guide the
design of the simulator: anatomic accuracy (n = 8/13, 61.5%),
tactile feedback (n = 7/13, 54%), and stimulation feedback
(n = 7/13, 54%). Emphasis was thus placed on creating an ideal
simulator that would replicate not only the brain anatomy and
elasticity, but also the brain’s electrical conductivity (n = 13/13,
100%).

Physical Model
The final brain model used 540 g of PVA, contained 810 g of

silicone, and measured 16 × 12 × 10 cm (Figure 3, Table 3).
This simulator allows for replication of various surgical scenarios

and training performance of microsurgical techniques including
brain mapping (Figure 4) and tumor resection (Figure 5). Specifi-
cally, the simulator can be used for mapping functional cortex and
subcortical regions adjacent to a glioma to perform safe resection
(Figure 6).

Validation of Electrical Response
The linear relationship between distance and amplitude was

determined to be an acceptable representation of the properties
of live brain tissue (Figure 7). A linear regression was performed
on the data (n = 3 trials), showing an r2 = 0.86. Additionally,
almost all data (n = 25/27, 93%) fell within the 95% CI that
was calculated from observed data, indicating that there were few
outliers, and that the device produced consistent results.

Validation of Brain Model Material
Brain tissue hardens postmortem. The elastic modulus of a

fixed Rhesus monkey brain measures up to 140 kPa,17 compared
to the approximate elasticity of live brain tissue, which is reported
between ∼1.9 and 60 kPa.17-21 Our silicone brain model has an
elasticity of only 55 kPa,22 which is within the range of reported
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TABLE 3. Design Features for a Functional Brain Model for Surgical Procedure Training

Input description Neurosurgeon needs Design feature Metric

Physical embodiment Anatomically accurate Brain weight 810 g
Brain width 12 cm
Brain length 16 cm
Brain height 10 cm

Tactile feedback Elasticity 55 kPa
Performance Receives electrical stimulation Stimulation intensity 2 Vpp sine wave

Linear voltage-to-distance relationship Slope = –1.96
Shelf life Better shelf life than cadaver Shelf life >6 yr

Stable at room temperature 25 ◦C
Human factors Can be used to train for longer than 1 procedure Duration of single use Up to 2.8 h
Regulatory consideration FDA regulatory class 1 Qualifies as a class 1 device for FDA Class 1

These metrics were determined to be the most important to incorporate into the brain mapping simulator.

FIGURE 4. Simulation of brain cortical mapping. Insert showing the intraoperative view. A, Arm area stimulation. B, Leg area stimulation. C,
Functional arm (#1) and leg (#2) areas are tagged.

biological values and over 60% closer to the reported average of
14.8 kPa when compared to cadaveric brain tissue (Figure 8).

Validation of Model Translation
Following many neurosurgeon interviews (n = 32), generally

positive results were received about the model’s usefulness in
educational and surgical practice environments. Over 96% of
respondents stated that they wanted to train for neurosurgical
procedures on the device, and the majority of respondents saw
value and usefulness in many other aspects of the device, such as
anatomic accuracy, material accuracy, andmimicry of real surgical
scenarios (Table 4, Figure 9).

DISCUSSION

Value Proposition
Cortical mapping for safe intraoperative monitoring of brain

function is the gold standard management for many neurological

conditions, including brain tumors, epilepsy, selective vascular
lesions (cavernomas, aneurysms, and arteriovenous malforma-
tions), and intraparenchymal hematomas.5-7,23-28 Mastering
brain mapping requires extensive practice as a neurosurgeon and
as a multidisciplinary team including neurosurgeons, neurolo-
gists, neurophysiologists, anesthesiologists, etc.29 We present an
anatomically accurate, electrically responsive, 3D-printed model
to simulate the essential steps of performing a brain mapping
operation, therefore enhancing training of the entire surgical team
by replicating a multitude of surgical scenarios and improving
interdisciplinary communication.
To our knowledge, this is the first model to simulate direct

stimulation and electrical conduction, allowing for delineation
of functional cortex and subcortical tracts. The consistent linear
relationship that was quantified allows for the device to give an
accurate prediction of nearby corticospinal tracts. This brings us
a step closer to simulating a live neurosurgery, without the use of
actual human tissue. The simulator maintains the brain’s normal

OPERATIVE NEUROSURGERY VOLUME 21 | NUMBER 6 | DECEMBER 2021 | 527



COLAGUORI ET AL

FIGURE 5. Demonstration of microsurgical tumor resection A and hemostasis B.

FIGURE 6. Demonstration of subcortical mapping A and final tumor en-bloc resection B.

anatomy and reproduces a similar elasticity (Video). This patient-
specific 3D-printed physical model can be conveniently created at
a low cost for preoperative planning, procedure rehearsal, patient
education, and resident training and evaluation, etc.
Based on our experience performing and training brain

mapping for over 20 yr, and after conducting interviews with
neurosurgeons before and after the design process, we have
successfully illustrated that this simulator is an efficacious training
tool. We foresee incorporating this model into the resident
surgical skills curriculum and using it to evaluate trainee perfor-

mance with quantifiable milestones to certify their competency
prior to a real case. This would translate to more resident
autonomy in the operating room (OR), improved surgical
precision, and increased patient safety.
Our functional patient-specific 3D-printed model is superior

to cadaveric dissection for simulating the resection of intra-
parenchymal brain tumors. Cadaveric tissue is unable to retain the
material and electrical properties of the live brain.30 The ethical,
religious, and pricing concerns of cadavers, which can range up
to $3000,31 make them an inaccessible resource for many. As has
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FIGURE 7. Detected amplitude vs probe distance. Line graph showing the relationship quantified between
the distance of the handheld probe to the nearest tract, and the electric field amplitude detected at that point.
Linear regression and estimation of fit were performed to find an r2 value of 0.86. 95% CI shown in dashed
lines. Left inset image: close-up of data acquisition process using the simulator and probe. Right inset image:
example analyzed output on our custom interface.

TABLE 4. Example Questions for Evaluation of the Validity of theModel

Category Question (on a Likert scale unless otherwise indicated)

Anatomy How useful do you perceive the model to be for learning relevant anatomy in a tumor resection surgery?
How useful do you perceive the model to be for learning where to properly place the craniotomy, based on the location of the
intracranial pathology?
How accurate do you perceive the tactile feedback to be of the neurologic component?

Surgical skills Would this tool be valuable for training neurosurgeons in the principles of neuro-oncological surgery?
Would this tool be valuable for training neurosurgeons in the skills necessary for microsurgical resection of intra-axial brain
lesions?
Would this tool be valuable for learning the principles of cortical mapping techniques?
Would this tool be valuable for learning the principles of subcortical mapping techniques?
Would you have wanted this tool as part of your own training in neurosurgery? (Yes/No)
How similar do you perceive the model to be to cortical mapping on a real patient?

Overall How easy do you perceive the device to be to operate?
Would this tool be valuable to inexperienced neurosurgeons for preoperative planning?
Would this tool be valuable to experienced neurosurgeons for preoperative planning?
Would this tool be useful for patient education and preoperative discussions?
How useful do you perceive the tool to be for rehearsing surgical scenarios and enhancing multidisciplinary teamwork (with
anesthesiologists, neurologists, neuropsychologists, and neurophysiologists)?
How valuable do you perceive this tool to be for educational purposes and as a supplement to neurosurgical education and
training?
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FIGURE 8. Elasticity of various neural tissue types. Bar graph comparing the
elasticity of cadaver brain tissue (the current gold standard of surgical training)
(140 kPa), our model’s elasticity (55 kPa), and live brain tissue (the ideal target
for model’s elasticity) (mean = 14.8 kPa).

been seen during the COVID-19 pandemic,12 external forces may
reduce access to cadavers and limit the ability of trainees to travel
for cadaver courses. Our 3D-printed simulator can be transported
easily and safely, and used in a variety of environments, while a

VIDEO. Audiovisual demonstration of our biomimetic 3D-
printed model for simulating craniotomies and brain mapping.

cadaver’s usage is restricted to laboratory space and storage. The
lack of biological tissue also eliminates the need for sterilization of
tools, personal protective equipment, and cleaning. The cost for
the nonreusable components of the model is $250 evaluated from
the retail price of materials. The overall manufacturing cost of this
simulator can vary widely depending on the availability and cost
of software licensing, hardware, and raw materials at a wholesale
price.

Alternative Models
3D printing technologies are increasingly used for neurosur-

gical simulation,32-34 ranging from simulators of superficial extra-
axial and intra-axial tumor resection to deep intraventricular

FIGURE 9. Validity of the model using Likert scale. Stacked bar graph indicating percent positive (green),
neutral (blue), and negative (pink) responses to different aspects of the model, including anatomic accuracy,
material accuracy or tactile feedback, usefulness in preoperative planning, value in learning the principles of
neurological tumor resection, and value in learning the principles of cortical mapping.
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neuroendoscopic tumor resection.35,36 To our knowledge, the
simulator presented here is the first of its kind as a functional
anatomic model that allows stimulation of brain tracts not
available in even the best cadaveric specimens. Virtual reality
(VR) also plays a role in surgical simulation, especially in laparo-
scopic and general surgery,37 but current VR technologies cannot
accurately replicate the experience of complex microsurgical
maneuvers unique to neurosurgery or the neural tissue’s haptic
feedback or response to surgical manipulation and tension forces.

Model Limitations
The brain is, without any doubt, the most complex

arrangement of matter in the universe. Therefore, a limitation
of the model is that it does not perfectly replicate the linear
relationship between electric propagation and distance observed
in live neural tissue. However, at short distances (eg, those used in
surgical simulation), it is deemed acceptable. The use of electric
fields also presents a large susceptibility to electrical noise in the
environment, which could be refined and mitigated in the future.
Another limitation of the model is that current microdissection
can only be carried out using sharp microdissection and suction.
Other technologies such as NICO Myriad and CUSA were not
tested for the first prototype of this device, but they will be incor-
porated into future studies.
Additionally, the process of creating a 3D-printed simulation

is time consuming, taking approximately 72 h. Although this
is balanced with the longevity of each simulator produced, 3D
printing at this time remains relatively complex and requires
expertise as well as specific hardware. The current model
production process also requires familiarity with various software
including printer interfaces, 3D Slicer, LabVIEW, andMATLAB.
Finally, the simulator only includes corticospinal tracts repre-

senting a patient’s arms and legs. Our goal in this first iteration of
the brain mapping simulator was to assess its feasibility, partic-
ularly modeling the electrical properties of the brain. As such,
a simple prototype was created with straightforward tract repre-
sentation as a proof-of-concept in order to minimize the number
of design variables. The addition of other relevant white matter
tracts would increase the validity and applications of the model,
presenting a promising area of improvement for the current
device.

Future Advancements
Future iterations of the simulator seek to add to its anatomic

validity, tactile feedback, and approximation of live brain tissue
during surgery. We aspire to incorporate other white matter fiber
tracts and connectomic networks that are relevant to mastering
the cortical mapping technique.38-40 To accomplish this, patient-
specific tractography will be merged with the siliconemodel at the
time of creation and hopefully account for the effect of cerebral
edema on nearby tracts.11 A novel, conductive, and malleable
material, rather than a single wire, could be placed into the
3D-printed shell before the silicone molding process in order

to integrate these biomimetic tracts and improve their material
properties.
Along with these white matter tracts, real-time simulated

electroencephalography or electrocorticography are being
considered to monitor electrical discharges and epilep-
tiform activity while a surgical trainee is stimulating the
model.41-43 Additional iterations also seek to introduce blood
and cerebrospinal fluid circulation using mechanical pumps,
which would replicate intraoperative complications such as vessel
injury and seizures.26 This represents a huge leap forward for the
field, allowing even the most experienced surgeons to practice a
perfect replica of their cases before operating.
Improvements in feedback mechanisms can also help to better

simulate the conditions of the OR. Specifically, the use of audio
feedback (in addition to visual) during stimulation would more
accurately replicate the verbal feedback between neurosurgeon
and neuropsychologist intraoperatively. Furthermore, patient-
specific models with different lesion types and locations can
be manufactured and used for preoperative planning and to
rehearse patient positioning and intraoperative team dynamics
and OR setup, which is beneficial especially for crowded ORs
during awake craniotomies. An additional feedback metric that
will be implemented in future versions of the simulator could
include amplitude and distance cutoffs for stimulation, in order
to avoid seizures and tissue damage. Finally, the simulator could
be modified to include fiducial markers to function with existing
neuronavigation systems. These advancements would greatly
improve the realistic baseline qualities of our device and aid in
its ability to replace the current gold standard in neuro-oncolytic
tumor resection surgery training.

CONCLUSION

We developed a first-of-its-kind, biomimetic 3D-printed
model for simulating craniotomies and brain mapping. Our
simulator has the ability to change the current paradigm for
resident learning, and future iterations hold tremendous potential
for improving neurosurgical training methods. The realistic
neural properties of the simulator greatly improve represen-
tation of a live surgical environment. This proof-of-concept
model can be further developed to contain more complicated
tractography, blood and cerebrospinal fluid circulation, and
more in-depth feedback mechanisms. Deliberate practice using
this model will enhance training of not only the neurosur-
gical trainee but also the entire surgical team by replicating
a multitude of surgical scenarios and improving interdisci-
plinary communication. We believe these revolutionary devices
are the future of neurosurgical education, as well as preoperative
planning.
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