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Spatial insight into intracranial pathology and structure is important for neurosurgeons to perform safe and successful surgeries.
Three-dimensional (3D) printing technology in the medical field has made it possible to produce intuitive models that can help
with spatial perception. Recent advances in 3D-printed disease models have removed barriers to entering the clinical field and
medical market, such as precision and texture reality, speed of production, and cost. The 3D-printed disease model is now ready to
be actively applied to daily clinical practice in neurosurgical planning, simulation, and training. In this review, the development of
3D-printed neurosurgical disease models and their application are summarized and discussed.
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INTRODUCTION

Spatial perception of brain structures is a key attribute of
competent neurosurgeons. Predicting the location of the lesion
in three-dimensional (3D) space before surgery is more impor-
tant for neurosurgeons than other surgeons because brain le-
sions have to be approached through a difficult process called
craniotomy, and it is almost impossible to search for lesions
during surgery by recklessly scouring brain tissue. In addition,
all anatomical information of neurosurgical patients is ob-
tained from sophisticated neuroimaging modalities, such as
computed tomography (CT) or magnetic resonance imaging,
which are usually presented in two-dimensional images of each
axis. To succeed in brain surgery in a safe and efficient way,

neurosurgeons must spatially reconstruct and simulate brain

structures and lesions in their head based on neuroimages. This
ability of spatial perception of brain structures can be acquired
through repeated training of image interpretation and virtual
reconstruction, followed by real-world verification at the surgi-
cal site of the patient. However, it is difficult for trainees to be
given sufficient opportunities to practice in such a harsh recent
training environment. Traditionally, surgical training using ca-
daver dissection has been preferred to compensate for the lack
of clinical experience, but even this is becoming increasingly
difficult due to problems with the supply and demand of ca-
davers as well as ethical and biosafety issues.

Recent advancements in 3D printing technology in medi-
cine provide an opportunity to alleviate these difficulties. The
medical 3D printing field can be divided into four main

fields®” : 1) anatomical models for surgical planning, simula-

* Received : September 27, 2021 < Revised : November 14,2021 e Accepted : November 17, 2021

* Address for reprints : Chul-Kee Park

Department of Neurosurgery, Seoul National University Hospital, Seoul National University College of Medicine, 101 Daghak-ro, Jongno-gu, Seoul 03080, Korea
Tel : +82-2-2072-0347, Fax : +82-2-741-8594, E-mail : nschpark@snu.ac.kr, ORCID : https://orcid.org/0000-0002-2350-9876

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Copyright © 2022 The Korean Neurosurgical Society 489



J Korean Neurosurg Soc 65 | July 2022

tion, and training; 2) medical devices including bioimplants,
orthoses/prostheses, and surgical instruments including guide
templates; 3) tissue engineering devices or bioprinting organs/
tissue models; and 4) drug formulations. However, the scope
of application of 3D printing technology in the medical field is
growing rapidly to novel applications. In this review, the focus
will be on the current development and application of 3D-
printed disease models for surgical planning, simulation, and

training in the neurosurgical field.

DEVELOPMENT OF 3D-PRINTED DISEASE
MODELS FOR NEUROSURGICAL DISEASES

The origin of the current 3D printing technology concept
dates back to the early 1980s, allowing the manufacturing of
objects by depositing materials layer by layer using a stereo-
lithography apparatus (SLA)*¥. The first reported human ana-
tomical model using an SLA was a skull model constructed
from CT images in 1990°”. However, it was in the early 2000s
that 3D printing technology began to be applied to various
medical fields*”. Thanks to technical advances in 3D printing
methods, diversification of source materials, and easy avail-
ability of hardware, an appropriate cost-effectiveness of 3D
printing have been achieved, and public interest exploded in
the 2010s.
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In the field of neurosurgery, early efforts to create 3D-print-
ed disease models for surgical planning or educational pur-
poses were attempted in spinal disease! and cerebral aneu-
rysm?®’. Approximately 150 papers covering neurosurgical
disease models built for surgical planning, simulation and
training have been published in the English literature to date
(Fig. 1). Most of the models were developed for the purpose of
presurgical simulation of complex and difficult cases, or edu-
cation/training of surgical techniques and anatomy. The three
major limitations of the early 3D-printed disease models were
precision and texture reality, speed of production, and cost ac-
ceptability®. However, with the continued development of
technology, these limitations have been resolved, and barriers
to entering the clinical field and medical market have almost
been completely removed.

From a developer's point of view, the 3D-printed neurosur-
gical disease model can be divided into two categories. One is
a patient-specific model, and the other is a standardized mod-
el (Table 1). The patient-specific model is customized one for
the specific case, which is usually a complex, rare and chal-
lenging disease form to be treated surgically. The purpose of
the patient-specific model is to improve the clinical outcomes
by enabling preoperative surgical planning and simulation as
well as by aiding communication. The production of patient-
specific models must be completed in a short time with a sin-

gle order, and its production pipeline must be maintained to
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Fig. 1. Annual distribution of the number of papers on three-dimensional (3D)-printed disease models for surgical planning, simulation, and training in
the neurosurgical field published in English literature. *From January to August.
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continuously handle multiple orders. High-risk surgical dis-
eases, such as deep-seated brain tumors and complex cerebro-
vascular or spinal diseases, are expected to be frequent indica-
tions for patient-specific models. The representative patient-
specific 3D-printed disease models are shown in Fig. 2. On the

other hand, the standardized model is developed according to
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an event or educational program, and then copies are pro-
duced and supplied. Therefore, it is not necessary to continu-
ously maintain the production pipeline of the model if mass
production is performed at once. Moreover, the standardized
model can lower the price compared to the patient-specific

model due to cost reduction by mass production Since the

Table 1. Classification and characteristics according to the purpose of use of the 3D-printed neurosurgical disease models

Customer

Production type

Purpose

Usage

Production speed

Production pipeline utilization
Cost

Disease form

Major indications

Surgeon, patient

Singular, customized

Improvement of clinical outcome

Surgical planning, simulation, and communication
Critical

Continuously on demand

Relatively expensive

Challenging, rare disease

Deep seated brain tumor
Complex cerebrovascular disease
Complex spinal disease

Trainee, student

Plural, replica

Acquirement of knowledge and experience
Training and education

Not critical

Periodically on event

Discount factors exist

General, representative disease

Skull base surgery
Endoscopic surgery
Cerebrovascular disease
Endovascular surgery
Spinal instrumentation
Functional neurosurgery

Fig. 2. The representative patient-specific three-dimensional (3D)-printed disease models. A : Spinal disease model of lumbar stenosis. B :
Cerebrovascular disease model of arteriovenous malformation. C: Brain tumor model of insular glioma.
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purpose is training and education, the target disease condition
for standardized models is usually a representative and gener-
al. The standardized model is expected to be utilized in the
fields of skull base surgery, endoscopic surgery, endovascular
surgery, spinal instrumentation, and functional neurosurgery,
where a hands-on workshop or cadaver dissection course is
actively held.

SPINAL DISEASE MODELS

Spinal disease is the most active field in neurosurgery in
which 3D printing technology is vigorously applied®®. In 1999,
the first 3D-printed spinal disease model using an SLA was
introduced for the surgical planning and simulation of com-
plex spinal disease'. Since then, more than 50 papers have re-
peatedly confirmed the benefit of 3D-printed spinal disease
models in the planning and execution of surgery by providing
insights into optimum screw trajectories, appropriate instru-
ment or implant selection, detailed information on anatomi-
cal structures, geometrical measurement of deformity degrees,
and establishment of surgical goals. Moreover, several studies
have demonstrated a reductions in operation time and periop-
erative blood loss by using 3D-printed spinal disease mod-
els?>¥*114 The material used to manufacture spinal disease
models continued to be developed through various attempts
starting from plastic, so that the texture can be similar to the
actual spine bone'?*%? The model extends its scope to
physiological or flexible models'*'*®. The majority of 3D-
printed spinal disease models have been patient-specitic mod-
els applied in real clinical practice to improve clinical out-
comes. Similar to other 3D-printed disease models, 3D-
printed spinal disease models have been shown to improve
patient communication and education**""*!2%, Patient-specific
templates for the guidance of instrumentation are another ac-
tive field of the application of 3D printing technology in spine
surgery. However, a standardized model of spinal disease has
been actively developed relatively recently and is well utilized

in training and education®”*!516-379110)

CEREBROVASCULAR DISEASE MODELS

The earliest and most common target disease for the 3D-
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printed cerebrovascular disease model is intracranial aneu-

rysm"42022749:50579097112) “The texture and elasticity of the de-

veloped aneurysm model were realistic enough to simulate

surgery2,55,58,69,84)

. The 3D-printed aneurysm model was devel-
oped not only for conventional surgical planning but also for
endovascular treatment™”*. Another major target disease for
3D-printed cerebrovascular disease models is arteriovenous
malformations, which may benefit from reduced operation
time by helping presurgical planning?##319%119_ Qther cere-
brovascular models, such as dural venous sinus or cavernous
angioma models, were also attempted®**>. For efficient pre-
surgical planning, all models that include adjacent structures
as well as vascular lesions have been shown to be more useful
for surgical planning than regional models constructed with

2% The 3D-printed cerebrovascular

only vascular structures
disease model is also actively used for simulation experiments.
One good example is cerebrovascular stenosis or occlusion
models, which have successfully demonstrated meaningful
results in a variety of experimental settings'"1>2*¢>70119 The
standardized model of cerebrovascular disease for educational
purposes has been attempted from the relatively early stage of

development?*4¢-56.73:

92103 From an educational standpoint, it
has been reported that virtual reality models are superior to
3D-printed models in terms of resolution, zoom capability,
and model durability, but 3D-printed models have significant
advantages in depth perception and ease of manipulation

compared to virtual reality models®.

BRAIN TUMOR AND SKULL BASE LESION
MODELS

The 3D-printed brain tumor model is a latecomer com-
pared to spinal or cerebrovascular disease models. This is be-
cause brain tumors are less stereotypical and individual vari-
ances in tumor location, size, and texture are so great that
only case-by-case experiences are meaningful. Therefore, the
fabrication process for individualized complex patient-specific
models has been less cost-effective to readily enter clinical
practice. However, it is obvious that presurgical planning us-
ing 3D-printed brain tumor models can help ensure safe and
successful surgeries especially for less experienced neurosur-
geons’®’. The cost-effectiveness limit of the customized

model is gradually being solved with the development of tech-



nology?"®. The patient-specific 3D-printed brain tumor
model production platform that can cope with the speed of
urgent clinical practice has been developed and is now ready
to use??. The use of multiple and transparent materials for the
realization of complex structures and the brain has enabled
much more realistic and useful results for 3D-printed brain
tumor models*>**M 10217 - A functional navigator approach
that applies tractography results to a 3D-printed brain tumor
model has also been attempted*****%.

On the other hand, skull base surgery is the most favorable
field for both patient-specific and standardized 3D-printed

disease models* 6>

). As many skull base surgery workshops
are being held worldwide, skull base surgery is a field where
standardized models are actively produced and applied for ed-
ucation and training®'*”. The development of a model capable
of drilling bones such as real bone plays a significant role in
invigoration®***””, The 3D-printed skull base tumor model
has been actively used for endoscopic skull base surgery train-
ing as well, where the keyhole anatomy is a steep barrier of the
learning curve!247L75879210L109118) “NMoreover, evidence has
shown that its application to endoscopic brain tumor surgery
enhances surgical outcomes by aiding in reconstruction or by
reducing the operation time, blood loss, and complication

rate?*®.

OTHER BRAIN DISEASE MODELS

Surgical planning for reconstructive cranioplasty after cra-
niofacial resection, skull anomaly correction, and tumor re-
section can be greatly supported by 3D-printed models'®*4%72,
Endoscopic surgery for ventricular lesions, including ventricu-
lostomy, is another popular subject of training programs us-
ing 3D-printed models®?4-61859L104107) "The patient-specific
3D-printed myelomeningocele model was fabricated to plan
the correction of spinal deformity*®. Models of other types of
congenital anomalies, such as meningoencephalocele model,
were also created for surgical planning'”. The 3D-printed
model could be helpful for repairing cerebrospinal fluid leak-
age sites by designing an appropriate flap to cover’. The qual-
ity assurance of radiosurgery could be tested by a 3D-printed
patient-specific phantom®. More realistic models with special
effects have been developed for training various neurosurgical

Skillsl(),ﬁ&s(), 107,116)
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FUTURE PERSPECTIVES

Despite the rapid development and popularization of 3D
printing technology, there is still no consensus on its useful-
ness for neurosurgical planning, simulation, and training in
the clinical field. The clinical entry of 3D printing technology
is strictly regulated by medical administrative authorities of
each country and only partially allowed officially for minor
subjects. This is because there is a lack of large-scale studies
that can prove its clinical effectiveness expressed by general
clinical variables, which is practically difficult to implement
because it targets complex and uncommon cases. However,
the real value of the 3D-printed disease model is to lower the
entry barrier for high-level surgery by allowing neurosurgeons
with less experience to perform difficult surgeries more safely
and successfully. This is more important in the current train-
ing environment with limited opportunities. Continuing ef-
forts to shorten the learning curve for high-level neurosurger-
ies using a 3D-printed model will also help resolve the trend of
medical care concentration in high-volume hospitals.

Th increasing affordability and convenience of hardware
have fueled advances in biotechnological 3D printing. Their
application in daily clinical practice in neurosurgery for the
purpose of presurgical planning, simulation and training is
now feasible??*?. The accuracy of the full-scale model is com-
parable to that of a navigation system'**!°”. The 3D-printed
disease model is expected to play mediating role between the
current conventional navigation system and the future aug-
mented reality-based navigation system. The clinical experi-
ence accumulated with the 3D-printed disease model will be a
valuable basis for the development of futuristic navigation

systems.
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