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Abstract

Background: For about 20 years we have been observing the development of three-dimensional (3D) printing.
The aim of this study was to systematize the current knowledge on the use of 3D printing technology in neu-
rosurgery and to attempt an outline the future paths of its development. Material and methods: The analysis
was based on English-language literature from 2017-2021 indexed in the Mendeley and Scopus databases. Re-
sults: The application of 3D printing in neurosurgery concerns: 1) teaching students, 2) training of residents
neurosurgeons, 3) individualized surgery planning, 4) dedicated cranial and spinal implants, 5) the future of
3D printing in neurosurgical implantology. There were 5 main neurosurgery subtopics in which 3D printing was
used: “vascular neurosurgery” (31%), “skull, cranial neurosurgery” (22.4%), “neuro-oncology” (19.3%), “spine”
(14.3%) and “others” (13%). The number of published articles has been steadily increasing by 11-33% annually.
Conclusion: 3D printing has an enormous potential for clinical use and in the we will continue to observe its
dynamic development. In neurosurgery 3D prints are currently most commonly used for didactic purposes as
detailed anatomical models, for training residents and young surgeons and by specialists for the simulation of
complex or innovative surgeries. The future of the use of additive 3D printing in neurosurgery lies in the biologi-
cal 3D printing, the creation of artificial organs and the development of biological implants in tissue engineering.
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Introduction

In recent decades we have observed a dynamic, even
aggressive, introduction of modern technologies into med-
ical practice. This includes computerization, implantology,
transplantation, new techniques of macroscopic and micro-
scopic imaging, endoscopy, navigation and finally the intro-
duction of surgical robots such as Da Vinci systems, ROSA
(Robotic Surgical Assistant) and others [1-3]. Altogether
technology has opened new possibilities for modern medi-
cine, science, teaching, standardization and repeatability of
surgical techniques, shortening the operation time, increas-
ing its safety and many others. The exact same benefits can
be derived from the introduction of three-dimensional (3D)
printing in neurosurgery. Simple anatomical models of in-
dividual organs made of clay or plaster have been known
for hundreds of years and were used mainly as teaching
aids. The 1980s marked the beginning of the development
of 3D printing (at the time it was called stereolithography)
pioneered by Charles Hull [4] mainly in the automotive and
aerospace industries. The end of the 1990s witnessed the
first 3D models of intracranial vascular pathologies (aneu-
rysms and arteriovenous malformations) created for edu-
cational purposes [5]. Further development of computing
power, modern methods of 2D radiological imaging, soft-
ware-generated 3D images, printing of such models and the
development of new materials imitating physical properties
of human tissue has opened almost unlimited possibilities
of using 3D models in science, education, surgical training
or intraoperative implantology [6-14].

The aim of this study was to analyze both quantitatively
and subject-wise the scientific literature concerning the use
of additive (3D) printing technology in neurosurgery over the
past 5 years, to demonstrate the trends in the use of this
technology and its potential paths of future development.

Material and methods

We have analyzed the English-language full-text papers
available in Scopus and Mendeley databases. One indepen-
dent Author (ND) searched the databases using the key-
words “neurosurgery” and

“3D” and “print” or “printing” 50

databases, not relevant to the topic, conference reports and
book chapters were excluded from further analysis. We then
performed a quantitative and qualitative analysis of the eli-
gible papers. In the quantitative assessment, we calculated
how the number and topics of the articles have changed over
the years. For this purpose, consecutive keywords “tumor”,

”n o« ”n ou ” o« ” o«

“vascular”, “aneurysm”, “malformation”, “spine”, “skul

|n

and
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“cranial” were entered. In the qualitative analysis we assessed
didactic and practical use of 3D printing by medical students,
neurosurgery residents, specialists and researchers as well
as weaknesses and most importantly, the future of 3D tech-

nology in neurosurgery.

Quantitative evaluation

We initially found a total of 191 articles in the Scopus and
153 in the Mendeley database. Restricting the year of pub-
lish to 2017-2021, these values were respectively 141 and
94, resulting in a total of 235 papers on the use of additive
printing in neurosurgery. Following the PRISMA protocol [15],
applying the inclusion and exclusion criteria described above,
a total of 140 articles were included for further detailed anal-
ysis. The number of published articles has been steadily in-
creasing by 11% to 33% per year (Fig. 1).

Articles were mainly written by authors from countries
with a high index of technological, IT and industrial develop-
ment: the United States, China and Germany. Despite the ex-
plicit keywords applied, the search yielded articles covering
quite a few scientific disciplines including medicine, comput-
er science, materials science, biochemistry, engineering, ge-
netic engineering, etc. This made the study topic interesting
and challenging because it required selection of the articles
to those with medical application.

Subject evaluation
There were 4 main neurosurgery subtopics in which 3D

printing was used: neuro-oncology, cerebrovascular anatomy
and pathology (aneurysms, arteriovenous malformations),

used in the title and/or ab-

stract [15]. We narrowed the 40

search to articles published in 30

2017-2021 with the following 20

inclusion criteria: complete

English-language text, origi- 10 . l
nal article, review paper, case 0

report. Publications written in 2017 2018 2019 2020 2021
a language other than English,
lacking full text, repeated in Figure 1. The number of articles about “neurosurgery and 3D printing” successively

different scientific literature increased in the years 2017-2021
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spine implantology and reconstruction of the skull bone de-
fect. Some of the articles covered several topics in the use
of 3D printing, hence quantitative percentage relationships
were presented rather than absolute numbers. There was
also an additional group “others” which accounted for as
much as 13% of all topics and was dominated by such sub-
jects as biopsy, insertion of DBS (deep brain stimulation),
endoscopy, anatomy of nervous structures, morphometry,
and tractography. Out of 140 articles we analyzed, 31% were
focused on “vascular neurosurgery,” 22.4% on “skull, cranial
neurosurgery,” 19.3% on “neuro-oncology,” 14.3% on “spine”
and 13% concerned “others” (Fig. 2 and 3).

In the data we analyzed, it was possible to identify 6 themes
that dominate the “neurosurgery vs. 3D printing” research.
These are: 1) teaching of medical students, 2) training of res-
idents and young neurosurgeons, 3) surgical planning, 4) cus-
tom/individual implants, 5) disadvantages of 3D printing and
areas for improvement and 6) future developments in 3D
printing development (near and distant future).

In the literature we analyzed there was a significant
increase in the number of articles on the topic of “neuro-
surgery vs. 3D printing” with 17 articles in 2017 and 40 in
2021 (11-33% increase per year). This confirms the general
opinion about the interest of the science and industry com-
munities in this topic, the progressive development of addi-
tive printing technology and its clinical or didactic usefulness.
The largest amount of studies was related to “neuro-oncol-
ogy”, “
models for training, surgery planning, new applications etc.

cerebrovascular” and “skull” and these are mainly

[8, 10, 16-22]. This was a bit of a surprise, as other surgi-
cal specialties (e.g. general surgery, maxillofacial surgery) or
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Figure 3. The percentage of “3D printing in neurosurgery” work
in the context of the 5 main subtopics for the analysed time
period 2017-2021

dentistry are dominated by the topic of implantology and in-
traoperative use of models [23]. It would seem that it should
be analogous in neurosurgery (spinal implants, dedicated in-
terbody cages, stabilizing screws) [24-30]. The reason for this
discrepancy may lie in the potential costs of such implants,
which are so far higher than the standard spinal surgery
implants [24-25, 30-32]. The same applies to the cost of
printing cranial defects in reparative surgery compared to
intraoperative manual fabrication of such defects from
a plastic mass (polymethyl methacrylate, PMMA) [11, 14, 19, 33].
Whereas the guides and components of dental implants are
made of fairly simple materials that are not subjected to the
same forces as spinal implants. Moreover, they are printed
quite commonly, so their cost is lower compared to the cost
of neurosurgical implants. In general, the issue of cost is one
of the disadvantages of 3D printing and is discussed later in
the paper. We did not separate the articles about pediatric
neurosurgery, as there were only 15 articles regarding this
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Figure 2. The number of articles focused on the 5 main subtopics published in each year from 2017 to 2021
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patient group and were focused on training for brain tumor
biopsy, ventriculocisternostomy in hydrocephalus, treat-
ment of skull deformities in the course of craniosynostosis
[7,11-12, 14, 20].

Medical student education

The educational usefulness of 3D prints in medicine
has been observed ever since their introduction [6, 34]. As
their shapes and availability improve, the market is actively
growing. This is due to the cost of such models, which are
reusable and can last for years, the limited number of profes-
sional anatomy laboratories, the limited number of human
models to teach medical students. It is important to bear
in mind the ever-increasing number of students, not only
of medicine and dentistry, but also of other health sciences
e.g. physiotherapy, radiology technology, dietetics, nursing
sub-specialties. Let’s not forget the fine arts and physical ed-
ucation students.

Training of residents
and young neurosurgeons

For quite many years it has been possible to notice
a change in the type of training of residents from the form
of gaining experience in the operating room to maximizing
learning on phantoms and 3D radiological images. This is
obviously due to ethical (ensuring patient safety) and legal
reasons. The use of reconstructed images of MRI, CT exam-
inations for this purpose is very useful, but not sufficient. It
is the printed spatial models that help teach how the posi-
tion of anatomical structures will change when the angle
of view of the surgical field shifts during aneurysm clipping
or how to safely bypass eloquent fields (motor and sensory
pathways) in brain tumor resection [8, 16-17, 20, 35]. They
can also be used to practice simple surgical procedures like
biopsy, craniotomy or spinal canal decompression [19, 29-
-30, 37]. Moreover, 3D Prints help clarify the communication
with patients, e.g. explain the surgical procedure and obtain
the informed consent. [10-13, 28, 33-36].

Planning operations, new
techniques and surgical accesses

Regular training of the acquired skills is necessary to
maintain high professional qualifications of the neurosur-
geon. For this purpose, during courses neurosurgeons can
perform simulated operations either on fresh frozen human
cadavers or anaesthetized animals (e.g. pigs). 3D phantoms
can significantly help to organize such courses. In addition,
the surgeon can plan the individual steps of the operation
based on a specific case after preparing an additive model of
a tumor, aneurysm or the patient's spine [8,11-13, 18, 25-27,
38-39]. Here we enter the domain of personalized medicine,
dedicated to a specific patient. Such models can also serve

as material for research on modifying the surgical approach
or even developing innovative spinal or cranial repair proce-
dures [16, 21-22, 31, 40].

Intraoperative use of 3D implants

Currently in the literature, the use of additive printing in
neurosurgery focuses on cranial bone repair surgeries and
much less frequently on spinal surgeries [14, 25-26, 41]. Restor-
ative operations include craniosynostosis-related procedures
in the pediatric patients and in adults, the replenishment of
the cranial bone after a craniectomy [11, 14, 41]. Currently, in
the intraoperative setting the neurosurgeon prepares a spe-
cific fragment by hand from PMMA mass and attaches it in
place of the defect [41-42]. In children, various proprietary
material such as ribs are used. Intraoperative preparation of
the synthetic component requires time, which may increase
the overall cost of surgery and the final cosmetic results are
not as good as with a computer-prepared implant. Based on
a preoperative CT scan of the skull bone (mirror-image), 3D
files of the missing bone fragment are prepared, which can
then be printed and transplanted to the patient after steril-
ization [11, 14, 31, 33, 41-42] — see the Fig. 4. The downside
of course is still the cost, as mentioned below [41, 43].

The near future of 3D printing

Short-term developments are consequences of today's
limitations of the 3D printing technology: cost, print quality,
preparation time and material available. The cost of printing
ranges from a few tens of US dollars (USD) to several thou-
sand (these are the costs of materials, software, processing,
human labor by computer scientists, engineers, technicians,
doctors, etc.) [43]. Currently, this is one of the main factors
limiting the widespread clinical use of this technology. The
cost of the 3D printer itself is an expense of several to sever-
al hundred thousand USD, not to mention the costs of hard-
ware, software, printing material and involvement of people
in the production of the final product. The authors empha-
size that the widespread use and availability of 3D printing
technology will drive the further development of the hard-
ware and software as well as the decrease in costs on the
basis of competition. It must be remembered that models
have a limited life span due to wear and tear during training
and must be successively replaced [19, 44].

Further 3D print development
depends on materials used
and thus requires improvement

The development of, bioengineering, creation of new ma-
terials imitating the physical properties of human tissue and
organ fragments, printing with multiple materials simultane-
ously, must go hand in hand [45-46]. Further development of
increased resolution of computed tomography (CT), magnetic



74 Eur J Transl Clin Med 2023;6(1):70-78

resonance (MR) and other examinations is necessary [46-

-47]. The time of print preparation ranges from several hours
to even a few days. It is crucial to reduce this time in order
to increase the neurosurgeons’ interest in using 3D prints
for scheduled and in urgent operations, e.g. intraoperative
printing in case of post-traumatic skull bone defects. This
creates the need for technical development of printers, fast
computer processors as well as durable, efficient mechani-
cal components [47]. Another element is the involvement of
IT specialists, radiologists, technicians, neurosurgeons (e.g.
residents) within the hospital to introduce procedures that
will allow rapid implementation of treatment offered by 3D
printing. The scope of printing is most often limited to a giv-
en organ or anatomical structure and is devoid of adjacent
tissues and structures that are of colossal importance during
surgery. Thus, further development should aim towards
printing entire models with simultaneous use of multiple ma-
terials, something along the lines of a print that is done on an
already printed part (print-in-print-out) [45].

The distant future of 3D printing

The 3D printing has great potential to revolutionize per-
sonalized medicine, i.e. individualized treatment for a specif-
ic patient, especially in the field of implantology. In the case
of neuro-traumatology, this is already happening (cranial
bone defects, spinal implants for stabilization, artificial discs).
However, looking into the future, the most promising route
is that of bioprinting of complex tissues, molecular printing,
so-called “living” implants. That is, on the one hand, target-
ed stimulation of stem cell growth into a specific cell line and,
on the other hand, biomatrices on which the growth and de-
velopment of tissues or organ fragments will be postulated
[48-50]. Currently, it remains at the laboratory stage and in
order to have a clinical application many elements need to
be improved (or developed), e.g. increasing the resolution
to the sub-cellular level (moving on the nanometric scale)
[49-51]. Another challenge is the viability of bioprints,
a suitable interface with sufficient mechanical properties

Figure 4. A) CT scan of the head (transverse section) — patient age 29, craniofacial trauma, fracture of left temporal and
frontal bone with compression of the brain tissue and subdural hematoma, B) follow-up head CT after decompression
surgery (in this case a fronto-temporal craniectomy), C) 3D reconstruction of the skull with a visible post-craniectomy

bone defect, D) package with the material for 3D printing of cranial bone flap, E) 3D prints of cranial bone cavity flap

prepared for sterilization, F) 3D reconstruction of the skull after surgery cranioplasty
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to allow adequate interaction with the rest of the tissue or
organ. This interaction concerns activities such as blood flow,
growth, oxidation, neurological stimulation, secretory, func-
tionality, etc. [50, 52]. Another expected advance is 3D in
situ printing, which involves real-time fabrication of specific
tissues during surgical intervention. Here, developments in
engineering, computer science are needed to achieve print-
ing speeds for utility [49, 51].

One of the limitations of our analysis is that the articles
generally emphasized the clinical, intraoperative utility of 3D
printing, which we also cite. It would be worthwhile to ex-
pand the research on this issue with a meta-analysis of clini-
cal papers to find out whether and by how much the time of
surgery decreased, by how much the cost of surgery actually
changed, to what extent the use of 3D prints increased the
safety of surgery or reduced the complications. Most papers
are dominated only by the surgeon's subjective feelings.
Such an analysis is difficult because clinical papers cover very
heterogenous cases (central nervous system tumors, spine
instrumentation procedures, peripheral nerve treatment)
and low repeatability of cases. Another issue concerns the
future of bioprinting, i.e. the use of tissue that imitates the

properties of living tissue. However, this topic has been de-

scribed laconically in the reviewed papers as the future rather
than an advancement of current research. The programming
of tissue culture matrices or other bio-elements, the use of
induced stem cells are mentioned [48]. The problem itself
is extremely perplexing and worth extending. However, the
literature selection protocol we used (PRISMA) limited our
analysis only to already existing applications in neurosurgery
or “smuggled out” some futurological issues [15]. Thus, it is
worthwhile to focus separately only on the topic of “future
of 3D printing applications” and analyze articles in the field
of tissue engineering, genetic engineering, molecular biology,
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fields are the most advanced in this matter.
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artificial organs, the advancement of biological implants
(tissue engineering) may bring the greatest clinical benefits.
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