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Abstract

Three-dimensional (3D) printing has evolved into a valuable adjunct in neurosurgery,
enabling patient-specific surgical planning, simulation, education, and implant
fabrication. Although its technical feasibility and clinical utility are well documented,
institutional integration and further development across European neurosurgical
departments remain insufficiently defined. Two cross-sectional online surveys were
conducted among European neurosurgeons in 2020 and 2025. The initial survey was
distributed via the European Association of Neurosurgical Societies (EANS), while
the follow-up survey was disseminated through national neurosurgical societies and
direct re-contact of prior participants. A total of 172 completed questionnaires from
44 countries were included. Descriptive and comparative statistical analyses were
performed using chi-square or Fisher's exact tests with false discovery rate correction.
Between 2020 and 2025, a significant maturation of 3D printing practices was
observed. Routine or regular departmental use increased, whereas single-case-only
applications declined significantly (20.0% vs. 0%; p = 0.01). Responsibility for printing
shifted markedly toward in-house production: neurosurgeon-led printing increased
from 0% to 20.68% (p < 0.001), while reliance on external providers decreased from
21.81% to 0% (p < 0.01). Implant fabrication emerged as a novel clinical application
(0% vs. 27.58%; p < 0.001). Diversification of printing technologies and improved
cost efficiency were reported; however, formal quality management procedures
remained limited. Major barriers included restricted time resources, insufficient
institutional support, and high costs. Over five years, 3D printing in European
neurosurgery has transitioned from sporadic, externally dependent use toward
structured, institutionally integrated workflows with expanding clinical applications.
Standardized quality assurance, regulatory clarity, and high-quality prospective
outcome studies are essential to further establish 3D printing as a routine clinical
technology.
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1. Introduction

Neurosurgical practice relies fundamentally on accurate
spatial perception of complex three-dimensional (3D)
anatomy. Although computed tomography and magnetic
resonance imaging provide detailed anatomical insights,
these modalities produce planar, two-dimensional images
that may constrain understanding of intricate surgical
anatomy and spatial relationships critical to operative
planning.' To overcome these limitations, 3D imaging and
printing have emerged as potential techniques enabling
surgeons to better appreciate the 3D orientation of objects
within the surgical site prior to surgery.

Three-dimensional printing, an additive manufacturing
technique involving layer-by-layer material deposition, has
become a transformative asset within neurosurgery.” Since
its initial utilization in the late 1990s for creating patient-
specific neurovascular models, 3D printing has broadened
its scope across several domains.*** Its contemporary
applications encompass patient-specific anatomical models
for surgical planning, education for residents and patients,
fabrication of tailored surgical instruments and implants,
and simulation of complex pathologies.**® Substantial
evidence has emerged supporting its clinical utility. Patient-
specific 3D models consistently outperform conventional
imaging methods in surgical planning, especially regarding
craniotomy design and selection of surgical approaches,
with notable benefits for less experienced surgeons.>*?
Systematic reviews validate the anatomical accuracy of
printed modelsand their effectiveness across neurovascular,
skull base, and tumor surgery.!!* Within neurosurgical
education, 3D printing provides significant advantages
for resident training, yielding nearly universally positive
subjective outcomes across vascular, spine, and skull base
subspecialties.>'>'” Furthermore, patient-specific implants
and guidance tools also represent an expanding clinical
application of 3D printing, for which reliable feasibility
has been demonstrated.>'*** Despite robust evidence and
growing recognition of its potential, 3D printing adoption
among neurosurgical institutions remains variable.!

Regardless of these documented advantages, the
widespread integration of 3D printing into routine
neurosurgical practice faces substantial barriers that
have limited its transition from research innovation to a
standard clinical tool. Organizational challenges, including
high initial investment costs, lack of institutional adoption
strategies, and unclear reimbursement pathways, represent
primary obstacles to implementation.”'**% Regulatory
uncertainty surrounding medical device classification,
quality assurance protocols, and compliance with evolving
standards creates additional complexity for hospital-based

programs.”** Workflow integration remains challenging,
requiring coordination between radiology, engineering, and
surgical teams, the establishment of quality management
systems, and the development of standardized processes
from image acquisition to final model production.?*?®
Furthermore, the absence of standardized protocols for
3D printing in neurosurgery, combined with variability
in available technologies and materials, contributes to
heterogeneous implementation across institutions."?>?
While low-cost entry-level solutions have emerged to
address resource limitations, questions regarding cost-
effectiveness, optimal clinical indications, and long-term
sustainability of in-house versus outsourced production
models remain incompletely resolved.'*** These diverse
barriers underscore the need for a systematic evaluation of
how 3D printing is currently being implemented in clinical
practice and what factors facilitate or impede its broader
adoption.

The progression of 3D printing integration and
prevailing professional consensus regarding optimal
clinicalimplementation remain inadequately characterized.
Understanding temporal trends, institutional workflow
integration, and perceived hindrances is crucial to guide
future strategies. This study seeks to systematically evaluate
the implementation and clinical integration of 3D printing
technologies within European neurosurgical departments
using a repeated cross-sectional survey approach. The
cross-sectional investigation facilitates analysis of trends in
technology adoption, shifts in institutional responsibility
and workflow integration, diversification of printing
technologies, perceived clinical impact, and persistent
barriers inhibiting broader utilization. By documenting
the development of 3D printing practices over this pivotal
period, the study offers insights into the maturation of
this technology in neurosurgery and identifies essential
determinants influencing its transition from innovative
promise to standard clinical tool.

2. Materials and methods
2.1. Study design and data collection

The study used a repeated cross-sectional survey design.
The initial survey was distributed to neurosurgeons
across Europe via the official European Association of
Neurosurgical Societies (EANS) mailing list in February
2020. For a temporal trend analysis, a revised version of
this survey was distributed again in October 2025 through
the mailing lists of the national neurosurgical societies
in Europe. Participants from the first survey were also
contacted again using the email addresses they provided.
Incomplete or double submissions from both surveys were
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excluded from the study.

2.2. Survey design

The survey was created and administered using Google
Forms. Single- and multiple-choice questions, as well
as free-text responses, were included. Participation was
exclusively online-based.

2.3. Statistical analysis

Descriptive analysis was used to display respondents’
baseline characteristics. Differences in proportions were
analyzed with chi-square or Fisher’s exact test based on the
sample size. False discovery rate was calculated using the
Benjamini-Hochberg procedure. For statistical analysis
and visualization, RStudio 2025.05.1+513 and GraphPad
Prism 10 were used. A p-value of <0.05 was considered
statistically significant.

3. Results

3.1. Demographic characteristics and institutional
background

A total of 172 completed questionnaires were included in
the analysis, comprising 114 responses from 44 countries
in 2020 and 58 responses from 19 countries in the 2025
follow-up survey. Sixteen participants completed both the
2020 and the 2025 surveys. As participation was voluntary
and distributed via professional society mailing lists, the
exact response rate relative to the total target population
could not be determined. Regarding demographics
and professional background, the age distribution of
respondents was comparable between both survey periods,
with the majority of participants aged between 31 and 50
years. A slight shift toward older age groups was observed
in 2025, with an increased proportion of respondents
above 40 years of age (Figure 1A). Participants represented
a broad international distribution (Figure 1B). Regarding
professional position, consultants and specialists
constituted the largest respondent groups in both surveys
(Figure 1C). Most respondents were affiliated with
university hospitals, followed by municipal and medical
practices, with only minor changes between the two survey
years (Figure 1D). Regarding neurosurgical specialties and
departmental involvement, respondents covered a wide
range of neurosurgical subspecialties. Neuro-oncological
surgery, skull base surgery, and spine surgery were most
frequently represented in both cohorts (Figure 1E).

3.2. Utilization of three-dimensional printing in
neurosurgery

Departments reported diverse applications of 3D printing.
While surgical planning and resident training remained

common use cases, implant fabrication and research-
related applications increased in 2025. Conversely, single-
case-only applications decreased over time (Figure 1F).
Overall, 3D printing practice in departments increased,
with a higher proportion of departments reporting routine
or regular use in 2025 compared to 2020 (Figure 1G). In
terms of personnel, software, and printing techniques,
responsibility for 3D printing shifted significantly over
time. In 2020, printing was predominantly performed
by external companies and technicians, whereas in
2025, a marked increase in neurosurgeon-led and
in-house printing was observed (Figure 1H). For image
segmentation, rendering, and post-processing, various
software solutions were reported; however, the majority of
respondents in both 2020 and 2025 were unaware of the
specific software used (Figure 11 and 1J). Fused deposition
modeling remained the most applied printing technique in
both surveys, although the use of selective laser sintering,
selective laser melting, and multi-jet modeling increased
in 2025 (Figure 1K). However, consistent with findings on
software usage, most respondents were also unaware of the
specific 3D printing technology used. The implementation
of formal quality assessment procedures remained limited
(Figure 1L). Respondents consistently reported high
perceived potential for 3D printing in neuro-oncological
surgery, skull base surgery, spine surgery, and vascular
neurosurgery in 2025 (Figure 1M). Potential applications
were most frequently identified in surgical planning and
resident training, followed by research purposes and
patient education (Figure 1N).

3.3. Progression in responsibility and departmental
use of three-dimensional printing

A comparative statistical analysis between the 2020and 2025
survey cohorts revealed several statistically significant shifts
in responsibility for 3D printing and its application within
neurosurgical departments (Figure 2). After correction for
multiple testing using the false discovery rate, six variables
demonstrated significant differences between the two
survey years. Most notably, responsibility for 3D printing
shifted toward increased in-house involvement in 2025.
The proportion of departments in which neurosurgeons
directly performed 3D printing increased from 0% in 2020
to 20.68% in 2025 (p < 0.001), representing the largest
positive change observed. Similarly, printing performed
by engineers and research staff increased significantly over
time (engineers: 1.18% vs. 18.96%; p = 0.006; research
staff: 0% vs. 12.06%; p = 0.009). In contrast, reliance on
external companies for 3D printing decreased markedly.
While 21.81% of departments reported external providers
as the primary printing resource in 2020, this proportion
declined to 0% in 2025 (p = 0.007). A similar reduction
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Figure 1. Demographic characteristics, institutional background, and current use of three-dimensional (3D) printing in neurosurgery. (A) Age distribution,
(B) country of respondents, (C) professional position, (D) institutional affiliation, (E) neurosurgical specialty, (F) departmental application of 3D printing,
(G) routine usage within the department, (H) personnel responsible for printing, (I) software used for segmentation and rendering, (J) software used
for print preparation, (K) printing techniques, (L) use of quality assessment procedures, (M) perceived potential of 3D printing across neurosurgical
subspecialties, and (N) potential clinical and educational applications. Blue and red bars indicate survey data from 2020 and 2025, respectively. Values are
presented as relative frequencies (%).

Abbreviations: DLP: Digital light processing; FDM: Fused deposition modeling; MJM: Multi-jet modeling; SLA: Stereolithography; SLM: Selective laser
melting; SLS: Selective laser sintering.

Volume 12 Issue 3 (2026) 4 doi: 10.36922/1JB026090076


https://doi.org/10.36922/IJB026090076

International Journal of Bioprinting

Five-year trends in neurosurgical 3D printing

was observed for departments reporting single-case use
only, which decreased from 20.0% in 2020 to 0% in 2025 (p
= 0.01). Concurrently, the use of 3D printing for implant
fabrication emerged as a significant new application. No
departments reported implant fabrication in 2020, whereas
27.58% indicated this use in 2025 (p < 0.001).

3.4. Institutional implementation and impact of
three-dimensional printing in 2025

The 2025 survey included additional questions addressing
institutional development, utilization patterns, and the
perceived impact of 3D printing in neurosurgery. The
results are summarized in Figure 3. Regarding institutional
implementation, 3D printing was already established in
a subset of departments before 2020, while additional
institutions reported implementation after 2020.
Nevertheless, a considerable proportion of respondents
still reported no formal institutional implementation of 3D
printing at the time of the 2025 survey (Figure 3A). Despite
this, more than half of respondents indicated improved

access to 3D printing capacity since 2020 (Figure 3B).
With respect to utilization, most departments reported
occasional or regular use of 3D printing, whereas routine
use remained limited (Figure 3C). A smaller proportion
of respondents indicated that 3D printing was never used
in their department. Technical developments since 2020
were frequently reported, most notably improvements in
printing quality, while increases in material diversity and
printing speed were reported less consistently (Figure
3D). The establishment of dedicated 3D printing centers
after 2020 was reported by the majority of respondents,
indicating a trend toward institutional consolidation of
3D printing workflows (Figure 3E). Collaboration models
varied considerably, with centralized in-house laboratories
being the most common approach. However, a considerable
number of respondents reported either no cooperation
or only small working groups (Figure 3F). A substantial
proportion of participants reported evidence of clinical and
educational impact based on respondents’ own research,
although the majority indicated that such evidence was

Figure 2. Differences in departmental use and responsibility. The x-axis shows the delta percentage (2025 minus 2020), with positive values indicating
higher prevalence in 2025 and negative values indicating higher prevalence in 2020. Significant shifts include increased involvement of neurosurgeons,
engineers, and research staff in performing three-dimensional (3D) printing, as well as changes in departmental usage patterns, including implant
fabrication and single-case use only. The significance of external providers in the application of 3D printing within neurosurgical departments decreased
significantly. Corresponding p-values derived from chi-square or Fisher’s exact tests are reported.
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not yet available (Figure 3G). Nevertheless, increased
institutional application of 3D printing in neurosurgical
education since 2020 was reported by more than half of
respondents (Figure 3H). The perceived clinical value of 3D
printing had improved over time, with most respondents
rating the change as slightly or much more positive, while
a smaller proportion reported no change (Figure 3I).
Despite this positive perception, improvements in funding
or institutional support since 2020 were reported less
frequently (Figure 3]). In contrast, most respondents noted
improved cost efficiency in 3D printing (Figure 3K). The
main barriers to broader implementation of 3D printing
were limited time resources, insufficient institutional
support, and high costs, followed by a lack of expertise and
regulatory issues (Figure 3L). Finally, approximately 38%
of respondents reported ongoing research activities related
to 3D printing (Figure 3M).

4, Discussion

In the present study, we conducted a survey to evaluate
the maturation of the application of 3D imaging and
printing among neurosurgical departments associated
with the EANS. The present study is based on a repeated
cross-sectional design and therefore reflects temporal
trends rather than changes within institutions. Although
respondents represented a broad international distribution,
participation in 2025 was limited to fewer countries than
in 2020, which may reflect variability in dissemination
pathways and engagement rather than true differences
in adoption. The predominance of older, more senior
clinicians among respondents may be explained by the
higher representation of fully qualified specialists within
the EANS and national neurosurgical societies, which
served as primary distribution channels for the survey.
The high proportion of university hospital affiliations
underscores the importance of institutional infrastructure
and financial resources for implementing technology-
intensive workflows, potentially contributing to disparities
between academic and non-academic centers. Respondents
represented a broad range of neurosurgical subspecialties
and consistently reported a high perceived potential for
3D printing in vascular neurosurgery, skull base surgery,
neuro-oncological surgery, and spine surgery. The
literature supports the use of 3D-printed models for tumor
resection planning, skull base approaches, and spinal
instrumentation, with demonstrated benefits for surgical
precision, operative time, and patient outcomes.>*'** The
most striking finding is the transition in responsibility for
3D printing operations. The proportion of departments
in which neurosurgeons directly performed 3D printing
increased from 0% in 2020 to 20.68% in 2025, while
reliance on external companies decreased from 21.81% to

0%. This shift reflects a broader trend toward institutional
ownership of 3D printing capabilities, consistent with the
establishment of dedicated 3D printing centers reported by
the majority of respondents in 2025. This evolution aligns
with recommendations from the literature emphasizing
the importance of standardized workflows for medical 3D
printing.***” The increased involvement of neurosurgeons,
engineers, and research staff in 3D printing operations
suggests successful interdisciplinary integration. This
collaborative model is essential for optimizing the
clinical utility of 3D-printed models, as it combines
clinical expertise with technical proficiency in image
segmentation, model design, and printing processes."***
Opverall, these findings suggest that the integration of 3D
printing is not solely technology-driven but closely linked
to institutional structures, interdisciplinary collaboration,
and local resource availability. The diversification of
printing techniques observed in 2025 further indicates
technological maturation and institutional investment
in advanced capabilities. The emergence of implant
fabrication as a significant application (0% in 2020 vs.
27.58% in 2025) marks a critical shift from planning
and educational uses to direct clinical intervention. This
expansion reflects growing confidence in the accuracy,
biocompatibility, and regulatory compliance of 3D-printed
medical devices."* The concurrent decrease in single-use-
only applications (20.0% to 0%) and increase in routine or
regular departmental use demonstrates a transition from
experimental applications to integrated clinical workflows.
Interestingly, a substantial proportion of respondents
reported limited knowledge of the specific software tools
and printing technologies used in their departments. This
observation indicates that the clinical application of 3D
printing within institutions frequently depends on the
initiative of individual users who manage the technical
implementation, even when such technologies are available
on-site. The sustained emphasis on surgical planning,
resident training, and patient education across both survey
periods confirms the established value of 3D printing
in these domains. Multiple studies have demonstrated
that patient-specific 3D-printed models significantly
improve surgical planning, particularly for complex cases
involving skull base pathology, vascular lesions, and
brain tumors.>®' The benefit appears most pronounced
for less experienced neurosurgeons, supporting the
educational value reported by survey respondents.'”’
More than half of respondents reported increased
institutional application of 3D printing in neurosurgical
education since 2020, consistent with systematic reviews
demonstrating the effectiveness of 3D-printed models
for resident training.>** The literature supports the use
of 3D-printed models across diverse neurosurgical
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Figure 3. Institutional development, utilization patterns, and perceived impact of three-dimensional (3D) printing in neurosurgery. (A) Institutional
implementation of 3D printing, (B) improved access to 3D printing capacity, (C) frequency of departmental use, (D) technical improvements, (E)
establishment of a 3D printing center after 2020, (F) collaboration models, (G) evidence of clinical and educational impact based on respondents’ own
research, (H) increased institutional application of 3D printing in neurosurgical education, (I) change in perceived clinical value, (J) changes in funding
or institutional support, (K) improved cost efficiency, (L) barriers to implementation, and (M) ongoing research activities related to 3D printing. Data are
presented as relative frequencies (%).
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subspecialties, including aneurysm clipping, spine surgery,
craniosynostosis, transsphenoidal approaches, and
tumor resection.>”” Subjective outcome measures from
neurosurgical residents have been almost unanimously
positive, and the technology provides realistic simulation
opportunities in a field where direct operative exposure to
complex cases is increasingly limited.*' The integration
of 3D printing with emerging technologies such as mixed
reality further enhances training capabilities, allowing
residents to practice the entire surgical workflow from
planning through execution. This multimodal approach
addresses the constraints imposed by reduced working
hours and increased subspecialization in contemporary
neurosurgical training.®*® Despite substantial progress,
significant barriers to broader implementation remain.
Limited time resources, insufficient institutional support,
and high costs were identified as the primary obstacles,
followed by regulatory issues and a lack of expertise. These
findings are consistent with qualitative studies from other
healthcare systems, which have identified organizational
barriers, particularly high costs and lack of central
decision-making, as the most prominent impediments to
3D printing adoption.” Notably, improvements in funding
or institutional support since 2020 were reported less
frequently than improvements in perceived clinical value,
suggesting a disconnect between clinical enthusiasm and
administrative commitment. This gap may reflect the
challenges of demonstrating cost-effectiveness and return
on investment for 3D printing programs, particularly in the
absence of standardized reimbursement mechanisms. The
learning curve associated with constructing 3D models
poses additional difficulty, particularly for institutions
without dedicated personnel.***

The limited implementation of formal quality
assessment procedures represents a critical area for
development. Quality management systems are essential
for ensuring the accuracy, safety, and clinical utility of
3D-printed models, particularly as applications expand to
include implantable devices.*** The lack of standardized
quality control protocols may contribute to regulatory
uncertainty and hinder broader institutional adoption.
The complex regulatory landscape for medical 3D printing
remains a significant barrier. The United States Food
and Drug Administration oversees 3D-printed medical
devices through the Center for Devices and Radiological
Health, publishing technical guidance including Technical
Considerations for Additive Manufactured Devices
that addresses data manipulation, hardware validation,
and cleaning and sterilization protocols.***' Regulatory
requirements vary depending on intended use, extent
of data modification, and whether the model enters the
surgical field. The Radiological Society of North America

empbhasizes the need for infrastructure, staft training, digital
workflow design, and ongoing quality assurance, including
in-house quality control programs and supervision by
medical imaging experts.”**

Respondents reported notable technical improvements
since 2020, particularly in printing quality. The
diversification of printing techniques observed in 2025
reflects the availability of more sophisticated technologies
capable of producing high-fidelity, multi-material models.
Improved cost efficiency was reported by the majority of
respondents, consistent with decreasing manufacturing
costs documented in the literature.’ The reported shift
toward in-house production may also contribute to cost
savings by eliminating external vendor fees and enabling
more efficient workflows.

A substantial proportion of respondents reported
evidence of clinical and educational impact based on their
own research, although the majority indicated that such
evidence was not yet available. This finding highlights
the need for rigorous, prospective studies evaluating the
impact of 3D printing on surgical outcomes, complication
rates, operative time, and cost-effectiveness.”? While
existing studies have demonstrated the anatomic accuracy
of 3D-printed models and positive subjective feedback
from surgeons and trainees, high-quality evidence linking
3D printing to improved patient outcomes remains
limited.>>* The heterogeneity of research activities across
institutions suggests opportunities for collaborative, multi-
center studies that could provide more robust evidence
for the clinical value of 3D printing. Standardization
of outcome measures, quality metrics, and reporting
standards would facilitate comparison across studies and
support evidence-based decision-making regarding 3D
printing implementation.

Based on our findings, a successful implementation
of 3D printing in neurosurgical departments appears to
rely on several key factors, including structured workflow
integration, interdisciplinary collaboration between
clinicians and technical experts, and the establishment
of basic quality assurance processes. A potential
implementation pathway may involve initial collaboration
with external providers, followed by gradual development
of in-house capabilities and dedicated 3D printing units.
Standardization of segmentation protocols, validation
procedures, and clinical indications may further facilitate
broader adoption. Such frameworks may also serve as a
foundation for the future integration of more advanced
biofabrication technologies. In this context, 3D bioprinting
has emerged as a promising extension of conventional 3D
printing, enabling the fabrication of complex biological
constructs through the spatial organization of cells and
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biomaterials.* In neurosurgical applications, bioprinting
has shown potential, particularly in spinal research, with
recent proof-of-concept studies successfully replicating
intervertebral disc anatomy.*

This study is limited by its survey-based design, reliance
on self-reported data, and reduced sample size in 2025.
However, it provides valuable insights into the temporal
trends of 3D printing adoption in neurosurgery across
Europe.

5. Conclusion

Our study demonstrates a substantial maturation of 3D
printing practices in neurosurgery between 2020 and
2025, characterized by increased institutional integration,
enhanced in-house expertise, and expanded clinical
applications. The findings reveal a significant shift from
sporadic, externally dependent use toward structured,
institutionalized implementation of 3D printing workflows
within neurosurgical departments.

Acknowledgments

We would like to thank the European Association of
Neurosurgical ~Societies community members who
participated in our survey.

Funding

None.

Conflict of interest

The authors declare they have no competing interests.

Author contributions

Conceptualization: Heinrich Weflling, Lasse Diihrsen,
Sven Duda

Data curation: Dilay Ozdemir, Maximilian Middelkamp,
Sven Duda

Formal analysis: Dilay Ozdemir, Maximilian Middelkamp,
Sven Duda

Investigation: Maximilian Middelkamp, Sven Duda

Methodology: Dilay Ozdemir, Eugen Musienko, Sven Duda

Project administration: Sven Duda

Visualization: Maximilian Middelkamp

Writing-original ~ draft: Dilay Ozdemir, Maximilian
Middelkamp, Sven Duda

Writing—review ¢ editing: Maximilian Middelkamp, Eugen
Musienko, Heinrich Weflling, Lasse Diihrsen, Sven
Duda

Ethics approval and consent to participate

The study was conducted as an anonymous online survey.

Participation was entirely voluntary and did not involve any
clinical interventions or the collection of sensitive personal
data. Hence, formal ethical approval is not required for this
type of non-interventional, anonymous survey study.

Consent for publication

While all respondents consented to the publication of the
data, the study design ensured complete anonymity. No
personal data that could lead to the identification of any
individual was recorded.

Availability of data

The datasets generated and analyzed during the current
study are available from the corresponding author upon
reasonable request.

References

1. Pucci JU, Christophe BR, Sisti JA, et al. Three-dimensional
printing: technologies, applications, and limitations in
neurosurgery. Biotechnol Adv. 2017;35(5):521-529.

doi: 10.1016/j.biotechadv.2017.05.007

2. McGurkM, Amis AA, Potamianos P, et al. Rapid prototyping
techniques for anatomical modelling in medicine. Ann R
Coll Surg Engl. 1997;79(3):169-174.

3. Blohm JE, Salinas PA, Avila M], et al. Three-Dimensional
Printing in Neurosurgery Residency Training: A Systematic
Review of the Literature. World Neurosurg. 2022;161:111-
122.

doi: 10.1016/j.wneu.2021.10.069

4. DUrso PS, Thompson RG, Atkinson RL, et al
Cerebrovascular biomodelling: a technical note. Surg Neurol.
1999;52(5):490-500.

doi: 10.1016/s0090-3019(99)00143-3

5. Dho YS, Lee D, Ha T, et al. Clinical application of patient-
specific 3D printing brain tumor model production system
for neurosurgery. Sci Rep. 2021;11(1):4627.

doi: 10.1038/s41598-021-86546-y

6. Duda S, Ivanyi P, Omar M, et al. Single-Session Surgical
Intervention with Resection of a Primary Cranial
Osteosarcoma and Cranioplasty using a 3D-Printed
Craniotomy Template and Cranioplasty Molds. J Neurol
Surg Rep. 2025;86(01):e8-e13.

doi: 10.1055/a-2508-0868

7. DudaS§, Meyer L, Musienko E, et al. The Manufacturing of 3D
Printed models for the Neurotraumatological Education of
Military Surgeons. Mil Med. 2020;185(11-12):¢2013-e2019.

doi: 10.1093/milmed/usaal83

8.  Panesar SS, Magnetta M, Mukherjee D, et al. Patient-specific
3-dimensionally printed models for neurosurgical planning

Volume 12 Issue 3 (2026)

doi: 10.36922/1JB026090076


https://doi.org/10.36922/IJB026090076
https://doi.org/10.1016/j.biotechadv.2017.05.007
https://doi.org/10.1016/j.biotechadv.2017.05.007
https://doi.org/10.1016/j.wneu.2021.10.069
https://doi.org/10.1016/j.wneu.2021.10.069
https://doi.org/10.1016/s0090-3019(99)00143-3
https://doi.org/10.1016/s0090-3019(99)00143-3
https://doi.org/10.1038/s41598-021-86546-y
https://doi.org/10.1038/s41598-021-86546-y
https://doi.org/10.1055/a-2508-0868
https://doi.org/10.1055/a-2508-0868
https://doi.org/10.1093/milmed/usaa183
https://doi.org/10.1093/milmed/usaa183

International Journal of Bioprinting

Five-year trends in neurosurgical 3D printing

10.

11.

12.

13.

14.

15.

16.

17.

18.

and education. Neurosurg Focus. 2019;47(6):E12.
doi: 10.3171/2019.9.FOCUS19511

LiS, Chen M, Wang H. Application of 3D Printing Positioning
Technology in Parasagittal Meningioma Surgery: A Single-
center Retrospective Study. World Neurosurg. 2024;192:¢20-
€26.

doi: 10.1016/j.wneu.2024.06.134

McGuire LS, Fuentes A, Alaraj A. Three-Dimensional
Modeling in Training, Simulation, and Surgical Planning
in Open Vascular and Endovascular Neurosurgery: A
Systematic Review of the Literature. World Neurosurg.
2021;154:53-63.

doi: 10.1016/j.wneu.2021.07.057

Lan Q, Chen A, Zhang T, et al. Development of Three-
Dimensional Printed Craniocerebral Models for Simulated
Neurosurgery. World Neurosurg. 2016;91:434-442.

doi: 10.1016/j.wneu.2016.04.069

Lajczak PM, Jozwik K, Jaldin Torrico C. Current
Applications of the Three-Dimensional Printing Technology
in Neurosurgery: A Review. J Neurol Surg A Cent Eur
Neurosurg. 2025;86(03):304-320.

doi: 10.1055/a-2389-5207

Randazzo M, Pisapia JM, Singh N, et al. 3D printing
in neurosurgery: A systematic review. Surg Neurol Int.
2016;7(Suppl 34):5801-S809.

doi: 10.4103/2152-7806.194059

Tack P, Victor J, Gemmel P, et al. 3D-printing techniques in
a medical setting: a systematic literature review. Biomed Eng
Online. 2016;15(1):115.

doi: 10.1186/512938-016-0236-4

Mery E, Aranda F, Mendez-Orellana C, et al. Reusable Low-
Cost 3D Training Model for Aneurysm Clipping. World
Neurosurg. 2021;147:29-36.

doi: 10.1016/j.wneu.2020.11.136

Piazza A, Corvino S, Colosso GQ, et al. 3-Dimensional
Printed Model of the Temporal Bone for Neurosurgical
Training. Oper Neurosurg. 2024;27(6):749-755.

doi: 10.1227/01ns.0000000000001213

Robertson FC, Zygourakis CC, Wu JY, et al. Neurosurgical
Resident Skill Development Using a Novel Simulator-
Based Anterior Cervical Discectomy and Fusion
Curriculum. World Neurosurg. 2025;201:124257.

doi: 10.1016/j.wneu.2025.124257

Ebel E Schon S, Sharma N, et al. Clinical and patient-
reported outcome after patient-specific 3D printer-assisted
cranioplasty. Neurosurg Rev. 2023;46(1):115.

doi: 10.1007/s10143-023-02000-9

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Nguyen B, Ashraf O, Richards R, et al. Cranioplasty Using
Customized 3-Dimensional-Printed Titanium Implants: An
International Collaboration Effort to Improve Neurosurgical
Care. World Neurosurg. 2021;149:174-180.

doi: 10.1016/j.wneu.2021.02.104

Csamer L, Csernatony Z, Novak L, et al. Custom-made 3D
printing-based cranioplasty using a silicone mould and
PMMA. Sci Rep. 2023;13(1):11985.

doi: 10.1038/541598-023-38772-9

OteroJJ, Vijverman A, Mommaerts MY. Use of fused deposit
modeling for additive manufacturing in hospital facilities:
European certification directives. J Craniomaxillofac Surg.
2017;45(9):1542-1546.

doi: 10.1016/j.jcms.2017.06.018

Pathak SM, Licata JP, Graves EKM, et al. Development of
an adjustable patient-specific rigid guide to improve the
accuracy of external ventricular catheter placement. ]
Neurosurg. 2024;141(4):1079-1087.

doi: 10.3171/2024.2.JNS232137

Bastawrous S, Wu L, Liacouras PC, et al. Establishing 3D
Printing at the Point of Care: Basic Principles and Tools for
Success. Radiographics. 2022;42(2):451-468.

doi: 10.1148/rg.210113

Bastawrous S, Wu L, Strzelecki B, et al. Establishing Quality
and Safety in Hospital-based 3D Printing Programs: Patient-
first Approach. Radiographics. 2021;41(4):1208-1229.

doi: 10.1148/rg.2021200175

Sag OM, Li X, Aman B, et al. Qualitative exploration of
3D printing in Swedish healthcare: perceived effects and
barriers. BMC Health Serv Res. 2024;24(1):1455.

doi: 10.1186/s12913-024-11975-0

Daoud GE, Pezzutti DL, Dolatowski CJ, et al. Establishing a
point-of-care additive manufacturing workflow for clinical
use. ] Mater Res. 2021;36(19):3761-3780.

doi: 10.1557/s43578-021-00270-x

Ganapathy A, Chen D, Elumalai A, et al. Guide for starting
or optimizing a 3D printing clinical service. Methods.
2022;206:41-52.

doi: 10.1016/j.ymeth.2022.08.003

Hatamleh MM, Ong J, Hatamleh ZM, et al. Developing
an In-house Interdisciplinary Three-Dimensional Service:
Challenges, Benefits, and Innovative Health Care Solutions. J
Craniofac Surg. 2018;29(7):1870-1875.

doi: 10.1097/SCS.0000000000004743

Awuah WA, Karkhanis S, Ben-Jaafar A, et al. Recent
advances in 3D printing applications for CNS tumours. Eur
J Med Res. 2025;30(1):142.

doi: 10.1186/s40001-025-02483-w

Volume 12 Issue 3 (2026)

doi: 10.36922/1JB026090076


https://doi.org/10.36922/IJB026090076
https://doi.org/10.3171/2019.9.FOCUS19511
https://doi.org/10.3171/2019.9.FOCUS19511
https://doi.org/10.1016/j.wneu.2024.06.134
https://doi.org/10.1016/j.wneu.2024.06.134
https://doi.org/10.1016/j.wneu.2021.07.057
https://doi.org/10.1016/j.wneu.2021.07.057
https://doi.org/10.1016/j.wneu.2016.04.069
https://doi.org/10.1016/j.wneu.2016.04.069
https://doi.org/10.1055/a-2389-5207
https://doi.org/10.1055/a-2389-5207
https://doi.org/10.4103/2152-7806.194059
https://doi.org/10.4103/2152-7806.194059
https://doi.org/10.1186/s12938-016-0236-4
https://doi.org/10.1186/s12938-016-0236-4
https://doi.org/10.1016/j.wneu.2020.11.136
https://doi.org/10.1016/j.wneu.2020.11.136
https://doi.org/10.1227/ons.0000000000001213
https://doi.org/10.1227/ons.0000000000001213
https://doi.org/10.1016/j.wneu.2025.124257
https://doi.org/10.1016/j.wneu.2025.124257
https://doi.org/10.1007/s10143-023-02000-9
https://doi.org/10.1007/s10143-023-02000-9
https://doi.org/10.1016/j.wneu.2021.02.104
https://doi.org/10.1016/j.wneu.2021.02.104
https://doi.org/10.1038/s41598-023-38772-9
https://doi.org/10.1038/s41598-023-38772-9
https://doi.org/10.1016/j.jcms.2017.06.018
https://doi.org/10.1016/j.jcms.2017.06.018
https://doi.org/10.3171/2024.2.JNS232137
https://doi.org/10.3171/2024.2.JNS232137
https://doi.org/10.1148/rg.210113
https://doi.org/10.1148/rg.210113
https://doi.org/10.1148/rg.2021200175
https://doi.org/10.1148/rg.2021200175
https://doi.org/10.1186/s12913-024-11975-0
https://doi.org/10.1186/s12913-024-11975-0
https://doi.org/10.1557/s43578-021-00270-x
https://doi.org/10.1557/s43578-021-00270-x
https://doi.org/10.1016/j.ymeth.2022.08.003
https://doi.org/10.1016/j.ymeth.2022.08.003
https://doi.org/10.1097/SCS.0000000000004743
https://doi.org/10.1097/SCS.0000000000004743
https://doi.org/10.1186/s40001-025-02483-w
https://doi.org/10.1186/s40001-025-02483-w

International Journal of Bioprinting

Five-year trends in neurosurgical 3D printing

30.

31.

32.

33.

34.

35.

36.

37.

Sidabutar R, Yudha TW, Sutiono AB, et al. Low-cost
and open-source three-dimensional (3D) printing in
neurosurgery: A pilot experiment using direct drive
modification to produce multi-material neuroanatomical
models. Clin Neurol Neurosurg. 2023;228:107684.

doi: 10.1016/j.clineuro.2023.107684

Huang X, Fan N, Wang HJ, et al. Application of 3D
printed model for planning the endoscopic endonasal
transsphenoidal surgery. Sci Rep. 2021;11(1):5333.

doi: 10.1038/s41598-021-84779-5

Gomez-Feria J, Narros JL, Ciriza GG, et al. 3D Printing of
Diffuse Low-Grade Gliomas Involving Eloquent Cortical
Areas and Subcortical Functional Pathways: Technical
Note. World Neurosurg. 2021;147:164-171.e4.

doi: 10.1016/j.wneu.2020.12.082

Waran V, Narayanan V, Karuppiah R, et al. Utility of
multimaterial 3D printers in creating models with
pathological entities to enhance the training experience of
neurosurgeons. ] Neurosurg. 2014;120(2):489-492.

doi: 10.3171/2013.11.JNS131066

Dhar S, Ahmad E Deshpande A, et al. 3-Dimensional
printing and bioprinting in neurological sciences:
applications in surgery, imaging, tissue engineering, and
pharmacology and therapeutics. ] Mater Sci Mater Med.
2025;36(1):36.

doi: 10.1007/s10856-025-06877-4

Chepelev L, Wake N, Ryan ], et al. Radiological Society
of North America (RSNA) 3D printing Special Interest
Group (SIG): guidelines for medical 3D printing and
appropriateness for clinical scenarios. 3D Print Med.
2018;4(1):8.

doi: 10.1186/541205-018-0030-y

Langridge B, Momin S, Coumbe B, et al. Systematic Review
of the Use of 3-Dimensional Printing in Surgical Teaching
and Assessment. ] Surg Educ. 2018;75(1):209-221.

doi: 10.1016/j.jsurg.2017.06.033

Vakharia VN, Vakharia NN, Hill CS. Review of
3-Dimensional Printing on Cranial Neurosurgery
Simulation Training. World Neurosurg. 2016;88:188-198.

38.

39.

40.

41.

42.

43.

44.

45.

doi: 10.1016/j.wneu.2015.12.031

Jeising S, Liu S, Blaszczyk T, et al. Combined use of 3D
printing and mixed reality technology for neurosurgical
training: getting ready for brain surgery. Neurosurg Focus.
2024;56(1):E12.

doi: 10.3171/2023.10.FOCUS23611

Tong Y, Kaplan DJ, Spivak JM, et al. Three-dimensional
printing in spine surgery: a review of current
applications. Spine J. 2020;20(6):833-846.

doi: 10.1016/j.spinee.2019.11.004

Kim E, Vishwanath N, Foppiani J, et al. Barriers of Three-
Dimensional Printing in Craniofacial Plastic Surgery
Practice: A Pilot Study and Literature Review. J Craniofac
Surg. 2024;35(4):1105-1109.

doi: 10.1097/SCS.0000000000010271

Ricles LM, Coburn JC, Di Prima M, et al. Regulating
3D-printed medical products. Sci Transl Med.
2018;10(461):eaan6521.

doi: 10.1126/scitranslmed.aan6521

Martelli N, Serrano C, van den Brink H, et al. Advantages
and disadvantages of 3-dimensional printing in surgery: A
systematic review. Surgery. 2016;159(6):1485-1500.

doi: 10.1016/j.surg.2015.12.017

Fuentes JM, Arrieta MP, Boronat T, et al. Effects of Steam
Heat and Dry Heat Sterilization Processes on 3D Printed
Commercial Polymers Printed by Fused Deposition
Modeling. Polymers. 2022;14(5):855.

doi: 10.3390/polym14050855

St Clair-Glover M, Yue Z, Dottori M. 3D Printing for Neural
Repair: Bridging the Gap in Regenerative Medicine. Adv
Mater. 2025;37(36):2507590.

doi: 10.1002/adma.202507590

Sun B, Lian M, Han Y, et al. A 3D-Bioprinted dual growth
factor-releasing intervertebral disc scaffold induces nucleus
pulposus and annulus fibrosus reconstruction. Bioact Mater.
2021;6(1):179-190.

doi: 10.1016/j.bioactmat.2020.06.022

Volume 12 Issue 3 (2026)

"

doi: 10.36922/1JB026090076


https://doi.org/10.36922/IJB026090076
https://doi.org/10.1016/j.clineuro.2023.107684
https://doi.org/10.1016/j.clineuro.2023.107684
https://doi.org/10.1038/s41598-021-84779-5
https://doi.org/10.1038/s41598-021-84779-5
https://doi.org/10.1016/j.wneu.2020.12.082
https://doi.org/10.1016/j.wneu.2020.12.082
https://doi.org/10.3171/2013.11.JNS131066
https://doi.org/10.3171/2013.11.JNS131066
https://doi.org/10.1007/s10856-025-06877-4
https://doi.org/10.1007/s10856-025-06877-4
https://doi.org/10.1186/s41205-018-0030-y
https://doi.org/10.1186/s41205-018-0030-y
https://doi.org/10.1016/j.jsurg.2017.06.033
https://doi.org/10.1016/j.jsurg.2017.06.033
https://doi.org/10.1016/j.wneu.2015.12.031
https://doi.org/10.1016/j.wneu.2015.12.031
https://doi.org/10.3171/2023.10.FOCUS23611
https://doi.org/10.3171/2023.10.FOCUS23611
https://doi.org/10.1016/j.spinee.2019.11.004
https://doi.org/10.1016/j.spinee.2019.11.004
https://doi.org/10.1097/SCS.0000000000010271
https://doi.org/10.1097/SCS.0000000000010271
https://doi.org/10.1126/scitranslmed.aan6521
https://doi.org/10.1126/scitranslmed.aan6521
https://doi.org/10.1016/j.surg.2015.12.017
https://doi.org/10.1016/j.surg.2015.12.017
https://doi.org/10.3390/polym14050855
https://doi.org/10.3390/polym14050855
https://doi.org/10.1002/adma.202507590
https://doi.org/10.1002/adma.202507590
https://doi.org/10.1016/j.bioactmat.2020.06.022
https://doi.org/10.1016/j.bioactmat.2020.06.022

	_GoBack

