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Abstract

Three-dimensional printing (3DP), also known as additive manufacturing (AM), has emerged as a recent advancement in the
medical field, offering the capability to produce 3D printed bio models. This innovative technology has found various applications
within the medical community, particularly in orthopedics and, more specifically, in the field of spinal surgery. The implementation
of 3DP in spine surgery has yielded numerous benefits, both in the pre-operative and intra-operative settings. In the realm of pre-
operative planning, 3DP has facilitated educational programs, enabling enhanced visualization and comprehension of complex spinal
pathologies. Additionally, it has provided spine surgeons with precise pedicle screw insertion models, patient-specific templates,
guides, and devices. These advancements have proven particularly valuable in challenging spinal surgeries, encompassing fractures,
tumors, infections, degenerative diseases, and spinal deformities such as scoliosis or varus deformity. While 3DP technology offers
significant advantages, it is important to acknowledge the associated limitations and concerns. These include the high installation
cost, increased pre-operative time required for planning and printing processes, the need for specialized personnel to operate the
technology effectively, and the inherent limitations in accurately simulating soft tissue and bony structures. The objective of this
mini-review article was to comprehensively analyze the current clinical applications of 3DP in spine surgery, specifically focusing
on its utilization in both the pre-operative and intra-operative settings. By examining the advantages and limitations of 3DP, this
article aims to provide insights into its efficacy, potential pitfalls, and considerations relevant to its implementation in the field of
spinal surgery.
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Introduction

advancements have propelled its growth, enabling the production
of large-scale items, such as cars. The relatively low cost of 3DP has
contributed to its rapid expansion in the medical field [3]. This novel

Three-dimensional printing (3DP), also referred to as additive
manufacturing (AM), was initially introduced to clinical practice
twenty years ago [1,2]. Since its emergence in the 1980s, 3DP has gar-

. . . . technology has been successfully applied by surgeons across diverse
nered substantial attention. However, recent significant technological &y Y app y surg
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clinical conditions, encompassing craniofacial prostheses, cardiotho-
racic surgery, dermatological grafts, human earlobes, and orthopedic
surgery [1,4-6]. In contrast to conventional manufacturing tech-
niques, which involve material removal to create objects, AM employs
layer-by-layer additive processes guided by Computer-Aided Design
(CAD) models, facilitating the production of 3D printed models [5,7].
While AM has been utilized in spine surgery since the 1990s, recent
years have witnessed a remarkable evolution in its application for
managing various spinal conditions, ranging from tumors to trauma,
infections, deformities, and degenerative diseases [8-10]. Contem-
porary applications of 3DP technology encompass both the pre-op-
erative and intra-operative settings within spine surgery. Elaborately
crafted anatomical models of spinal deformities are specifically de-
signed for pre-operative purposes, enabling surgical planning, patient
education, and training for residents and fellows, as well as replicating
diverse spinal pathologies. Furthermore, in the intra-operative set-
ting, 3DP has been employed to produce insertion guidance systems,
templates, and implants [8,11]. The objective of this mini-review ar-
ticle is to comprehensively analyze the current clinical applications
of 3DP in pre-operative and intra-operative settings within spine sur-
gery, shedding light on its multifaceted utility.

Process Of 3D Printing

Three-dimensional printing (3DP) includes two main manufac-
turing approaches: additive and subtractive methods. The additive
approach, predominantly employed in orthopedic device fabrication,
involves layer-by-layer addition of materials to achieve high precision
in the final product [1,12]. The 3DP process comprises three stages:
image acquisition, image post-processing, and 3DP itself (13). Image
acquisition methods differ depending on the intended subject to be
printed. For rapid prototyping of devices such as implants, guides,
and prostheses, computer-aided design (CAD) programs are utilized,
enabling surgical intervention during the design phase [12,13]. Con-
versely, the manufacturing of custom-made anatomical models neces-
sitates the use of computed tomography (CT) and magnetic resonance
imaging (MRI) to obtain detailed depictions of the patient’s anatomy
[12,13]. High-quality images are essential to ensure precise design
accuracy [1,7]. While CT enables the acquisition of thin-section axi-
al images with submillimeter slice thickness, MRI provides accurate
visualization of articular cartilage and extra-osseous abnormalities,
albeit with potential image quality limitations due to patient motion
during scanning [13].

The acquired images are stored in the digital imaging and com-
munications in medicine (DICOM) format, subsequently edited using
image post-processing software, and exported in the Standard Tri-
angular Language (STL) format [7,12,13]. STL, developed in 1984 by
Chuck Hall, is a software language that encodes processed images into
a suitable format compatible with 3D printers [12]. After slicing the
3D digital model into layers, the printing process commences by add-
ing material layer by layer [12,13]. Various printing technologies exist,
including stereolithography apparatus (SLA), fused deposition mod-
eling (FDM), selective laser sintering (SLS), and electron beam melt-
ing (EBM), each differing in construction quality and usability [13].

Physicians commonly employ office 3D printers, such as FDM and
SLA [12]. Material selection is of paramount importance, considering
factors such as mechanical strength and structural requirements spe-
cific to the intended application. Commonly utilized materials encom-
pass metals, bio ceramics, synthetic polymers, and natural polymers.
Achieving compatibility between the chosen material and the struc-
ture’s mechanical properties and target tissue remains a significant
challenge, one that 3DP aims to address [1].

Application in Orthopedic Surgery

The increasing affordability and accessibility of 3DP have led to
significant advancements in the field, particularly benefiting ortho-
pedic surgeons. With the continuous development of the sector, sur-
geons are gaining valuable experience, and the applications of 3DP
in orthopedics are expanding. Common applications in orthopedic
surgery include the production of anatomical models, implants, pa-
tient-specific tools, or jigs, and [14] graft substitute printing [16]. The
utilization of 3D printed models offers substantial improvements in
understanding the patient’s anatomy and facilitates a comprehensive
pre-operative assessment of fractures or deformities, such as scoliosis
or varus deformity [12]. Anatomical models also aid in pre-operative
planning, including screw measurement and anatomical plate selec-
tion [4,12]. Furthermore, they have educational value for discussions
with patients, education of less experienced physicians, and surgical
training [7]. Patient education regarding the pathology and surgical
approach is enhanced, reducing anxiety and uncertainty [12, 17]. Cus-
tom-made implants, tools, and jigs play a prominent role in various
orthopedic procedures such as total joint arthroplasties (TJA), ortho-
pedic oncology, traumatology, spine surgery, and deformity correction
[1,12, 18]. These customized devices are used to replace degenerat-
ed, crushed, or cancerous bone tissue, as well as to guide surgeons
accurately during bony cuts, implant placement, and overall surgical
precision [1]. In certain cases of TJA, where conventionally designed
implants are not suitable, custom-made implants are the only viable
option, particularly in individuals with unique anatomical considera-
tions such as dwarfs [4]. In addition to their pre- and intra-operative
contributions, 3DP technology also enables the production of cus-
tom-made immobilization devices, external aids, and prosthetics for
individuals with amputated limbs [4,12]. These personalized instru-
ments address challenges associated with breathability and weight,
offering enhanced comfort, and facilitating uncomplicated recovery
for patients [4].

Application In Spine Surgery
Pre-operative setting

In the field of spine surgery, the application of AM or 3DP tech-
nology in the pre-operative setting has proven beneficial, leading to
improved surgical planning, reduced operative time, enhanced sur-
gical precision, and decreased intra-operative blood loss, particular-
ly in complex spinal deformities [19,20]. Various spinal conditions,
including severe scoliosis, spine tumors, rheumatoid arthritis of the
cervical spine, and degenerative spine disease, can be effectively man-
aged with the implementation of 3DP technology through the crea-
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tion of patient-specific anatomical models (Table 1) [21]. The use of
3D printed models in spine surgery offers advantages over tradition-
al cadaveric samples, including fewer cultural, medicolegal, security,
and accessibility concerns, making them a viable alternative for edu-
cational purposes [10,22]. Residents and fellows specializing in spine
surgery can benefit from 3D printed models as they provide an oppor-
tunity to gain preliminary experience in various surgical maneuvers,

potentially reducing the learning curve. Additionally, 3DP technology
allows for the development of training programs aimed at enhancing
trainees’ skills in general anatomy and pathology. However, it should
be noted that while 3DP models are practical, they may not accurately
replicate the details and textures of soft tissues, and cadaveric spec-
imens are still considered the gold standard for training programs
[22].

Table 1: Applications of 3DP in Pre- and Intra-Operative Setting in Spine Surgery.

Alternative educating modalities compared with cadaveric samples

Creation of training programs for preliminary trainee experience

Precise device sizing

Replication of various spinal pathologies

Accurate pedicle screw insertion guidance systems

Patient-specific templates-guides

Patient-specific implants

Another area revolutionized by 3DP technology in spine surgery
is device sizing. Precisely designed devices built with the assistance of
dynamic bio models enable the performance of sophisticated surgical
approaches, such as decompression or restoration of sagittal balance,
with improved surgical outcomes. By utilizing 3DP technology, the
need for multiple trial device insertions in vulnerable areas, which can
potentially cause neurological damage, can be reduced, thereby re-
ducing surgical time and associated risks [23]. For example, a study by
Thespian et al. demonstrated the utilization of 3D printed bio models
in a series of 129 patients undergoing minimally invasive transforam-
inal lumbar interbody fusion. The bio model, along with 3D printed
tools, pedicle screws, rods, and cages, all customized for each patient,
were used for pre-operative planning and patient education. The sur-
geon required less than five minutes for pre-operative planning, and
all patients reported satisfaction and improved understanding of the
underlying pathology and surgical procedure [24]. Another study by
Bohl et al. utilized a Living Spine Model (LSM) created through 3DP
to assess face and content validity in open posterior lumbar surgery.
Less experienced residents took longer to complete the procedure
and placed fewer pedicle screws compared to more experienced
surgeons. The overall face validity ranged between 60-97%, and the
content validity suggested that the LSM could be a potential tool for
surgical education and testing in open posterior lumbar surgery [25].
Furthermore, a systematic review by Lopez et al. examined the ben-
efits of 3DP in pre-operative planning and pedicle screw placement
in spinal deformity. Most of the reviewed articles indicated that 3DP
provided residents with a better understanding of spinal anatomy
and associated osseous structures, thus facilitating the surgical proce-
dure. Additionally, the application of 3DP in educational and training
settings resulted in improved communication and confidence among
surgical team members [26].

Intra-operative setting

Pedicle screws play a critical role in spine surgery as they provide

effective vertebral stabilization. However, due to the anatomical com-
plexity of the surgical site, which often involves proximity to neuro-
vascular structures, the insertion of pedicle screws (PSI) can be chal-
lenging and carries the risk of severe neurological damage, even in the
hands of experienced surgeons [27,28]. Conventional techniques of
freehand screw insertion have shown pedicle cortex breaching rates
ranging from 25% to 43% (11). To address these challenges, the ap-
plication of 3DP technology has emerged as a promising approach to
improve the accuracy and precision of PSI, particularly in challenging
scenarios such as the cervical spine region, spinal deformities, and
pediatric patients [27,28].

The utilization of 3D printed personalized guides and templates
in pre-operative planning has provided several advantages for sur-
geons and the surgical team, including reduced operative time, de-
creased radiation exposure, and minimized iatrogenic complications
[21,29]. For example, Zhang et al. conducted a randomized controlled
trial (RCT) involving 40 patients to evaluate the feasibility of thermo-
plastic regulators combined with 3D printed templates for guiding
pedicle needle insertion in percutaneous screw fixation (PPSF) for
thoracolumbar fractures compared to conventional PPSE. The study
demonstrated that the use of 3D printed templates was associated
with lower post-operative Visual Analogue Scale (VAS) and Owelty
Disability Index (ODI) scores, as well as a higher success rate for the
initial pedicle insertion [30]. Another RCT by Feng et al. found that the
use of 3D printed templates for cervical lateral mass screw insertion
improved visualization of the operative area and increased the accu-
racy of screw insertion. A meta-analysis conducted by Yu et al. com-
paring the efficacy of 3D printed guide templates with freehand screw
insertion reported that the use of 3D printed templates resulted in
reduced operative time, intra-operative blood loss, and improved ac-
curacy of pedicle screw placement [31].

AM has also been employed for the fabrication of personalized
spinal implants, including spinal cages for interbody fusion surgery,
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vertebral replacements, implants for total disc replacement, and sur-
gical reconstruction of bone defects following malignancies. However,
the application of AM in personalized spinal implants is currently lim-
ited to complex spinal lesions in specific areas where it can provide
anatomical and mechanical stability, leading to optimized osseointe-
gration [19,28]. The use of personalized implants in these cases re-
duces intra-operative trauma and peri-operative morbidity, as it elim-
inates the need for surgical preparation to fit standard implants [20].
Additionally, 3D printing has been explored in the context of minimal-
ly invasive spine surgery (MISS). Patel et al. conducted a prospective
study involving fifty-one patients to assess the efficacy of minimally
invasive sacroiliac joint fusion (SJIF) using a 3D printed device. The
study demonstrated that this technique resulted in improvements in
pain, disability, physical status, and quality of life, as well as a reduc-
tion in opioid usage [32]. Zhuang et al,, in a study involving fourteen
subjects, investigated the efficacy of 3D printed vertebral body im-
plantation combined with robotic radiotherapy in patients with spi-
nal tumors. The authors reported successful reduction of symptoms,
achievement of spinal stability, and tumor control without associated
complications or adverse events [33].

Pitfalls and Concerns

While 3DP technology offers significant advantages in various
medical applications, its widespread adoption is hindered by several
concerns and limitations that warrant careful consideration [28,29].
These concerns encompass various important aspects that have been
highlighted in literature. One of the primary concerns is the additional
pre-operative time required for the creation of 3D printed bio models,
which can take up to 12 hours to produce. This extended production

Table 2: Pits falls and Concerns Associated with 3DP.

time acts as a prohibitive factor, particularly in emergency cases and
busy hospital settings where time is crucial [28]. Another major lim-
itation is the high cost associated with the installation of 3DP tech-
nology, including the acquisition of specialized software, 3D printers,
cameras, and the maintenance of these devices. This cost factor is par-
ticularly relevant in hospitals where complex spinal lesions are en-
countered infrequently, making it challenging to justify the significant
financial investment required [29].

In addition, the current limitations of 3DP technology in simulat-
ing soft tissues alongside bony structures prevent adequate resident
education and training in this specific area. This limitation hampers
the comprehensive understanding of complex anatomical structures
involving both bone and soft tissues [28]. Furthermore, the prepa-
ration of 3D printed models from 3D software requires specialized
personnel, adding complexity to the implementation process and
potentially limiting its widespread application [29]. Other reported
drawbacks in the literature include accuracy issues, such as devia-
tions between the 3D printed model and the actual patient tissue, as
well as potential complications such as irritation reactions (Table 2).
Complex coordination, lack of established criteria to define patient
outcomes, low quality mechanical properties and durability, limited
diagnostic benefits in terms of pre-operative planning, and low repli-
cability issues have also been identified as challenges associated with
3DP in spine surgery [34]. These concerns emphasize the need for
further research and development to address the limitations of 3DP
technology and refine its application in spine surgery. By addressing
these concerns, the full potential of 3DP can be realized, leading to
improved patient care and surgical outcomes [28,29].

Increased pre-operative time

High cost

Inadequate simulation of soft tissues along with bony structures

Specialized personnel

Accuracy problems

Irritation reactions

Complex coordination

Lack of outcome interpretation

Low quality mechanical and durability properties

No diagnostic benefits in pre-operative planning

Low replicability issues

Conclusions

Being a recent technological advancement, 3DP technology has
several applications in spine surgery, facilitating spine surgeons in
managing particularly complex spinal disorders that are associated
with numerous risks and complications when performed using con-
ventional techniques. Although its application has expanded consid-
erably, the associated pitfalls and concerns, including the need for

experienced personnel, high equipment costs, and time-consuming
problems, have not yet allowed for its universal adoption among the
medical community.
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