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Three-dimensional (3D) printing is a transformative technology with a potentially wide range of applications in the field of orthopae-
dic spine surgery. This article aims to review the current applications, limitations, and future developments of 3D printing technology 
in orthopaedic spine surgery. Current preoperative applications of 3D printing include construction of complex 3D anatomic models for 
improved visual understanding, preoperative surgical planning, and surgical simulations for resident education. Intraoperatively, 3D 
printers have been successfully used in surgical guidance systems and in the creation of patient specific implantable devices. Further-
more, 3D printing is revolutionizing the field of regenerative medicine and tissue engineering, allowing construction of biocompatible 
scaffolds suitable for cell growth and vasculature. Advances in printing technology and evidence of positive clinical outcomes are 
needed before there is an expansion of 3D printing applied to the clinical setting.
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Introduction

Three-dimensional (3D) printing is a transformative tech-
nology that has the potential to greatly impact the field of 
orthopaedic spine surgery. This review article aims to de-
scribe the current technology, clinical applications, future 
direction, and limitations of 3D printing in spine surgery. 
Three-D printing has been used in surgical planning for 
complex spine surgeries since the 1990s [1]. Currently, the 
technologies role has expanded to both the preoperative 
and intraoperative setting. Preoperatively, 3D printing is 
being used to create anatomical accurate models of spinal 
deformities for resident and patient education. In addi-
tion these models are being used for preoperative surgical 

planning and simulation for complex spinal pathologies. 
A tactile 3D visual representation provides a better depic-
tion of anatomy than can be achieved through computed 
tomography (CT)/magnetic resonance imaging (MRI) 
imaging. Intraoperatively, 3D printing has been used to 
create surgical guidance systems, templates, and custom-
ized patient specific implants. Despite the excellent advan-
tages of 3D printing, such as improved patient outcomes 
and decreased radiation exposure to patients, 3D print-
ing has faced challenges preventing its widespread use in 
clinical practice. The field of 3D printing is an important 
technology that has the potential to transform the practice 
of orthopaedic spine surgery in the near future.
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Printing Techniques and Tissue Engineering 
Applications

Additive manufacturing, commonly known as 3D print-
ing or rapid prototyping, utilizes 3D computer represen-
tations to create physical models. The anatomic models 
begin as two-dimensional images and vectors from CT/
MRI image data. They are converted to 3D models using 
specialized 3D/multiplanar modeling software. Using the 
digital image, specialized printers build a 3D object by 
printing thin cross-sections in a layer-by-layer fashion. 
The earliest version of 3D printing is known as stereo-
lithography (SLA), patented by Charles Hulk in the 1980s, 
which utilized ultraviolet light and photocurable resin [2]. 
Since then, 3D printing technologies have been enhanced 
and novel processes were developed for a variety of appli-
cations from surgical simulations to personalized surgery 
and tissue engineering.

There exists great diversity among 3D printing technol-
ogy. Three-D printing is a printing technique that builds 
3D model from cross-sectional layers. Three-D printing 
has been shown to be advantageous in fabricating scaffold 
with microscopic internal channels and high porosity as 
the surrounding powders take on the role of supporting 
material [3]. Three-D printing allowed for the generation 
of phosphate and strontium-containing scaffolds which 
stimulated blood vessel formation and osteoblast prolifer-
ation [4,5]. Several studies utilized 3D printing to generate 
hydroxyapatite scaffolds that supports bone tissue devel-
opment [6,7]. Seitz et al. [8] has fabricated porous ceramic 
scaffolds from hydroxyapatite powder that is suitable for 
cell growth and potential bone implantation. Qian et al. 
[9] further demonstrated the feasibility of 3D printing to 
construct functionally graded implants by fabricating and 
characterizing titanium/hydroxyapatite composite.

Fused deposition modeling (FDM) is another printing 
technique that deposits molten thermoplastic materials 
into cross sectional layers [3]. Recent advances have al-
lowed creation of scaffold with biocompatible building 
material. Studies conducted with chondrocytes and os-
teoblast supports FDM-generated scaffolds in bone tis-
sue engineering [3]. Hydroxyapatite containing scaffolds 
produced by 3D printing are also possible with FDM. In 
combination with amphiphilic polymer, hydroxyapatite 
scaffolds were generated with favorable osteoconductive 
properties [10].

SLA is another 3D printing technology using photocur-

able materials capable of photo-crosslinking. The disad-
vantage of SLA is the scarcity of biocompatible material 
that also possesses photo-inducible properties. Recent 
advancement includes the expansion of libraries for such 
materials [3]. Other more recently developed 3D print-
ing techniques includes selective laser sintering and 3D 
plotting, all of which have shown great potential in tissue 
reconstruction, especially in the field of bone tissue engi-
neering [11-13].

Technical limitations to 3D printing technology must 
also be further developed. One limiting factor is that the 
support martial used to fill air spaces will remain inside 
the cavities due to current inability to remove the mate-
rial. While there are many successes in generating models 
of bone and implants, soft tissue, such as nerves and ves-
sels, still need further development. In addition, material 
texture could improve to resemble the modeled tissue for 
better simulation. 

Accuracy of Three-Dimensional Printing

Exceptional accuracy and precision of 3D models repre-
senting true anatomic structures is critical for 3D printing 
to have clinical utility in spine surgery. Studies have vali-
dated the potential for 3D-printed models to accurately 
represent the complex anatomical features of the spine. 
Wu et al. [14] compared CT images of healthy cervical, 
thoracic, and lumbar vertebrae against their respective 
3D-printed models and found the 3D models had strong 
anatomic correlation. Another study assessed the accu-
racy of 3D-printed models representing cadaveric pelvises 
and observed no significant difference between them [15]. 
McMenamin et al. [16] found that 3D-printed models not 
only accurately represented structural radiologic data but 
also accurately represented air and fluid filled negative 
spaces. Modern printing techniques allow for creation of 
models with high calcium content to accurately mimic the 
true density of bone [17].

Preoperative Planning Applications

An advantage provided by 3D-printed spine models is 
the realistic surgical simulation in preoperative planning, 
which can be advantageous in preparing for complex spi-
nal pathologies. Xiao et al. [18] was able to successfully 
preform complex en bloc resections of primary cervical 
tumors using 3D-printed spine models for preparation 
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and visual reference. In another case, 3D models were 
used in complex craniovertebral surgeries to study incli-
nation of the joints, false articulations, pedicles sizes, and 
vertebral artery courses preoperatively. Data from the 
models allowed for preoperative calculation of screw and 
plate sizes and angle of screw insertion [19]. In the cor-
rection of spinal deformity in children with meningomy-
elocele, personalized 3D printing has been used to create 
surgical planning models and patient specific spinal in-
strumentations [20]. Preoperative 3D modeling for surgi-
cal planning was used in surgery of a thoracolumbar frac-
ture with dislocation by providing modeling of the sagittal 
curves and navigation templates for pedicle screws. The 
procedure had advantages of shorter operation time, less 
intraoperative blood loss, better recovery of thoracolum-
bar dislocation, and better Frankel classification when 
completed with a 3D model [21]. Rapid prototyping of 3D 
models have been used in surgical planning for revision 
lumbar discectomy, resulting in reduced operation time 
and perioperative blood loss [22]. A study on posterior 
corrective surgery for Lenke 1 adolescent idiopathic sco-
liosis (AIS) using preoperative planning with 3D-printed 
spine models found significantly shorter operation time, 
significantly less blood loss and transfusion volume, and 
higher postoperative hemoglobin compared to the same 
surgery without the 3D model. However, no significant 
differences were observed in complication rate, length 
of hospital stay, postoperative radiological outcomes, or 
pedicle screw misalignments between the two groups [23].

Some limitations exist in the application of 3D print-
ing in the preoperative setting. Although studies do show 
multiple advantages in the use of 3D-printed models in 
preoperative planning, in many cases, such as in Lenke 
1 AIS, this extra step is often unnecessary. Although the 
models may provide shorter operation time, one must 
also consider the additional time required to design and 
construct the model preoperatively. Lastly, due to the time 
delay of designing and constructing 3D models with the 
current technology, the technology currently has limited 
use in the orthopaedic trauma setting. However, there 
have been reported cases of its use in preoperative plan-
ning for acetabular reconstruction following trauma [24]. 
Advancements in the speed and availability of rapid pro-
totyping technology may allow for more widespread use 
in the trauma setting. Therefore, authors think that 3D 
printer will be more useful in more complex cases.

Trainee and Patients Education Applications

Prior to the development of 3D printing, cadaveric models 
were traditionally used for educational purposes and sur-
gical simulation. However, they are limited in their usage 
due to shortage of donations, and health and safety issues 
[14]. A variety of factors, such as work hour restrictions 
and challenges from complex cases may reduce surgical 
confidence in residents. 3D-printed spine models serve as 
an alternative to cadavers and have increased capacity for 
customizability in educational purposes. The 3D-printed 
models have a promising future in providing state-of-the-
art training simulations of surgical experiences for resi-
dents and even practitioners [25].

Hughes et al. [26] reported usefulness of 3D models in 
navigating complex deformities and improving anatomi-
cal understanding for training. In a study using 3D mod-
els of cervical spines and 3D-printed prototyping drilling 
templates, residents demonstrated the ability to success-
fully and precisely accomplish proper trough positioning 
on cadavers for expansive open door laminoplasties, a 
critical and technically demanding step of the procedure 
[27]. Printed spine models with characteristics mimicking 
true bone density have been used to help trainees become 
competent in needle placement for image-guided diag-
nostic and therapeutic spinal procedures [17,28].

Lastly, 3D-printed spine models have also been re-
ported to be successfully applied in the informed consent 
process. Patient specific 3D-printed spine models have 
helped guide patients in the decision making process by 
educating them on their spinal pathologies and the surgi-
cal procedures [29,30].

Intraoperative Applications:  
Guidance Systems

A primary clinical application of 3D printing in spinal 
surgery is the creation of drill guidance plates for the 
insertion of pedicle screws. Using CT thin-slice data of 
the patient’s spine, computer software’s design navigation 
templates for pedicle screw fixation that is 3D-printed 
preoperatively and then sterilized for intraoperative use 
[31,32]. Cervical pedicle screw (CPS) fixation is excel-
lent for posterior cervical fixation due to its biomechani-
cal advantages. However, the narrow clearance for the 
CPS increases risk for neural and vascular injuries; the 
3D-printed template guided procedure is a solution for 
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reducing the risk. In a cadaveric study, patient-specific 
drill guide templates used for cervical pedicle fixation 
improved accuracy of pedicle screw placement [33]. This 
template guided method for pedicle screw insertion has 
also been applied to in vivo cases at all vertebral levels. Re-
garding CPS fixation, multiple studies comparing pedicle 
screw insertion via 3D template versus fluoroscopy have 
shown improved accuracy of placement, improved pre-
cision, and reduced complications in the 3D template 
guided method. Authors also agree the reduced opera-
tive time, ease-of-use, moderate cost, and ability to insert 
cervical screws without radiation are additional benefits 
[31,32,34]. Three-D template guided placement of pedicle 
screws have also been conducted on thoracic vertebrae 
with equally impressive accuracy, safety, and convenience 
[35,36]. A study of lumbar pedicle screw fixation by Chen 
et al. [37], found no significant difference in the accuracy 
of 3D template guided and fluoroscopic screw insertion, 
with 100% and 98.4% accurate placement respectively. 
However, the study did find significantly reduced opera-
tive time, blood loss, and radiation dose in the 3D tem-
plate guided group [37]. Lastly, studies using 3D template 
guides for multilevel pedicle screw fixations also found 
improved accuracy of placement, reduced operative time, 
reduced radiation exposure, and reduced incidence of 
cortical perforation, all while remaining an economical 
approach [38,39].

There are still multiple limitations preventing the 
widespread use of 3D printing in the intraoperative set-
ting. Utilizing 3D technology often requires a specialist 
with background in managing 3D software to perform 
segmentation of a 3D model for printing. In addition, 
processing 3D imaging data, designing, and printing 
intraoperative guidance systems can be a time intensive 
process which has limited its widespread use in hospitals. 
Use of 3D printing techniques adds an additional cost to 
the surgery. However, recent advances have allowed for 
all steps, from generating digital 3D models to segmenta-
tion and printing, to be performed on a single computer 
in a user-friendly manner. The process is becoming more 
streamlined with advancements in software and automa-
tion. Although imaging processing and printing can take 
several hours prior to the surgery, the guidance systems 
have been shown to reduce intraoperative times. One 
review of 3D spine systems in surgery concluded that 
10 minutes saved in the operating room is equivalent in 
monetary terms to one hour spent in preparation of the 

guidance system [40].

Intraoperative Applications: Implants

Three-D printing encourages the advancement of person-
alized surgery. Commercially-available implants will not 
always match patient specific anatomy but 3D printing 
technology allows for the development of customizable 
surgical tools and implants. Xu et al. [41] fabricated a 3D 
titanium alloy axial vertebral body that was implanted 
for upper cervical spinal reconstruction following a C2 
Ewing sarcoma resection. Tumor resection is particularly 
challenging in the atlantoaxial region due to complexity 
of the anatomy, necessity for extensive resection, and a 
lack of specialized implants for reconstruction [41]. Kim 
et al. [42] successfully developed a patient specific custom 
3D-printed implant for use in pelvic reconstruction fol-
lowing hemisacral resection. Multiple cases have reported 
successful use of patient specific 3D-printed implants for 
spinal fusion in complex spinal pathologies, including 
posterior fixation implants, and anterior and posterior 
intervertebral fusion cage implants [43-46]. The implants 
provided improved load bearing surface, lowered the rate 
of implant dislocation and subsidence, provided excel-
lent primary stabilization, shortened time of procedure, 
improved correction of deformity, decreased blood loss, 
and reduced risk of neurovascular compromise [20,40,46]. 
Advances in tissue regeneration and printing techniques 
may allow for 3D printing of intervertebral discs in the 
future [47,48]. Although the technology enabling accurate 
fabrication of patient-specific spinal implants is available, 
literature on its utilization is currently rare.

There are limitations to the use of 3D-printed implants. 
As 3D printing for clinical use is a recent development, 
current studies on 3D implants lack long term follow-up 
data of post-surgical clinical outcomes. Data supporting 
positive clinical outcomes are needed to justify the added 
expense of 3D printing in spine surgery. For the safety of 
the patients, Food and Drug Administration approval is 
critical before inserting 3D-printed implants into the pa-
tients’ body.

Conclusions

Three-D printing technology in spine surgery is currently 
being used for preoperative planning, trainee and patient 
education, intraoperative guidance systems, intraopera-
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tive implants, and is revolutionizing the field of tissue en-
gineering. Advances in printing technology and evidence 
of positive clinical outcomes are needed before there is an 
expansion of 3D printing applied to the clinical setting.
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