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Purpose: To investigate the usefulness of three-dimensional (3D) printing in complex spinal surgery.
Methods: The study was conducted from October 2014 to March 2015 in Shenzhen Second Peoples'
Hospital and 4 cases of complex severe spinal disorders were selected from our department. Among
them one patient combined with congenital scoliosis, one with atlas neoplasm, one with atlantoaxial
dislocation, and the rest one with atlantoaxial fracture-dislocation. The data of the diseased region was
collected from computerized tomography scans for 3D digital reconstruction and rapid prototyping to
prepare photosensitive resin models, which were applied in the treatment of these cases.
Results: The use of 3D models reduced operating time and intraoperative blood loss as well as the risk of
postoperative complications. Furthermore, no pedicle penetrations or screw misplacement occurred
according to the postoperative planar radiographic images.
Conclusion: The tactile models from 3D printing allow direct observation and measurement, helping the
orthopedists to have accurate morphometric information to provide personalized surgical planning and
better communication with the patient and coworkers. Moreover, the photosensitive resin models can
also guide the actual surgery with the drilling of pedicle screws and safe resection of tumor.
© 2016 Daping Hospital and the Research Institute of Surgery of the Third Military Medical University.
Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The development of polymer material science, laser technique
and computer-aided design, as well as novel materials science has
permitted the creation of three-dimensional (3D) printing tech-
nology. It reproduces the morphology of the affected spinal
segments from computerized tomography (CT) scans with the aid
from image processing software and a rapid prototyping equip-
ment to produce a tactile model in various materials.1 Recently, the
3D printing has beenwidely employed to build physical models for
use in surgical procedures, preoperative planning, personalized
prosthesis fabrication and other fields.2e4

In complex spinal disorders as scoliosis, the correction proce-
dure is often very challenging as unexpected pedicle absence and
vertebral rotations can be discovered intraoperatively, posing
).
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great risk of neurovascular lesions during the operation.5 Appar-
ently, current visualization modalities as planar radiographic
image and CT scans are not qualified to provide necessary
anatomic overview of the affected spinal segments, even the CT
with 3D reconstruction can only provide the image without tactile
feedback. Therefore, 3D printing is very promising in the
personalized treatment of complex spinal disorders. Neverthe-
less, few researches have been conducted to study the use of 3D
printing on this field. In this study, researchers developed
photosensitive resin models for 4 cases of complex spinal disor-
ders to achieve their personalized treatment and investigate the
clinical significance of 3D printing.

Materials and methods

The studywas performed in the Department of Spinal Surgery of
Shenzhen Second Peoples' Hospital from October 2014 to March
2015. This study has been approved by the hospital review board,
and all patients provided informed consent to participate in this
study. Table 1 shows the detailed information of the 4 selected
cases, all male, for 3D modeling.
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3D digital spinal reconstruction

All the patients were selected for 3D modeling process as their
pathoanatomy was considered not to be clearly shown by common
imaging techniques. The physical models were created on the 3D
printer prior to surgery. In brief, a patient's affected region was
scanned using a volumetric CT (Somatom Definition AS, Siemens,
Japan) with 1-mm slice thickness and 0.24-mm in-plane resolution.
The digital imaging and communication in medicine (DICOM)
format data sets of the 4 cases were then downloaded from the CT
workstation. Each data set was uploaded to a computer with Bio3D
software to reconstruct a 3D digital spine wire frame that can be
used to obtain all the anatomical information needed. The 3D
reconstruction data were transferred to a stereolithography (STL)
format file by Bio3D software to construct photosensitive resin
models.

Computer-designed photosensitive resin models

An STL apparatus uses Stereo Lithography Apparatus (SLA)
technology (MP-4500, Shenzhen Ultron 4D Technology Co. Ltd.,
Shenzhen, China) to build a photosensitive resin model layer by
layer. The photosensitive resin is an ultraviolet laser-solidified layer
by layer based on the standard STL format file and accumulated to
build a 3D model. Each computer-designed photosensitive resin
model was manufactured automatically for 9e27 h. It costs about
2000e3000 RMB to create one photosensitive resin model.

Perioperative treatment planning

The 3D models were then used for observation of the spinal
pathoanatomy, surgical planning, and selection of internal-fixation
instruments prior to surgical procedures. Intraoperatively, the
physical models were used for the confirmation of the anatomical
landmarks and the guidance of the operation. Its accuracy was then
evaluated by postoperative plain film radiographs and CT images.

Results

Scoliosis surgery

In the congenital scoliosis case, detailed information of the
deformity could not be observed clearly on radiographs because of
hemivertebra and rotation (Fig. 1A). After 3D reconstruction of the
spine, the malformation could be easily observed from any direc-
tion and angle (Fig. 2). The direction and diameter of the pedicle
could be roughly determined on the physical model (Fig. 3A). The
surgery was performed without severe complications, and the pa-
tient started walking with a brace on postoperative 6 days. The
postoperative radiograph shows 90.9% correction of scoliosis Cobb
angle (Fig. 4A).
Table 1
Summary of the four selected complex cases.

ID Model
date

Sex Age
(yr)

Diagnosis Affected segment Surgica

1 Feb 2015 M 12 Congenital scoliosis L1
hemivertebra

Thoracolumbar Posterio

2 Aug 2014 M 7 Eosinophilic granuloma
of C1

Cervical Transor

3 Jan 2015 M 72 Fracture dislocation
of C1e2

Cervical Posterio

4 Apr 2015 M 12 Dislocation of C1e2 Cervical Posterio
laminec
Tumor surgery

In the upper cervical tumor case, the 7-year-old patient had the
tumor resected without the need for stabilization. The operation
was performed with the assistance of the 3D model and preoper-
ative CT images (Figs. 1B and 3B). The physical model aided in the
determination of tumor extent and its anatomical relations with
neighboring structures. Wide resection of the lesionwas conducted
and iliac crest was obtained to reconstruct the deficit. Pathologic
analysis confirmed eosinophilic granuloma and postoperative CT
image shows complete tumor resection (Fig. 4B).
Cervical fracture and dislocation surgery

The patients were admitted to our department with neck pain
andnumbness in upper extremities. Preoperative radiograph andCT
scan showed the diseased segments (Fig. 1C,D). During the surgery,
the screwentry pointwas determined afterdirect observation of the
3Dmodels (Fig. 3C,D). The screw insertionprocedurewasperformed
underfluoroscopic guidance, and thephysicalmodelswereused as a
complementary. In case 3, the treating surgeons performed bilateral
C1e4 pedicle screw insertions to obtain rigid fixation. The patient's
postoperative course was uneventful. Postoperative radiograph
showed appropriate screw position (Fig. 4D).

In case 4, according to the preoperative measurements of the 3D
model, the direction of C1 lateral mass screws were changed
slightly to avoid cord lesion and the length of the C2 pedicle screws
were shortened to avoid vertebral artery injury. With C1 lam-
inectomy, iliac crest chips were implanted for bony fusion. A halo-
vest brace was adopted for immobilization of the patients' neck
during the perioperative period. The postoperative CT images
showed the screws in the pedicle tract without cortical wall
perforation (Fig. 4C).

All the surgeries were completed with satisfactory outcomes.
The surgeons responded favorably to the use of 3D models due to
the reduction of operation time and intraoperative blood loss (Es-
timates of the time saved and reduction of blood loss were made
using historical reference data for equivalent complex spinal dis-
order cases at the same department). The patients' attitude towards
3D model was also very positive, as it provided them with greater
understanding of their situation, surgical plan, and potential risks.
Discussion

3D printing technology facilitates data sets from CT scans to be
present in physical and tactile form. The 3D models are found to be
fairly accurate in relation to anatomy. In complex spinal surgery, 3D
printing possesses advantages over the use of 2D imaging tech-
niques. Preoperatively, planning the surgical procedure and
selecting the internal-fixation instruments were completed ac-
cording to the observation and measurements of the physical
l approach

r L1 hemivertebra resection, decompression and instrumented fusion T10eL3

al endoscopic resection of tumor

r stabilization with pedicle screws, decompression and instrumented fusion C1e4

r stabilization with lateral mass screws (C1) and pedicle screws (C2), C1
tomy, decompression and instrumented fusion C1e2, halo-vest immobilization



Fig. 1. A: Preoperative posterioreanterior radiograph of case 1 showing a scoliosis Cobb angle of 55� . B: Preoperative CT image of case 2 showing tumor lesion area. C: Preoperative
CT image of case 3 showing fracture of cervical vertebrae. D: Preoperative lateral radiograph of case 4 showing cervical dislocation.

Fig. 2. Digital spinal 3D reconstruction result of 4 cases based on the CT data sets.

Fig. 3. Rapid prototyping models of four cases.

Fig. 4. A: Posterior L1 hemivertebra resection, decompression and instrumented fusion from T10eL3 in case 1. Postoperative posterioreanterior radiograph shows 90.9% correction.
B: Transoral endoscopic resection of tumor in case 2. Postoperative CT image shows complete tumor resection. C: Posterior stabilization with lateral mass screws (C1) and pedicle
screws (C2), C1 laminectomy, decompression and instrumented fusion of C1e2 in case 4. Postoperative CT image showed pedicle screws in the pedicle tract, without cortical wall
perforation. D: Posterior stabilization with pedicle screws, decompression and instrumented fusion of C1e4 in case 3. Postoperative lateral radiograph showed appropriate screw
position.
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models. Intraoperatively, the model provides surgeons with accu-
rate anatomical information with less frequent reference to other
visualization modalities, thus improving the surgical confidence
during procedure.

In severe scoliosis cases, anatomic variation as vertebrae rotation
and kyphosis pose great challenge to the determination of bony
landmarks, therebycomplicating the screwplacement procedure for
surgeons with free-hand technique. Besides, screwmisplacement is
also a major concern in spinal deformity cases due to its serious
neurological and vascular complications.6 The traditional 2D visu-
alization modalities often fail to provide the necessary morpho-
metric information about the spinal anomalies. In themeantime, the
application of 3D reconstruction in complex scoliosis cases is limited
due to lacking of tactile feedback.7 In recent years, intraoperative
navigation system seems to obtain affection inmedical application,8

but it is difficult to be widely applied due to its expensive costs and
complicated manipulation.9 Moreover, pedicle violation in scoliosis
cases also prevents it from extending in most institutions.10

Recently, in the research by Mao et al,7 3D printing technology
was applied in the treatment of 16 severe scoliosis cases. They
believed that the comprehensive anatomic information provided
by the 3D models helps surgeons to achieve satisfying results.
Moreover, Wu et al11 compared the use of 3D printing technology
with intraoperative fluoroscopy in scoliosis correction surgery,
which demonstrated positive effects of 3D models on the
improvement of screw placement. In our study, based on the
measurements of 3Dmodel, screw entry point, angle and size could
be roughly determined preoperatively. And the surgeons were able
to assess the rod contour as well as the amount of bony resection
prior to operation. Intraoperatively, the surgeon could visualize the
anatomical structure of the posterior elements without having to
mentally reconstruct 2D images, thus facilitating the surgical pro-
cedures. Therefore, with 3D printing technology, the treating sur-
geons can perform more successful screw insertion and reduce
operative time in complex scoliosis cases.

In upper cervical tumor cases, it is challenging to accomplish
tumor resection without postoperative complications due to the
complex anatomy (vital surrounding structure as medulla oblon-
gata). The common 2D imaging fails to afford accurate information
of the tumor pathoanatomy as tumor size and extent, thus
complicating the surgical planning and intraoperative procedure.
While in cervical fracture and dislocation cases, it is widely
accepted to use pedicle screw placement system to reconstruct
spinal balance. However, the risk of vertebral artery and neuro-
logical lesions has been the major concern with the screw place-
ment system.12,13 Multiple methods have been proposed to
enhance screw placement accuracy, but pedicle perforations still
occur.14 Moreover, as every cervical vertebra has its unique
morphology, it is also time-consuming to have frequent reference
to common imaging modalities intraoperatively. Therefore, the
challenges of tumor resection and pedicle screw placement make
the 3D models attractive.

In the study by D'Urso et al,15 the physical models provided
direct visualization of tumors and its relationship with neighboring
structures. This allows the surgeons to have the resection of C2
osteoblastoma in a smooth way. Van Dijk et al16 reported 4 cases of
spinal tumor resection. In their study, after preoperative observa-
tion of physical biomodels, personalized surgical planning was
made according to tumor size, type, site and other characteristics.
And the surgeons were then able to perform safer dissection of
tumors with reduced operation time and blood loss. In the research
by Yamazaki et al,17 physical model was used for preoperative
observation. Intraoperatively, the anatomical reference provided by
the biomodel facilitated the insertion of pedicle screws without
injuring neighboring structures.
In our cervical fracture and dislocation case, the 3D printing
facilitates the in vitro visualization of vertebral artery, which con-
tributes to the modification of screw length and angle during sur-
gical procedures. Thus, the need for intraoperative radiograph to
guide placement is reduced. And the consequent reduction of
radiograph exposure is quite beneficial to both surgeons and pa-
tients. While in our tumor case, with essential anatomical infor-
mation from the spinal model, surgeons are allowed to perform
safe and wide tumor resection with less operation time and blood
loss. The effectiveness of physical model in reducing time and blood
loss is believed to be greatly significant in more complex tumor
cases. Besides, the 3D physical models served as a communication
tool, providing the patients with a better understanding of the
disorder and of the risks involved in the surgery. Moreover, the 3D
models could improve the communication among the surgeons and
facilitate the education of young surgeons.

Our study has used 3D printing for deformity, tumor and
fracture-dislocation cases with challenging anatomy and confirmed
its contribution in the treatment of complex spinal disorders.
Compared with other common visualization modalities, the phys-
ical models provide better visible and tactile information, reducing
the surgical times and risks of screw misplacement. However, the
cost of production prevents it fromwidely applying for educational
use. And in aggressive tumor cases, it is still challenging for the
printing of soft tissue where tumor invasion often occur, thereby
influencing surgeons' estimate of the tumor extent. To conclude,
the application of 3D printing proves to pose a positive effect on the
treatment of complex spinal disorders, whereas prospective
controlled study with larger samples is needed to explore and
elucidate the efficacy of this technology.
References

1. Lohfeld S, Barron V, McHugh PE. Biomodels of bone: a review. Ann Biomed Eng.
2005;33:1295e1311.

2. Bagaria V, Deshpande S, Rasalkar DD, et al. Use of rapid prototyping and three-
dimensional reconstruction modeling in the management of complex fractures.
Eur J Radiol. 2011;80:814e820.

3. Benum P, Aamodt A, Nordsletten L. Customised femoral stems in osteopetrosis
and the development of a guiding system for the preparation of an intra-
medullary cavity: a report of two cases. J Bone Jt Surg Br. 2010;92:1303e1305.

4. Cui X, Breitenkamp K, Finn MG, et al. Direct human cartilage repair using three-
dimensional bioprinting technology. Tissue Eng Part A. 2012;18:1304e1312.

5. Hedequist DJ. Surgical treatment of congenital scoliosis. Orthop Clin North Am.
2007;38:497e509.

6. Upendra BN, Meena D, Chowdhury B, et al. Outcome-based classification for
assessment of thoracic pedicular screw placement. Spine. 2008;33:384e390.

7. Mao K, Wang Y, Xiao S, et al. Clinical application of computer-designed poly-
styrene models in complex severe spinal deformities: a pilot study. Eur Spine J.
2010;19:797e802.

8. Richter M, Mattes T, Cakir B. Computer-assisted posterior instrumentation of
the cervical and cervico-thoracic spine. Eur Spine J. 2004;13:50e59.

9. Gebhard F, Weidner A, Liener UC, et al. Navigation at the spine. Injury. 2004;35:
S-A35eA45.

10. Sakai Y, Matsuyama Y, Nakamura H, et al. Segmental pedicle screwing for
idiopathic scoliosis using computer-assisted surgery. J Spinal Disord Tech.
2008;21:181e186.

11. Wu ZX, Huang LY, Sang HX, et al. Accuracy and safety assessment of pedicle
screw placement using the rapid prototyping technique in severe congenital
scoliosis. J Spinal Disord Tech. 2011;24:444e450.

12. Kast E, Mohr K, Richter HP, et al. Complications of transpedicular screw fixation
in the cervical spine. Eur Spine J. 2006;15:327e334.

13. Yoshimoto H, Sato S, Hyakumachi T, et al. Spinal reconstruction using a cervical
pedicle screw system. Clin Orthop Relat Res. 2005;431:111e119.

14. Karaikovic EE, Yingsakmongkol W, Gaines Jr RW. Accuracy of cervical pedicle
screw placement using the funnel technique. Spine Phila Pa 1976. 2001;26:
2456e2462.

15. D'Urso PS, Askin G, Earwaker JS, et al. Spinal biomodeling. Spine Phila Pa 1976.
1999;24:1247e1251.

16. van Dijk M, Smit TH, Jiya TU, et al. Polyurethane real-size models used in
planning complex spinal surgery. Spine Phila Pa 1976. 2001;26:1920e1926.

17. Yamazaki M, Okawa A, Akazawa T, et al. Usefulness of 3-dimensional full-scale
modeling for preoperative simulation of surgery in a patient with old unilateral
cervical fracture-dislocation. Spine Phila Pa 1976. 2007;32:E532eE536.

http://refhub.elsevier.com/S1008-1275(16)00035-3/sref1
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref1
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref1
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref2
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref2
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref2
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref2
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref3
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref3
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref3
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref3
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref4
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref4
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref4
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref5
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref5
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref5
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref6
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref6
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref6
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref7
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref7
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref7
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref7
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref8
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref8
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref8
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref9
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref9
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref9
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref10
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref10
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref10
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref10
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref11
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref11
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref11
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref11
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref12
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref12
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref12
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref13
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref13
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref13
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref14
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref14
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref14
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref14
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref15
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref15
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref15
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref16
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref16
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref16
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref17
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref17
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref17
http://refhub.elsevier.com/S1008-1275(16)00035-3/sref17

	Clinical application of three-dimensional printing in the personalized treatment of complex spinal disorders
	Introduction
	Materials and methods
	3D digital spinal reconstruction
	Computer-designed photosensitive resin models
	Perioperative treatment planning

	Results
	Scoliosis surgery
	Tumor surgery
	Cervical fracture and dislocation surgery

	Discussion
	References


