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AdvAnces in 3D printing have resulted in increased 
availability and expanded medical applications. 
Anatomically accurate 3D printed models have a 

demonstrated role in education and resident training.2,5,7,8 
Patient-specific models are valuable for patient education 
regarding the specific pathology and planned surgical pro-
cedure.2 The ability to combine multiple materials within 
a 3D printed model allows for re-creation of the patho-
logical entity and affords the opportunity to simulate and 
compare surgical approaches. We present the utility of a 
multimaterial 3D printed model for the surgical planning 
in a case of complex deformity of the skull base and cra-
niovertebral junction.

case Presentation
An 11-year-old boy with multiple congenital abnormali-

ties, who had undergone a previous suboccipital decom-
pression and C-1 laminectomy with an occiput–C2 instru-
mentation and fusion at the age of 5 years, presented with 
progressive cervical myelopathy. MRI (Fig. 1A and B) 
and CT imaging demonstrated significant platybasia with 
progressive basilar invagination, resulting in ventral com-
pression of the cervicomedullary junction. Additionally, 
the left C-2 screw appeared to no longer be located within 
the bone, and the right C-2 screw demonstrated haloing 
suggestive of loosening. Due to the ventral bony compres-

sion, there was consideration for a possible anterior versus 
lateral approach for removal of the dens and anterior arch 
of C-1 followed by posterior revision of hardware. Given 
the presence of multiple skull base defects and tortuous 
vascular anatomy, a 3D model for surgical planning was 
fabricated (Fig. 1C and D).

Method
Dual-energy CT source data were acquired at 90 and 

150 kV using a Somatom Force scanner (Siemens Health-
care). Using syngo.via software (Siemens Healthcare), 2 
data sets were selected (virtual noncontrast with iodine 
removed, series with bone and metal subtracted out). 
DICOM data were imported into the Intellispace Portal 
(version 6.0.3, Philips Healthcare) and segmented into 3 
individual 3D volumes (bone and metal using noncontrast 
series, vessels using subtracted series). These tissues were 
then saved using STL (standard tessellation language) 
format. STL files were subsequently printed combining 3 
different materials (VeroWhite, VeroMagenta, and Vero-
Black) on a 3D printing device (Objet260 Dental Selec-
tion, Stratasys Ltd.). The printing process involves creation 
of ultrathin layers of photopolymer resins, which are ap-
plied in liquid form. Exposure to ultraviolet light results in 
a rapid hardening of the liquid layers. The model is printed 
along with water-soluble support material, which is then 
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removed after printing with powerwashing. The cost of 
the print material was US $270, and it took 13 hours to 
print. Preoperative and postoperative models were created 
for direct comparison.

Surgical Planning
After reviewing the multimaterial 3D model, several 

key concepts became apparent. 1) An anterior approach 
would be significantly challenging as the rotation of the 
upper cervical spine is such that the dominant left ver-
tebral artery is located within the midline. Additionally, 
bilateral defects in the inferior aspect of the petrous tem-
poral bone result in fully exposed carotid arteries (Fig. 2). 
2) A lateral approach would require a transpetrosal ap-
proach because the top of C-1 and the tip of the dens are 
impacted beneath a remodeled petrous apex on the right. 
This would necessitate sacrifice of hearing on the right. 
Additionally, the tortuous path of the right vertebral artery 
would require complete anterior transposition of the ves-
sel (Fig. 1C and D). 3) A posterior approach would have 
a limited working corridor due to settling and hyperlor-
dotic cervical spine. Removal of the already placed oc-
ciput–C2 instrumentation would be a challenge due to the 
limited angle of approach. 4) The true pathology was not 
the settling of C-1 and C-2 into the brainstem as most of 

the compression is secondary to the platybasia and the tip 
of the clivus. Rather, the problem is the anterior transla-
tion of the spinal canal as the settling has occurred, result-
ing in further draping of the brainstem over the clivus. 5) 
Our solution was not to remove the clivus and ventral C-1 
and C-2 elements but to decompress the cervical spine and 
translate it posteriorly while distracting at the craniocervi-
cal junction. Traction alone would not achieve an adequate 
decompression of the ventral brainstem. 6) There were no 
viable fixation options at C-2 due to the previously loos-
ened hardware on the right and the dominant high-riding 
vertebral artery on the left. Additionally, no true C-3 lat-
eral mass was available; it is conjoined to C-2. The C-4 
and C-5 lateral masses on the right side were thinned due 
to impression from the head of the C-2 screw and not thick 
enough to accommodate the smallest lateral mass screw. 
To achieve reliable fixation, the construct would have to be 
extended to T-1 or T-2.

Based on the 3D model, we decided to address the 
problem through a posterior approach with a plan to de-
compress the subaxial cervical spine and then concurrent-
ly distract and posteriorly translate the cervical spine in 
relation to the occiput.

Procedure
At the time of surgery the model was placed on a stand 

next to the surgical field for reference during the case.
The patient was placed in a halo ring for a planned 

postsurgical halo vest. Once the patient was prone, we 
attempted to distract the craniocervical junction under 
fluoroscopic guidance and with neuromonitoring, with no 
significant motion noted. As predicted, our working cor-
ridor was limited by the degree of settling, the hyperlor-
dotic cervical spine, and the hyperkyphotic thoracic spine 
(Fig. 3). However, due to loosening of the right C-2 screw 
and the left C-2 screw no longer being in bone, both were 
removed with the rod attached and did not require a driver 
being placed within the screw head.

Fig. 1. a: Preoperative sagittal T2-weighted MR image of the brain and 
cervical spine demonstrating significant cranial settling of C-2 into the 
posterior fossa and spinal stenosis. B: Preoperative sagittal T2-weight-
ed MR image of the brain and cervical spine demonstrating significant 
ventral brainstem draping over the clivus and C1–2 complex. c: Lateral 
view of the preoperative model with major vasculature in red print mate-
rial and the previous occipital cervical hardware in black. On lateral view 
only the inferior aspect of the C-2 inferior articulating facet is visualized. 
The remaining portion of the C1–2 complex has settled into the fora-
men magnum. D: Axial view of the preoperative model demonstrating 
the basilar artery draped over the clivus. The proximal vertebrobasilar 
junction is not visualized as it is translated anteriorly. Similarly, the spi-
nal canal is also not visualized due to the anterior translation. Figure is 
available in color online only.

Fig. 2. Endonasal view of the preoperative model demonstrating the 
left vertebral artery, which is located in the midline (white arrow). The 
bilateral petrous carotid arteries (red arrows) are also visualized as they 
are exposed due to bilateral temporal bone defects. Figure is available 
in color online only.
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A laminectomy was performed from the remaining C-2 
to T-1, after which there was significant posterior transla-
tion of the spinal cord. In concordance with the model, 
fixation was achieved on the left side from C-4 to T-2 and 
on the right side from C-6 to T-2. Throughout the opening 
and fixation, the model was consulted to confirm differ-
ent anatomical landmarks. Once the hardware had been 
placed and the rods contoured, the subaxial spine was 
locked into the rod, with the occipital portion free to move. 
Heavy rod holders were placed on the subaxial rods, and 
the Mayfield headholder was loosened. Under fluoroscop-
ic guidance, the subaxial spine was translated posteriorly 
while the occiput was distracted and then locked into posi-
tion (Fig. 4). On postoperative MRI the improved position 
of the brainstem in relation to the clivus was demonstrated 
with decreased ventral compression (Fig. 5A and B). For 
a direct comparison with the preoperative model, a post-
operative model was fabricated which confirmed this im-
proved spinal alignment and reduction of the C1–2 com-
plex from the foramen magnum (Fig. 5C and D).

Discussion
The use of patient-specific computer-aided rapid pro-

totyping has been previously used for surgical planning 
in complex spine procedures.3,10,11 In these settings, the 
models created were of a single material reflecting only at 
the osseous anatomy. They demonstrated the utility of be-
ing able to plan corrective osteotomies and pedicle screw 
fixation as well as an intraoperative reference. In the field 
of neurovascular surgery, single-material rapid prototypes 
have been used for open surgical planning and as tem-
plates for endovascular treatment.1,4,9 Skull base models 
with patient-specific pathology have been produced with 
multiple materials for training simulation purposes.5,6

Our technique is unique in its utilization of advanced 
3D printing techniques to develop a model of a complex 
craniovertebral junction deformity with abnormal vascu-
lar anatomy and previously placed instrumentation. This 

unique combination of technology and pathology allowed 
for comprehensive surgical planning beyond that achieved 
with standard imaging. When this case was presented at a 
multidisciplinary skull base conference attended by neu-
rosurgeons, neurotologists, and head and neck surgeons, 
multiple opinions regarding the optimal surgical approach 

Fig. 3. Intraoperative photograph demonstrating the limited working cor-
ridor due to the hyperlordosis and cervical settling. Figure is available in 
color online only.

Fig. 4. Intraoperative photograph demonstrating the improved working 
corridor and alignment after distraction/translation and instrumentation. 
Figure is available in color online only.

Fig. 5. a: Postoperative sagittal T2-weighted MR image demonstrating 
improved spinal alignment and decompression. B: Postoperative sagit-
tal T2-weighted MR image demonstrating less ventral brainstem com-
pression. c: Lateral view of the postoperative model with major vascu-
lature in red printed material and occipitocervical hardware in black. The 
entire C1–2 complex is visualized now and is no longer settled within the 
skull base. D: Axial view of the postoperative model demonstrating less 
draping of the basilar artery over the clivus and visualization of the ver-
tebrobasilar junction. Additionally, the spinal canal is well visualized with 
appropriate alignment with the outlet of the foramen magnum. Figure is 
available in color online only.
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were suggested. All surgical treatment options concentrat-
ed on various methods of removing the ventral pathology 
based on the MRI/CT imaging findings. A major limita-
tion of planning from standard imaging was the inabil-
ity to clearly visualize the craniocervical junction due to 
coronal and sagittal plane deformity. As such, it was im-
possible to obtain in-plane views of the areas of interest. 
The best visualized region of pathology appeared to be 
the ventral brainstem compression. Even with the 3D file 
from which the model was constructed, it was difficult to 
look down the plane of the spinal canal. It was not until 
the 3D model was reviewed that it became clear that the 
key maneuver involved not only distraction but posterior 
translation of the cervical spine as well as cervical decom-
pression to allow for less kinking of the brainstem over the 
clivus. Additionally, the model was an invaluable intraop-
erative resource, which contributed to the success of case.

The current state of 3D printing does not lend itself to 
the creation of a complex model on a routine basis. How-
ever, as technology improves and multimaterial 3D print-
ers become more accessible, it has the potential to become 
an increasingly important part of case preparation. Also, 
in the era of work-hour restrictions, these models may be 
an important training adjunct for neurosurgical residents. 
Additionally, patient-specific models can serve as a useful 
tool for patient education.

One limitation of the current generation of modeling is 
the static representation generated; that is, there is no flex-
ibility of modeled ligaments, vessels, and other soft-tissue 
structures. Ideally, differential tissue densities, compress-
ibility, and elasticity could be generated, allowing realistic 
predictions of the forces required for deformity correc-
tion, or the limits of transposability of vessels or neural 
structures.

conclusions
Multimaterial 3D printing is an effective preoperative 

tool for evaluating complex skull base pathology. Patient-
specific modeling allows for improved resident and patient 
education.

acknowledgments
We thank Avi Cohen, Director of Global Dental at Stratasys 

Ltd., for creation of the printed models; Brent Chanin, Founder 
and Chief Engineer, Mediprint LLC, for preparation of the files 
used for printing the models; Matthew Lobiondo, BA, for photog-
raphy of the models; and Douglas Kondziolka, MD, for assistance 
in editing the manuscript.

references
 1. Anderson JR, Thompson WL, Alkattan AK, Diaz O, Kluc-

znik R, Zhang YJ, et al: Three-dimensional printing of 
anatomically accurate, patient specific intracranial aneurysm 
models. J Neurointerv Surg [epub ahead of print], 2015

 2. Liew Y, Beveridge E, Demetriades AK, Hughes MA: 3D 

printing of patient-specific anatomy: A tool to improve pa-
tient consent and enhance imaging interpretation by trainees. 
Br J Neurosurg 29:712–714, 2015

 3. Mao K, Wang Y, Xiao S, Liu Z, Zhang Y, Zhang X, et al: 
Clinical application of computer-designed polystyrene mod-
els in complex severe spinal deformities: a pilot study. Eur 
Spine J 19:797–802, 2010

 4. Namba K, Higaki A, Kaneko N, Mashiko T, Nemoto S, 
Watanabe E: Microcatheter shaping for intracranial aneu-
rysm coiling using the 3-dimensional printing rapid proto-
typing technology: preliminary result in the first 10 consecu-
tive cases. World Neurosurg 84:178–186, 2015

 5. Narayanan V, Narayanan P, Rajagopalan R, Karuppiah R, 
Rahman ZA, Wormald PJ, et al: Endoscopic skull base train-
ing using 3D printed models with pre-existing pathology. 
Eur Arch Otorhinolaryngol 272:753–757, 2015

 6. Waran V, Menon R, Pancharatnam D, Rathinam AK, Bal-
akrishnan YK, Tung TS, et al: The creation and verification 
of cranial models using three-dimensional rapid prototyping 
technology in field of transnasal sphenoid endoscopy. Am J 
Rhinol Allergy 26:e132–e136, 2012

 7. Waran V, Narayanan V, Karuppiah R, Owen SL, Aziz T: 
Utility of multimaterial 3D printers in creating models with 
pathological entities to enhance the training experience of 
neurosurgeons. J Neurosurg 120:489–492, 2014

 8. Waran V, Narayanan V, Karuppiah R, Pancharatnam D, 
Chandran H, Raman R, et al: Injecting realism in surgical 
training-initial simulation experience with custom 3D mod-
els. J Surg Educ 71:193–197, 2014

 9. Wurm G, Lehner M, Tomancok B, Kleiser R, Nussbaumer K: 
Cerebrovascular biomodeling for aneurysm surgery: simula-
tion-based training by means of rapid prototyping technolo-
gies. Surg Innov 18:294–306, 2011

10. Yang JC, Ma XY, Lin J, Wu ZH, Zhang K, Yin QS: Person-
alised modified osteotomy using computer-aided design-
rapid prototyping to correct thoracic deformities. Int Orthop 
35:1827–1832, 2011

11. Yang M, Li C, Li Y, Zhao Y, Wei X, Zhang G, et al: Ap-
plication of 3D rapid prototyping technology in posterior 
corrective surgery for Lenke 1 adolescent idiopathic scoliosis 
patients. Medicine (Baltimore) 94:e582, 2015

Disclosures
The authors report no conflict of interest concerning the materi-
als or methods used in this study or the findings specified in this 
paper.

author contributions
Conception and design: Pacione, Tanweer, Harter. Acquisition 
of data: Pacione, Berman, Harter. Analysis and interpretation 
of data: Pacione, Tanweer, Harter. Drafting the article: Pacione, 
Harter. Critically revising the article: Pacione, Tanweer, Harter. 
Reviewed submitted version of manuscript: all authors. Approved 
the final version of the manuscript on behalf of all authors: 
Pacione. Administrative/technical/material support: Berman.

correspondence
Donato Pacione, Department of Neurosurgery, New York Uni-
versity Langone Medical Center, 530 1st Ave., Skirball Ste. 8R, 
New York, NY 10016. email: paciod02@nyumc.org.

Unauthenticated | Downloaded 05/23/23 11:20 PM UTC


