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Abstract

Purpose The goal of this study is to evaluate the accuracy

of patient-specific CT-based rapid prototype drill templates

for C2 translaminar screw insertion.

Methods Volumetric CT scanning was performed in 32

cadaveric cervical spines. Using computer software, the

authors constructed drill templates that fit onto the pos-

terior surface of the C2 vertebrae with drill guides to match

the slope of the patient’s lamina. Thirty-two physical

templates were created from the computer models using a

rapid prototyping machine. The drill templates were used

to guide drilling of the lamina and post-operative CT

images were obtained. The entry point and direction of the

planned and inserted screws were measured and compared.

Results Sixty-four C2 translaminar screws were placed

without violating the cortical bone of a single lamina. The

bilateral average transverse angle of intended and actual

screw for C2TLS was 56.60 ± 2.22�, 56.38 ± 2.51�,

56.65 ± 2.24�, 56.39 ± 2.45�. The bilateral mean coronal

angle of the planned and actual screw for C2TLS was 0�,

0�, -0.07 ± 0.32�, 0.12 ± 0.57�. The average displace-

ment of the entry point of the superior and inferior C2TLS

in the x, y, z axis was 0.27 ± 0.85, 0.49 ± 1.46,

-0.28 ± 0.69, 0.43 ± 0.88, 0.38 ± 1.51, 0.23 ± 0.64 mm.

Conclusion The small deviations seen are likely due to

human error in the form of small variations in the surgical

technique and use of software to design the prototype. This

technology improves the safety profile of this fixation

technique and should be further studied in clinical

applications.

Keywords Rapid prototyping � Post–pre

registration � Personalized drill template �
Computer-assisted � C2 translaminar screws

Introduction

Various fixation techniques have been described for upper

cervical spine instability [1–3]. C1 lateral mass with C2

pedicle or pars screws (Goel et al. [5, 6] and Harms et al.

[7]) and C1/C2 transarticular screws (Magerl et al. [8]) are

popular options to obtain solid fusion of atlantoaxial ver-

tebrae [4]. Unfortunately, variations in anatomy preclude

safe placement of these screw constructs in up to 20 % of

patients [10]. Another option is the C2 crossing-lamina

screw, reported by Leonard and Wright [11–13]. This

technique removes the risk of vertebral artery injury by

screw perforation but demand accurate placement due to

the relative location of the spinal cord just ventral to the

screw tract. The C2TLS has been proven to be biome-

chanically stable [17] and has been successfully used in

many clinical cases [14–16]. However, the study by Ma

et al. [14] revealed a high rate of misplaced screws with 10

cortical breaches in their study of 68 translaminar screws.

C2 translaminar screw insertion via rapid prototyping drill

template (RPDT) has been introduced as a relatively simple
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and effective way to improve the accuracy of screw

placement [18]. This article evaluates the accuracy of

RPDT-C2TLS placement as well as possible reasons for

the small deviations observed.

Materials and methods

Specimens

Thirty-two formalin-fixed cervical cadaver spines (C1–

C7), including 17 male and 15 female, were obtained with

permission from the Department of Anatomy at the Uni-

versity of Ningbo. The average age was 49.5 years, with a

range of 25–65 years. Specimens were imaged with volu-

metric CT scanning (Philips Brilliance 64 CT, Philips

Medical Systems, Netherland) with 0.625-mm slice thick-

ness to exclude any deformity and images were stored in

digital imaging and communications in medicine (DICOM)

format. A refrigerator (SANYO, Japan) was used to keep

the cervical specimens with preserved soft tissue at

-20 �C. On the day before the experiment, the specimen

was removed from the refrigerator and exposed to room

temperature for thawing.

Construction of drill templates

The volumetric data stored in DICOM format were

imported to the MIMICS 10.01 (Materialise, Belgium) to

create a 3D reconstruction model of the cervical vertebrae.

A 3.5 mm diameter cylinder was created rather than a

screw with threads to allow direct visualization of any

potential breach of the C2 laminar cortical bone in both the

2D and 3D reconstructions. Both the 3D cervical model

and cylinders were transferred in stereo lithography (STL)

format to a reverse engineer software [UG imageware 12.0

(EDS, US)]. This software allowed for final determination

of optimal screw entry point, angulation, diameter and

depth.

The RPDT is designed to closely approximate the pos-

terior surface of the C2 lamina and spinous process in a

lock-and-key type design. The substrate of the template

that interfaces with the C2 bone has a thickness of 2.5 mm

to ensure adequate strength for drilling. The drilling guides

are directed towards the center of the bilateral lamina and

are 15 mm in length with a hollow cylinder with an inner

and outer diameter of 2.7 and 5.7 mm, respectively. The

template was completed by perforating the drilling guide of

the template through the Boolean operation (Fig. 1). The

3D models of template were then converted into a physical

template which is produced in acrylate resin (Somos

14120, DSM Desotech Inc) using stereolithography—a

rapid prototyping technique (Hen Tong company, China).

Insertion technique

After overnight thawing, the specimens were secured in a

prone position for screw insertion. The spinous process,

lamina and lateral mass of C2 were cleared of soft tissue to

ensure an excellent fit of the template. The first lamina was

drilled through the orienting tube of the template using a

high speed 2.7 mm drill. The first drill was left in place to

provide further stability during drilling of the second

lamina. Each lamina was drilled to a safe depth as deter-

mined from the pre-operative imaging studies. The drills

and template were then removed and 3.5 mm diameter

screws of the appropriate length were placed in the previ-

ously drilled lamina (Fig. 2).

Assessment of drill template accuracy

After drilling was completed using the RPDT, post-oper-

ative CT scans were obtained (Fig. 3). The volumetric data

was stored in DICOM format and was imported to the

MIMICS 10.01 (Materialise, Belgium) to calculate a 3D

reconstruction of the cervical vertebrae and screw. Both the

pre- and post-operative imaging of the cervical vertebrae

were transferred in STL format to Geomagic Studio 9

Fig. 1 The 3D model of C2TLS drill template. The template on a vertebra (a), the dorsal aspect of the template (b), the ventral aspect of the

template (c)
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(Geomagic, US). Four anatomic points were selected for

both the pre- and post-operative imaging to ensure that the

images were appropriately calibrated (Fig. 4a–c). The 3D

model of C2 vertebrae allowed direct visualization of the

screw and cylinder in the pre-operative space, and mea-

surement of the transverse and coronal angle of cylinder

and screw (Fig. 5a–c).

To evaluate the 3D images appropriately, a coordinate

axis was created. In the coronal plane, the line connecting

the lowest point of the outer edge of the superior articu-

lating process is the x-axis. The y-axis is defined as per-

pendicular to the x-axis with the intersection at the origin

‘‘o’’. The z-axis passes through the ‘‘o’’ is perpendicular to

both the x-axis and y-axis (Fig. 5d–f). This system allows

measurement of the differences between the intended and

the actual screw placement in the x, y, z axis (Dx, Dy, Dz)

(Fig. 4d–f).

Data analysis

SPSS� 13.0 for windows (SPSS, Inc.) was used for sta-

tistical analysis with a paired t test to determine the sta-

tistical significance. Statistical significant was defined as

P \ 0.05.

Results

In total, 64 screws were placed using the RPDT without

violation of a single laminar cortex. The average transverse

angle of cylinder and screw for C2TLS is 56.60 ± 2.22�,

56.38 ± 2.51�, 56.65 ± 2.24�, 56.39 ± 2.45�. The bilat-

eral mean coronal angle of the planned and screw for

C2TLS is 0�, 0�, -0.07 ± 0.32�, 0.12 ± 0.57� (Table 1;

Fig. 6). The average variation of the entry point of superior

and inferior C2TLS in the x, y, z axis is 0.27 ± 0.85,

0.49 ± 1.46, -0.28 ± 0.69, 0.43 ± 0.88, 0.38 ± 1.51,

-0.23 ± 0.64 mm (Table 2; Fig. 7). There was no statis-

tically significant difference (P [ 0.05) in the entry point

or trajectory between the intended and actual translaminar

screws.

Discussion

It has been accepted that C2 translaminar screw fixation can

be used as an alternative technique for the treatment of

atlantoaxial instability caused by trauma, tumor, rheumatic

disease or other degenerative process [19]. However, there is

a risk of ventral lamina cortex breech and subsequent spinal

Fig. 2 The application of the drill template. The posterior surface of atlantoaxial vertebrae with soft tissue removed (a), dorsal aspect of

template (b), ventral aspect of template (c), the template on a vertebra (d), drill assisted by template (e), C2TLS fixed on C2 (f)

Fig. 3 Post-operative CT images. Axial cuts in the plane of the translaminar screws (a, b), sagittal (c) and coronal (d) images
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Fig. 4 Geomagic studio images to evaluate the spatial position

between pre- and post-operative images. The pre-operative image of

C2 (a) and the post-operative image of C2 (b) are combined to reveal

the spatial position between pre- and post-operative data (c). The

entry point of the cylinder for C2TLS was marked by a red spot (d),

the entry point of screw for C2TLS was marked by a yellow spot (e).

The measurement of entry point data from planned to post-operative

is shown (f)

Fig. 5 Computer reconstructions revealing the measurement of the

screw angles and the schematic diagram of the C2 space coordinates.

The planned transverse angle of the cylinder for C2TLS (a). The

planned transverse (b), and coronal (c) angles for placement of

C2TLS. The defined C2 space coordinates (d–f)
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cord injury when these screws are placed with a free-hand

technique [20]. The screws should be placed as dorsal as

possible [21, 22] but the C2 spinous process may limit the

transverse angle of the screw trajectory [23]. It is difficult to

visualize the relationship of a C2TLS and the spinal canal

with 2D fluoroscopy and thus 3D image-guidance

technology may have a role in screw placement [24–26].

This technology offers several advantages such as real-time

feedback of the screw trajectory in all three planes and

determination of appropriate lengths and diameters for

screws. Because of the limitations in this technology,

including both practical application and accuracy in the

clinical setting, other options to guide screw placement must

be studied. RPDT technology may allow precise and indi-

vidualized drilling and screw placement in the cervical spine

while reducing the risk of spinal cord injury.

Authors have designed different individual templates for

C2 level screw placement, including pedicle, translaminar

and Magerl screw placement [18, 27–30]. The keys to

successful template design include precise fit, stability

during drilling and practicality in the clinical setting. Lu

et al. [18] and Kawaguchi et al. [28] have designed tem-

plates for C2 screw placement. However, our bilateral

design has significantly more surface area to allow greater

stability during drilling. Further, using two drill bits during

the procedure, drilling of the second screw path is per-

formed with the template rigidly secured to the bone.

Table 1 Measurements of angle of pre- and post-operative C2TLS (mean ± SD, range)

Measurements STA

(mean ± SD, range)

ITA

(mean ± SD, range)

SCA

(mean ± SD, range)

ICA

(mean ± SD, range)

Cylinder (�) 56.60 ± 2.22, 53.69–61.44 56.38 ± 2.51, 51.99–61.02 0 0

Screw (�) 56.65 ± 2.24, 53.85–61.62 56.39 ± 2.45, 52.49–60.83 -0.07 ± 0.32, -1.09 to 0.32 0.12 ± 0.57, -0.38 to 2.11

P value 0.228 0.942 0.407 0.39

C2TLS C2 translaminar screw, STA superior transverse angle, ITA inferior transverse angle, SCA superior coronal angle, ICA inferior coronal

angle

Fig. 6 Graph comparing the

planned (cylinder) and actual

(screw) angles of the

translaminar screws revealing

remarkable precision of screw

placement

Table 2 Measurements of entry points deviation between pre- and post-operative C2TLS (mean ± SD, range)

Measurements Dx (mean ± SD, range) Dy (mean ± SD, range) Dz (mean ± SD, range)

Superior (mm) 0.27 ± 0.85, -1.02 to 1.51 0.49 ± 1.46, -1.89 to 2.41 -0.28 ± 0.69, -1.21 to 1.52

Inferior (mm) 0.43 ± 0.88, -0.63 to 1.78 0.38 ± 1.51, -2.43 to 2.38 -0.23 ± 0.64, -1.27 to 1.25

P value, superior 0.219 0.200 0.121

P value, inferior 0.069 0.331 0.172

C2TLS C2 translaminar screw

Fig. 7 Graph illustrating the minimal deviation observed in the entry

points of the translaminar screws in all three planes
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The objective of this study was to evaluate the accuracy

of C2TLS placement using our RPDT. The entry point and

screw channel were evaluated to ensure that screws were

placed completely within laminar bone. The screw tract

was approximated using 3.5 mm cylinders to allow direct

visualization in both the 2D and 3D models of any cortical

perforation of the screw tract.

Accurate screw placement using template technology

requires careful template construction and application.

The process from image transfer to final template pro-

duction required 2–3 days. The ventral surface of the

template must closely match the dorsal surface of the

lamina to allow precise drilling and screw placement. To

ensure an excellent fit, fine cut CT scan is necessary. To

facilitate accurate template production, the operator who

creates the 3D model must understand cervical anatomy

to ensure that the model is reasonable given the fact that

the format conversion between STL and DICOM can

result in data loss. During the procedure, care must be

taken to remove all soft tissues from the posterior spinal

elements to ensure excellent fit between the template and

the bone. The assistant must help stabilize the template by

resisting any posterior or superior forces and the surgeon

must carefully follow the direction of the drill guide and

proceed in short (1 mm) increments to ensure that the

drill remains in the lamina. This technique requires

meticulous preparation and denudation of the lamina and

spinous of C2 to ensure stability of the template. It is

worth noting that this is not possible with minimally

invasive techniques as a traditional exposure is required to

remove the soft tissue and allow proper template place-

ment. This may cause additional soft tissue trauma, but

this is likely much less morbid than a misplaced C2

translaminar screw.

Conclusion

Translaminar screw placement using a RPDT is technically

feasible and results in accurate and precise screw place-

ment. This patient-specific technology can likely improve

the safety profile of this fixation method and should be

further studied in clinical applications.

Conflict of interest None.
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