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Abstract

Purpose Image-based navigational patient-specific tem-
plates (PSTs) for pedicle screw (PS) placement have been
described. With recent advances in three-dimensional
computer-aided designs and additive manufacturing tech-
nology, various PST designs have been reported, although
the template designs were not optimized. We have devel-
oped a novel PST design that reduces the contact area
without sacrificing stability. It avoids susceptibility to in-
tervening soft tissue, template geometric inaccuracy, and
difficulty during template fitting.

Methods Fourteen candidate locations on the posterior
aspect of the vertebra were evaluated. Among them, loca-
tions that had high reproducibility on computed tomography
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(CT) images and facilitated accurate PS placement were
selected for the final PST design. An additive manufacturing
machine (EOSINT M270) fabricated the PSTs using com-
mercially pure titanium powder. For the clinical study, 36
scoliosis patients and 4 patients with ossification of the
posterior longitudinal ligament (OPLL) were treated with
thoracic PSs using our newly developed PSTs. We intraop-
eratively and postoperatively evaluated the accuracy of the
PS hole created by the PST.

Results Based on the segmentation reproducibility and
stability analyses, we selected seven small, round contact
points for our PST: bilateral superior and inferior points on
the transverse process base, bilateral inferior points on the
laminar, and a superior point on the spinous process.
Clinically, the success rates of PS placement using this PST
design were 98.6 % (414/420) for scoliosis patients and
100 % (46/46) for OPLL patients.

Conclusion This study provides a useful design concept
for the development and introduction of patient-specific
navigational templates for placing PSs.

Keywords Pedicle screw - Surgery - Patient-specific
template - Surgical guide - Rapid prototyping - Additive
manufacturing - Titanium

Introduction

The accuracy of pedicle screw (PS) placement is essential
for successful spinal reconstructive surgery. Authors of
several previous studies have described the use of patient-
specific image-based navigational templates (PSTs) for PS
placement [1-12]. These templates were designed based on
bone morphology reconstructed by preoperative computed
tomographic (CT) images and were expected to fit into a
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unique position on the individual’s bone. They possess
holes to guide the drill or the pedicle probe to make holes
for pedicle screw placement according to the preplanned
orientation. The ability to customize the placement of each
screw based on the unique shape of each vertebra is an
attractive concept.

The concept of the PST is not new. It was originally
reported during the 1990s by Radermacher et al. [9]. They
reported PSTs made of polycarbonate using milling machi-
nes for lumbar spine, hip, and knee surgery [8, 9]. Clinical
application of PST, however, came into more popular use
only recently after advances in computer technology and
manufacturing methods. Additive manufacturing tech-
niques—such as selective laser sintering, melting, and
stereolithography—are appropriate for PST because of their
ability to reproduce complex designs [3-7, 10, 11].

Although promising results have been reported [3, 5, 6,
10], PST still has some sources of potential error that
preclude proper fit of the template on the bone. One of
them is soft tissue intervention between the template and
bone. This problem must be addressed by meticulous
preparation for fitting the template on the surface of the
bone. Another potential source of error is an inaccurately
fabricated template that may be caused by inaccurate
recognition of the bony construct on the CT image because
of its low image quality or by a manufacturing error when
fabricating the template. Accurate recognition of the bony
construct may be difficult when the bone density is low,
metallic implants are present causing artifacts, or the re-
producibility of the targeted landmark is poor.

With the exception of manufacturing errors, a refined
design of the template may be able to prevent those prob-
lems from arising. A template with reduced contact surface
can avoid excessive soft tissue dissection. We could address
problems associated with poor image quality by ensuring
that only a reliable bony surface with high reproducibility on
CT images is selected as the contact area. However, these
approaches involve the risk of the template losing stability
on the bone. Consequently, the location and size of the
contact surface of the template is open to discussion. The
current study was conducted to optimize the navigational
template design and establish a design concept that ensures
safe, accurate thoracic PS placement.

Materials and methods

Analyses for creating the template design

Candidate locations of the contact points for the template

Fourteen candidate locations of the contact points on the
posterior aspect of the vertebra were selected. They were

bilateral sites at the top of the transverse process (TPT),
bilateral sites on the superior base of the transverse process
(TBS), bilateral sites on the inferior base of the transverse
process (TBI), bilateral sites on the superior part of the
lamina (LS), bilateral sites on the inferior part of the lamina
(LI), bilateral sites on the medial part of the lamina (LM), a
site at the top of the spinous process (SPS), and a site on
the spinous process superior (SPS). Each candidate round
contact point (6 mm diameter) was placed on each candi-
date location, and its segmentation reproducibility on the
CT image was evaluated (Fig. 1a).

Reproducibility analysis of bony segmentation

As the first step, we analyzed CT image reproducibility for
the process of segmentation between bone and soft tissue.
For this purpose, thin-section CT scans (1-mm slice
thickness, 0.21-0.27 mm in-plane resolution) were ob-
tained from four female spinal surgery patients including
two with adolescent idiopathic scoliosis (AIS), one with
thoracic ossification of the posterior longitudinal ligament
(OPLL), and one with degenerative scoliosis. The CT im-
age data were then transferred to image-processing soft-
ware (VGStudio MAX 2.2; Volume Graphics, Heidelberg,
Germany) and were used to reconstruct a three-dimen-
sional (3D) model of the bony structures. This software
facilitates segmentation at each CT value (in Hounsfield
units, HU), 3D volume reconstruction, and 3D structural
wall thickness analysis.

For the preliminary analysis for segmentation, the op-
timal threshold value was always 100-350 HU. Thus, we
defined the segmented surface at threshold values of 100
and 350 HU (recorded as 100-HU surface and 350-HU
surface, respectively). Visually, an ideal bony segmenta-
tion surface (Ideal surface) always existed between the
100-HU surface and the 350-HU surface in all four patients
(Fig. 2a—c). Therefore, when the 3D bone model is re-
constructed by the segmentation process at a threshold
value of 100-350 HU, the geometric error of the 3D bone
model is less than the distance between the 350-HU surface
and the 100-HU surface. Based on this theory, the distance
between the 100-HU surface and 350-HU surface was
measured using the wall thickness analysis function of
VGStudio MAX 2.2. The two-dimensional and three-di-
mensional views were colored with respect to each distance
(Fig. 2d, e). To search locations with high segmentation
reproducibility, we calculated the distance of each candi-
date point on all thoracic vertebrae of each patient, which
were expressed as the mean + standard deviation. The data
were analyzed by one-way analysis of variance followed
by the Tukey—Kramer multiple-comparison post hoc tests.
A value of p < 0.05 was considered to indicate significance
(JMPS8; SAS Institute, Cary, NC, USA).
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Fig. 1 Selection of contact points for a patient-specific template
(PST). a Initial candidate contact locations on the posterior aspect of
the thoracic vertebra. b After segmentation reproducibility analysis,
TPTs and SPT were excluded from the contact points. We then
excluded the LS and LM contact points (red) because they were
inside the polygonal area (outlined by the green line) surrounded by

Fig. 2 Segmentation reproducibility analysis. 100-HU surface is the
segmentation surface at a threshold value of 100 HU (blue lines in a,
¢). 350-HU surface is that at a threshold value of 350 HU (green lines
in b, ¢). An ideal surface is a visually ideal segmentation surface
(yellow line in c). Ideal surface always exists inside the 100-HU
surface and outside the 350-HU surface (c¢). In a two-dimensional
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other contact points and were thought to contribute little to stability.
TPT top of the transverse process, TBS base of the transverse process
superior, TBI base of the transverse process inferior, LS superior part
of the lamina, LI inferior part of the lamina, LM medial part of the
lamina, SPS spinous process superior, SPT top of the spinous process

view (d) and a three-dimensional view (e) of wall thickness analysis,
each location where the distance between 100-HU surface and
350-HU surface is more than 1.5 mm is shown in red. The red
locations, such as the transverse processes and spinous processes, are
at high risk for low segmentation reproducibility (e)
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Reducing contacting points while securing PST stability

As a result of the segmentation analysis, several candi-
date points were excluded because of low segmentation
reproducibility. To reduce the number of contacting
points as much as possible, we excluded the candidate
points that contributed less than others to the stability of
the template (Fig. 1b). At the end of this process, we had
identified the seven most advantageous contact points for
the PST.

Designing the PST

The CT data were transferred to image-processing software
(VG Studio) and were used to reconstruct a 3D model of
the bone shape and define PS trajectories in the multiplanar
reconstruction view. We identified an axial plane for each
vertebra that had the most robust view of the both pedicles.
On this axial plane, PS trajectories were defined and re-
constructed into 3D images (Fig. 3a). Next, we recon-
structed the 3D vertebral shape via a segmentation process

Fig. 3 Design methods, fabricated PSTs, and special instruments for
surgery. a Pedicle screw (PS) trajectories were defined on the axial
plane of each vertebra. b Three-dimensional data of the bone shape
and PS trajectories were transferred to the three-dimensional
computer-assisted design software. ¢ Straight tubes with a hole to
guide the drill or the pedicle probe were defined according to the
direction of the PS trajectories. Seven contact points were also defined
on the posterior aspect of the referred vertebra. Note that the contact
point on the spinous process is small so as to reduce the risk of

morphological error. d Two guide tubes and contact points were then
connected with curved supports. Each guide was numbered according
to its level to avoid wrong-site use. e Fabricated PSTs and the bone
model. PSTs were made of titanium metal, and the bony model was
made of gypsum. In this case, PSTs were fabricated for the vertebrae
from T1 to L3. Each rib end is connected by supports in the bone
model. f-h Photographs of a specially designed cylindrical chisel (f,
h) and pedicle probe (g, i)
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for which the optimal threshold value was selected by vi-
sual inspection. The 3D data of the bony shape and PS
trajectories were then converted into a stereolithography
(STL) format file and transferred to 3D computer-assisted
design (3D-CAD) software (FreeForm; SensAble Tech-
nologies, Woburn, MA, USA) to obtain the template design
(Fig. 3b).

Each PST had two straight tubes with a tunnel parallel to
the tube that guided a pedicle probe or a drill. The direction
of the tunnel was determined based on the CT image of the
targeted pedicle so the PS could gain purchase in the bone
efficiently without perforation. The seven small, round
contact points (4 mm diameter for SPS and 6 mm diameter
for the others) were also determined on the posterior aspect
of the referred vertebra. The two guide tubes and seven
contact points were then connected with curved supports
(Fig. 3c, d). Each PST was numbered according to its level
to avoid wrong-site use (Fig. 3d, e). Finally, the STL for-
mat files of the PST were transferred to the selective laser-
melting (SLM) machine (EOSINT M270; Electro Optical
Systems GmbH, Krailling, Germany). Nominal dimen-
sional accuracy of this additive manufacturing machine is
under 200 pum.

Fabrication of the PST and bony models

PSTs were fabricated by an SLM method (EOSINT M270)
using commercially pure titanium powder [13]. After the
slice data were obtained from the STL data, titanium powder
(grade 2, particle size <45 pm; Osaka Titanium Technolo-
gies, Amagasaki, Japan) was melted using an ytterbium fiber
laser beam in an argon gas atmosphere. A selected slice of
the product was then solidified. The top of the previously
melted surface was recoated with a layer of titanium powder
(thickness 45 pm). Subsequently, selective irradiation was
again carried out using the laser beam. These steps were
repeated until the final geometry was achieved. Bony
models were then made using a gypsum-based 3D printer
(ZPrinter 450; Z Corporation, Burlington, MA, USA).

We confirmed that each titanium template on the plaster
model was designed with adequate adaptation, stability,
and proper PS guide hole direction (Fig. 3e). Each template
was sterilized in an autoclave and then used for making PS
holes during surgery.

Clinical evaluation of the accuracy of PS placement

The clinical study was performed based on the principles of
the Declaration of Helsinki and good clinical practice. The
study was registered on the University Hospital Medical
Information =~ Network  Clinical  Trials  Registry
(UMIN000004618). In accordance with protocols approved
by the Institutional Ethics Committee, written informed
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consent was obtained from all patients. When the patient
was younger than 20 years old, written informed consent
was obtained from the patient’s parents.

The 40 patients who were treated with thoracic PSs
using our newly developed PST between July 2010 and
August 2013 were included in this study. Revision cases
were excluded. There were 36 patients with scoliosis
(Lenke type 1, 19 cases; type 2, 6 cases; type 3, 7 cases;
type 4, 1 case; type S, 1 case, type 6, 2 cases) and four
patients with OPLL. Except for two patients with Marfan
syndrome, the etiology of the scoliosis patients was
idiopathic.

The scoliosis group included 6 male and 30 female patients
with a mean age of 15.0 & 1.9 years (range 11-19 years) at
the time of surgery. The mean Cobb angle of the main curve
was 66.6° £+ 13.5° (range 43-110°). All four OPLL patients
were women with a mean age of 55.3 £ 16.5 years (range
43-77 years) at the time of surgery.

During the surgery, the spinous process, lateral margin
of the transverse process, and lamina were exposed, and the
paravertebral muscle was retracted laterally. The template
was then press fitted to the surface of the lamina and held
by the surgical assistant. The entry hole was made using a
specially designed cylindrical chisel (Fig. 3f, h). A straight
pedicle probe (diameter 3 mm) was then used to make the
screw hole (Fig. 3g, i).

The accuracy of the PS hole created using the PST was
evaluated intraoperatively and postoperatively. The intra-
operative evaluation was performed using the commonly
applied image guidance techniques (e.g., CT-based
navigation or intraoperative fluoroscopy) and manual pal-
pation with a small ball-tip probe. When the pedicle wall
perforation was recognized using these methods, the PS
hole was recorded as a “failure.” When a PS hole was
regarded as a failure intraoperatively, we had two surgical
options for this pedicle, according to the surgeon’s pref-
erence. One was to create another screw hole using a
common method, thereby continuing screw placement. The
other was to cancel the screw placement. Postoperatively,
CT scans at the PS insertion levels were obtained from all
patients. The slices were accessed regarding the presence
of PS perforation. When a perforation was found, it was
evaluated according to Neo’s classification [14] (grade O:
no perforation; grade 1: perforation <2 mm; grade 2: per-
foration >2 mm but <4 mm; grade 3: perforation >4 mm).

Results
Reproducibility analysis of bony segmentation

The results of the reproducibility analysis are shown in
Fig. 4. When the threshold value of the segmentation was
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Fig. 4 Results of segmentation reproducibility analysis. Error bar
means standard deviation. In all patients, TPT had statistically higher
values than those at other locations (asterisk). SPT in two patients
with adolescent idiopathic scoliosis (AIS1 and AIS2) and a posterior
longitudinal ligament (OPLL) showed statistically higher values than
those at other locations except TPT (double asterisk). SPS in AIS2

changed from 100 to 350 HU, the morphologic changes
amounted to about 2 mm at the top of transverse process
(TPT) and less than 1 mm at the base of the transverse
process (TBS, TBI) and the lamina (LS, LI, LM) in all four
cases. These results indicate that TPT is not suitable as a
contact point. There was a tendency to have greater mor-
phologic changes in the spinous process (SPS, SPT) than in
the other candidate locations, except TPT. There was less
morphologic change in the superior part (SPS) of the spi-
nous process than in the top part (SPT). Considering these
limitations, we adopted the SPS as a smaller contact point.

Reducing the number of contact points
while securing PST stability

As shown in Fig. 2, LS and LM were deleted from the
original contact points because they were inside the poly-
gonal area surrounded by other contact points and thus
considered to contribute little to stability of the PST. We
finally selected only seven contact points (bilateral TBSs,
bilateral TBIs, bilateral LIs, SPS) for the final PST design,
as shown in Fig. 3.

Clinical study

During surgery, positioning the PST manually was easy,
with a proper fit for the PSs. We were able to place the PSs

showed a statistically larger value than those at other locations except
TPT and SPT (triple asterisk). SPT in patients with degenerative
lumbar scoliosis (DLS) showed statistically higher values than those
at other locations except TPT and SPS (four asterisks). See Fig. 1 for
definitions of other abbreviations

with confidence. No intraoperative vascular or neurologic
injuries occurred during PS placement. There were also no
postoperative complications (e.g., infection).

A total of 420 PS holes were created using PST in 36
scoliosis patients. Among them, five pedicle wall perfora-
tions were recognized intraoperatively and were recorded
as “failures.” In all, 415 PSs were placed in the scoliosis
patients using PST. The PS placements were classified
postoperatively as grade 0 in 408 (98.4 %), grade 1 in 6
(1.4 %), and grade 2 in 1 (0.2 %). There were no grade 3
PS placements. No failures were recognized intraop-
eratively for the 46 PS holes created in the four OPLL
patients, and all of the 46 PS placements were classified as
grade O postoperatively (Fig. 5).

As aresult, 414 PSs for 36 scoliosis patients were placed
successfully (i.e., grade O or grade 1 in the postoperative
CT evaluation) in the 420 holes created using PST. Also,
all PSs were placed successfully in the 46 holes created for
four OPLL patients (success rates were 98.6 and 100 %,
respectively).

Discussion
We developed a new PST design concept for pedicle screw

placement. The point of our concept is that this PST has
reduced the contact area on the bone without sacrificing
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Fig. 5 PS planning before
surgery (fop row) and
postoperative CT evaluation
(bottom row). Among 415 PSs
placed using PST in scoliosis
patients, 408 (98.4 %) were
classified as grade 0, 6 (1.4 %)
as grade 1, and 1 (0.2 %) as
grade 2 (arrow). All 46 PSs in
the OPLL patients were
classified as grade 0

stability of the template. With the recent advances in 3D
image acquisition, 3D-CAD, and additive manufacturing
technology, PSTs of various designs have been reported
[1-11]. The template designs, however, were not fully
optimized and many had a large contact area on the bone
surface [2, 3, 5-10]. Template designs with a large contact
area appear to increase the template’s stability on the bone,
although it might be more arduous to fit it completely to the
local anatomy. It is also susceptible to intervening soft
tissue and geometric inaccuracy. In addition, templates
with a larger contact area are sometimes more difficult to
handle during the fitting step. Hence, in this study, we
decided to use only certain reliable points that have high
reproducibility on CT images and facilitate accurate PS
placement.

During segmentation, the morphologic reproducibility
of the spinous process (SPS and SPT) and TPT was infe-
rior. Furthermore, a PST with a contact point on the TPT
would be too large for easy handling during surgery.
Therefore, we deleted the TPT from the contact points. The
spinous process was employed as a contact point because
of its large contribution to the stability of the PST, easy
exposure of the anatomy, and relatively high morphologic
reproducibility of its superior part (SPS). We took care to
place a contact point on the SPS and placed a smaller one
(4 mm diameter compared with 6 mm for the others) on
the point where the segmentation was carried out correctly.

PSTs with a small contacting area have also been re-
ported [1, 4, 11]. Although these reports were on mainly
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preliminary studies, their PSTs also have the potential to
reduce the problems of intervening soft tissue and poor
image quality. Goffin et al. [11] developed a PST with
knife-edge support for posterior transarticular fixation
(Magerl screw) and reported a small clinical case series of
two patients. Berry et al. [1] reported a cadaver study of
their PST with small contact points or knife-edge support.
However, the failure rate of their PST for thoracic PS was
reported to be up to 44 %. The reason of their low ac-
curacy was mainly poor stability. They proposed to im-
prove the design by additional supports. However, few
screws were used in the improved design (two screws for
thoracic surgery and four screws for cervical surgery) [1].
In this study, we created 466 screw holes in clinical pa-
tients using our PST, with successful pedicle screw
placement rates for scoliosis and OPLL patients at 98.6 %
(414/420) and 100 % (46/46), respectively. These rates
are extremely high in comparison with those for other
techniques, such as free-hand technique (85 %) or even a
navigated technique (94 %) [15], validating the superi-
ority of our PST.

The materials to be used also merit discussion. In con-
trast to our titanium PST, all previously reported PSTs
were constructed of nonmetallic materials [2—10]. These
materials are generally additive-manufacturing material
approved by the United States Pharmacopeia (USP) for use
in the human body for 24 h (USP level VI). Examples are
polyamide (Duraform® polyamide) [1] and acrylate resin
(Stereocol®) [8]. When we consider the possible residual
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material that accumulates during drilling or probing,
however, titanium metal, which is approved for permanent
implantation, may be safer than USP level VI materials.
Additionally, titanium metal is stiffer and more stable than
the above-mentioned materials, thereby facilitating PS in-
sertion in the intended direction. Thus, titanium metal
seems to be one of the best materials for PST, although
other low-cost materials, such as stainless steel and non-
metallic USP level VI materials are less expensive than
titanium metal. The cost for 10 PSTs for 20 pedicles in one
patient is $1000 USD when they are made of titanium
metal versus $200 USD when made of polyamide. These
low-cost materials will be ready for use in our PST in the
near future.

Our PST has a wide range of applications. Not only can
the designed PST be used for thoracic PSs, as in this study, a
variation of it can be used for lumbar (Fig. 3e) and cervical
PSs by simply selecting the optimal contact points. This
technique would be most suited for patients with compli-
cated anatomy, such as atlanto-axial fixation or congenital
scoliosis. We can also apply this technology to various
orthopedic procedures. For example, for hip surgery, we
have developed a guide for curved periacetabular osteotomy
by selecting contact points for this limited surgical field [16].
In addition, we believe that our method has the potential to
overcome low-quality CT images in patients with osteo-
porosis or in those undergoing revision surgery with previ-
ous metallic implantation by carefully selecting adequate
contact points at the locations where image quality is
relatively reliable. We did not have such cases in the present
study, so clinical validation is necessary.

One of the limitations of this technology is that it re-
quires extra time, labor, and cost for preparation. It takes
about 2-3 h to design 10-15 PSTs for a single scoliosis
patient, 1 day for manufacturing, and 1 day for cleaning
and sterilizing the manufactured PSTs. In the future, ad-
vances in computer technology and manufacturing meth-
ods are expected to reduce the preparatory time, labor, and
cost. In addition, because the use of CT is mandatory for
this technique, its application should be carefully evaluated
in terms of invasiveness, as well as cost-effectiveness.

In conclusion, for the PST for thoracic PSs, seven small,
round contact points were selected on each lamina. The
points were chosen to reduce the contact area without sac-
rificing accuracy and provide a high success rate for placing
PSs without perforation (98.6 % success rate in scoliosis
patients and 100 % in those with OPLL). Unlike conven-
tional PSTs, a large contact surface was not necessary. This
study provides a useful design concept for the development
and introduction of patient-specific navigational templates
for placing PSs and for other orthopedic surgery.

Conflict of interest None.
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