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Abstract

Background: Several methods including free-hand technique, fluoroscopic guidance,
image-guided navigation, computer-assisted surgery system, robotic platform and
patient’s specific templates are being used for pedicle screw placement. These meth-
ods have screw misplacements and are not always easy to be applied. Furthermore,

it is necessary to expose completely a large portions of the spine in order to access fit
entirely around the vertebrae.

Methods: In this study, a multi-level patient’s specific template with medium inva-
siveness was proposed for pedicle screw placement in the scoliosis surgery. It helps to
solve the problems related to the soft tissues removal. After a computer tomography
(CT) scan of the spine, the templates were designed based on surgical considera-
tions. Each template was manufactured using three-dimensional printing technology
under a semi-flexible post processing. The templates were placed on vertebras at four
points—at the base of the superior-inferior articular processes on both left-right sides.
This helps to obtain less invasive and more accurate procedure as well as true-stable
and easy placement in a unique position. The accuracy of screw positions was con-
firmed by CT scan after screw placement.

Results: The result showed the correct alignment in pedicle screw placement. In
addition, the template has been initially tested on a metal wire series Moulage (height
70 cm and material is PVC). The results demonstrated that it could be possible to
implement it on a real patient.

Conclusions: The proposed template significantly reduced screw misplacements,
increased stability, and decreased the sliding & the intervention invasiveness.

Keywords: Multi-level, Template, Spine, Surgery

Background
The pedicle screw placement in scoliosis of the lumbar and thoracic spine has been
extensively used in the surgical community [1]. The Pedicle screw fixation is used in
spinal fusion surgery to fuse vertebrae together securely in a fixed position [2]. These
devices provide stability and secure the spine after surgery and keep bone grafts in posi-
tion during the spine recovery [3].

Correct placement of pedicle screws, in the lumbar and thoracic spine, needs to have
a well 3D sensation and perception of the pedicle morphology for accurate identification

© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdo-
main/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12938-017-0421-0&domain=pdf

Azimifar et al. BioMed Eng OnlLine (2017) 16:130 Page 2 of 15

of the ideal screw axis [4, 5]. It has been a problem, due to variations in anatomical
shapes, dimension and orientation, which can cause the inefficiencies of treatment or
severe injury to neurological structure [6, 7].

At the present time, the pedicle screw placements are applied by free-hand technique
[8-13] or be performed under fluoroscopic guidance [14—19]. Other methods have also
been conducted on a limited basis, such as image-guided navigation [20-25], computer-
assisted surgery system [26—28], robotic platform [1, 29-32] and patient’s specific tem-
plates [33-45].

Free-hand procedure usage avoids any complexity but has error in rang 10-40%
[46-48]. Image-guided navigation method reduces screw placement errors [49-52]
but requires correct positioning and orientation of the drill to keep stability, which is
not always easy to do. Furthermore, this technique is expensive and is used by a limited
number of surgeons, due to the difficult challenges.

The robotic platform effectively reduces screw misplacement [53, 54] but it may not
be a practical technique for small hospitals, which perform a limited number of spine
fixation, due to the high cost and a long term learning process. According to studies con-
ducted by Ludwig et al. [55], 18% of the pedicles of human cadaveric cervical spines,
which were implanted with computer-assisted image-guided surgical system, had a criti-
cal violations.

Another different approach, which is cheaper with less complexity, could be the use
of patient’s specific templates [56]. These templates are very similar to dental implants
surgical-guides which help to guide the drill in right direction. Nevertheless, in most
designs, it is necessary to remove a huge region of the soft tissues and expose completely
a large portions of the spine in order to access fit entirely around the vertebrae [37, 41].

A comprehensive literature review has been performed on various aspects of Patient’s
specific templates. It is evident from the literature review that there is approximately
no report on the design of templates by considering three factors including stability,
medium invasiveness and easy verification, simultaneously. The outcome of our study
would be extremely useful as the technology charts for designing medium invasiveness
patient’s specific templates which are false-stable and not easily verifiable for pedicle
screw placement in the spine.

Methodology

A multi-slice 64 bit 3D CT scan (Somatom Definition, Siemens, Germany) was per-
formed on 12 scoliosis patients (8 females, 4 males, age 6—20 years) with 0.625 mm
slice thickness and 0.35 mm in-plane resolution. The subjects have been complied by
the World Medical Association Declaration of Helsinki regarding ethical conduct of
research involving human subjects. The images were stored in DCM format and ana-
lyzed in Mango (Multi-Image Analysis and Navigation GUI). Mimics Medical 17.0 soft-
ware (Materialise, Belgium) was used to generate a 3D reconstruction model. The 3D
vertebral model was exported in STL format for MiniMagics 3.0 software (Materialise,
Belgium) in order to evaluate file quality, detect bad edges, flipped triangles and multiple
shells, and make single point to point measurements (Fig. 1). The arc-shape part and the
hollow cylinders of templates were designed in a 3D CAD Design Software (Dassault
Systéemes, SOLIDWORKS Corp). As can be seen in Fig. 2, 3D modeling of templates and



Azimifar et al. BioMed Eng OnlLine (2017) 16:130 Page 3 of 15

70 150}

L) L I Y I } I
3 4 5 3 7 8 9 10 1 12

Fig. 1 Evaluation file quality, detection bad edges, flipped triangles and multiple shells and making single
point to point measurements performed by MiniMagics 3.0 software

modification of the anatomical data were performed by 3-matic Medical 9.0 software
(Materialise, Belgium). The process of templates design is shown in Fig. 3.

The important factor in template design is a stable fit on the bony structures. To obtain
the template stability and avoid sliding, it is necessary to expose completely a large por-
tions of the spine in order to access fit entirely around the vertebrae. It leads to increase

Fig. 2 3D modeling of the templates and modification of the anatomical data performed by 3-matic Medical
9.0 software
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intervention invasiveness. The presented design aims to establish a balance between
invasiveness and template stability noting to 4 points—at the base of the superior-infe-
rior articular processes on both left-right sides as the supporting points (Fig. 4). Because
of two main reasons, the spinous and transverse processes should not be used as the
supporting points:

1. The exact anatomical size of supra-spinous ligament, that covered the bone, is not
clear.

2. The use of transverse processes requires a larger bone exposure.

Image analyzing

3D reconstruction model generating

Evaluating, detecting and measuring

3D designing

3D modeling

& g y v e

Fig. 3 Templates design process

Fig. 4 Template perspective view. There are 4 points at the base of the superior-inferior articular processes
on both left-right sides that help to easy template alignment and simplify template correct positioning

s
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Failure to use these points causes instability. The result of this study can fix this defect
using designed multi-level template. Therefore the remaining required supporting points
have been considered on another spinal level at the base of the articular processes.

The use of multi-level designs is associated to a low accuracy level, due to the changes
between each vertebral bodies of the CT acquisition and the surgical table [42, 57, 58].
Since, the patient’s position during operating is prone, then the CT scan protocol has
also been performed on prone position in order to simulate equal facet joint relations
during the operating. This solution provide a good accuracy for multi-level templates.
Furthermore, the connections (bridges) between different levels of designed template
have been processed under a semi-flexible post processing (Fig. 5).

The design should guide the surgeon how to use the template. The application of the
current available templates can be difficult, due to a lack of easy verification of correct
or incorrect positioning. In this study, each template has been manufactured using 3D
printing technology and specifically fused deposition modelling (FDM), under a trans-
parent post processing, in order to achieve appropriate identification of correct posi-
tioning (Table 1).

FDM is a popular RP technology, widely used in industries, to build complex geomet-
rical functional parts in short time [59, 60]. FDM process includes applications ranging
from prototype to functional parts. Creation of CAD model, conversion of CAD model
into STL format, slicing of STL format into thin layers, construction of part in layer-by-
layer fashion and cleaning and finishing are the five simple steps used in FDM process to
manufacture a part. In Table 2, the 3D model and 3D printer parameters, related to the
production, are given:

In order to consider the strength of the designed template during surgery, the optimal
conditions in fabrication parameters of FDM machine have been obtained to improve

the strength of shafts. Two variables have remarkable impact on the fabricated product’s

Fig. 5 Semi-flexible bridges between different levels in multi-level templates. The semi-flexible bridges were
significantly reduced error rate, due to the changes in the relationship between each vertebral bodies




Page 6 of 15

Azimifar et al. BioMed Eng OnlLine (2017) 16:130

undYIa
yndYIa

Ase3

YndYIa
Aseq
Aseq
Aseq
Aseg

Aseg

Aseq
Aseq

91RISPON

SEIElelelN]

pooH

pooo

109}lod

pooS

10919d

109}19d

193434

103434

109}dod

199}J9d

109)19d

pooo

pooD

wnipapy
wnipapy

ubIH

wnipapy
UbiH
UbIH
ubIH
ubIH

YbiH

ybIH
ybIH

wnipapy

wnipap

s9ssad0.d

9SI9ASURIY OM] BY) UO e3Je 36pa

-9JlUy [[ews e pue ssadoid snouids
ay3 jo doy ay3 uo ease 10rIUOD SbUE| VY

s9ssa001d snouids pue
SSIDASURIY SRICDLISA B JO S3DBJNS 3Y3 U

eUILIE| 941 JO 3pIS 1ybU
pue 13| 3y pue ssadoid snoulds ay1 uQ

ssadoid snoulds
23 1y 01 poddns Jouaisod e snid
eUIWE| 941 JO 92BJNS JOLR150d 3yl UO

eujwe| pue ssa20id snouids ay3 uo

sassadoud
95I9ASURIY puUe snouids ‘eujwe| 3yl UQ

RIGRLIA
Jequin| 3y} Jo a2eyns Jou1sod ayy uQ

eulwe| pue ssad0id snouids ayy upQ

7D JO S9s5eW [RIS1E|
pue ‘eulwe| ‘ssadoid snoulds ayy uQ

$9s59201d 35I9ASURIY
pue ‘eujwe| ‘ssa0id snouids 3y uQ

sassa00id as1aAsUeI) pue snoulds
‘IejndnJe Jouadns ‘eulue] 9yl UQ

sassado.d
snoulds pue Jejndile ‘eujule| sy uQ

ssodoud snouids ayy Jo diy oy 1e

pue sopis yiog uo ssa20.d JenonJe ol

-adns ay3 Jo dseq ay3 1e eUILIE| Y} UD

dRIgSMAA Jequin| Yy 01 pug

SRICDUAA Jequun| Yy 01315 |

9RIQDLISA [BDIAIDD PUZ PUR IS |
EIIIeEIEIN

Jequin| pue J2eI0y} |BIAIDD)
EIIIeEMEIN

SIDRIOY3 IS | O3 [BDIAIDD pUZ

9RIQRLA [BIIAIDD Y19 01 Y1G
EIIeEMNEN

Jequin| Yig 01 d12eIoYL YiIZ |

9RIQaLI9A [BDIAISD Y1/ 01 pur

okI(oLIoA |BDINISD PUZ

okIgollaA DIDeIOYL Yl | O pug

okI(ga1JoA DIDRIOYL Yig | O11S|

dLIGILIA Jequun| pue dpeIoy |

oSkIgoLSA DDRIOYL Y1/ 0115 |

obpa-ajiuy

adeys-p

eUIWE| PUB S532
-0i4d snoulds 9y} JO 3SIaAU|

adeys-A
20B4INS

[BIG21I2A 31 JO 3SIaAU|
2084INS

[BIG1IDA 31 JO 3SIAAU|
2oe4Ins Jouaisod

|BIGS1IDA 31 JO ISIDAU|
9oe4INs Jouansod

|RIgRLISA 3] JO SSI9AU|
eUIWLIE| pUP

ssad0id snoulds 72 JO 9SIaAU|

s9s55920.d
3SI9ASURI) pUB ‘BUIUE|
‘snouids ay3 JO 3sIaAU|

90e4INS Jou3sod
|PIGRLISA 91 JO 95I9AU|

30BLINS 2UOQ Y}
4O ssauayI| Aeauswis|dwod

eulUe| 34} U0 20| pue 14

10R1UOD MO

10P1UOD MO

10PJUOD ||N4

15P1UOD MO

10e3U0D N4

10B3U0D N4

1083U0D N4

1083U0D N4

10PUOD ||N4

10e3U0D ||N4

1023002 |4

10R1UOD MO

10RIUOD MO

[S¥]
‘19 [9ssnIguen €l

[vv] |e1sepeiod L

[ev]leIBUYOD ||

[evl e Ausg ol
[yl eleoudhy 6
oyl e uaky 8

l6€lp1ONT ¢
[8€lpIONT 9

VASNCRENE S

[9¢] e M ¥
[Seleroen €

[rel le1oteusy ¢

[e€]e19duwol |

uonesyldp  AMjIqels ssauaAiseAu|

sjuiod Hunioddns sy jo uonedo

[EEY

adeys abp3 anbiuyds)y ubisag

103eblysanul S ‘ON

(wJoj JeInqge)) malaal ainjelaliq | djqel



Azimifar et al. BioMed Eng OnlLine (2017) 16:130 Page 7 of 15

Table 2 3D model and 3D printer parameters related to the production

3D model parameters 3D printer parameters

Profiles Valve Profiles Valve

Layer height 0.25 Nozzle size 04

Wall thickness 0.8 Print speed 30

Retraction enable True Print temperature 215

Solid layer thickness 1 Print bed temperature 45

Fill density 50 Support Everywhere
Layer thickness 0.06 Platform adhesion None

Fill angle 60 Support dual extrusion Second extruder

strength in the FDM machine. These two variables are Layer thickness and Fill angle
[61].

Therefore, before fabricating drill guide templates, different samples regarding vari-
ous conditions, mentioned in [61], were fabricated via FDM machine. Consequently, the
optimal parameters which can achieve maximum strength were specified. Note that the
values of 0.06 and 60 have been considered for layer thickness and fill angle respectively.

Regarding the considered values, the maximum (UTS) of each shaft is 38.67 MPa and
the diameter of each shaft has been considered 5 mm. Therefore, it is obvious that every
shaft can tolerate 75.8 N. Note that, 4 shafts were used for every drill guide template.

Moreover, based on information associated with force applied by surgeon on the drill
guide template during surgery, the applied force would be variable between 30 and 50 N.
Therefore, it could be concluded that the designed shafts would not be broken during
surgery.

In addition, the orientation of shafts has been designed to guarantee drill guide tem-
plate during surgery. Finally, the experimental condition demonstrated that the drill
guide template is stable during surgery and can tolerate surgeon force properly.

Results and discussion

As mentioned in the introduction section, using free-hand technique for pedicle screw
placement is followed by high risk of screws miss positioning [46—48]. Image-guided
navigation method is expensive and not always easy task to be performed [49-52]. The
robotic platform is not often used because of its high cost and difficulty in learning [53,
54].

Based on these studies, another different method, which is cheaper and easier, could
be the use of patient’s specific templates [56]. Application of this approach will be rec-
ommended if balancing is noted between invasiveness and template stability. It is evi-
dent from the literature review that there is approximately no report on the design of
templates by considering three factors including stability, medium invasiveness and easy
verification, simultaneously. In this study, the balance between these factors has been
achieved noting to 4 points—at the base of the superior-inferior articular processes on
both left-right sides as the supporting points. As shown in Fig. 6, the template was tested
on a 3D printed model. The result showed the correct alignment in pedicle screw place-
ment. In addition, the template has been initially tested on a metal wire series Moulage
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Fig. 6 The template was tested on an ex vivo test (3D printed model). The result showed the correct align-
ment in pedicle screw placement

(height 70 cm and material is PVC). The results demonstrated that it could be possible
to implement it on a real patient. A total of 12 multi-level templates were successfully
applied in vivo (Fig. 7). Templates were perfectly fixed on the articular processes surface
by small and thin-fitting areas without increasing intervention invasiveness.

As it mentioned, the spinous and transverse processes should not be used as the sup-
porting points, due to the problems related to the soft tissues removal. However, these
listed points have been mistakenly used in most studies. The supporting points on
another spinal level, at the designed multi-level template, has fixed this problem. The use
of designed template, in 12 scoliosis surgeries, helped to reduce the rate of screws mis-
placement, due to template stability. The post-operative CT evaluation showed that 103
screws (94%) were implanted accurately (Fig. 8).

Note that, 7 out of 103 screws, were implanted correctly but with less accurately
(between 1 and 2 mm). This error can be ignored using free-hand procedure that has
error in range 10—-40% [46—48]. Therefore, it could be claimed that the obtained results,
compared to previous studies, are acceptable. The errors are caused due to variations
in anatomical shapes, dimension, and orientation in scoliosis cases. In addition, manu-
facturing process by 3D printing has dimensional errors because of the shrinkage dur-
ing fabrication. Moreover, complex geometry, in the spine due to scoliosis, could lead to
make error during process.

The results of surgery, testing for 110 screws, are given in Tables 3 and 4, respectively.
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P

Fig. 7 12-year-old male with a 62° pre-operative curve [an in vivo trial]. Lumbar pedicle screw was inserted
using the template. The template fits the posterior part of the lumbar perfectly in the operation

The statistical analysis were performed using Minitab 17 statistical software. Descrip-
tive statistic were used to analyze the obtained data. The inaccuracy of screws were pre-
sented in percent, as mean value and standard deviation (SD). The learning curve for
the application of multi-level templates was estimated using Pearson correlation. The
analysis showed that the average final position of screws was less lateral and caudal than
predicted. The deviation measurements were revealed that the screws were directed less
medially and caudally in comparison to the predefined direction (Fig. 9).

Pearson correlation estimated that the smaller group of screws has a larger values of
screw displacement at the center of the pedicle (Fig. 10).

All the multilevel templates, manufactured until now, have been associated to a high
error rate due to the changes of vertebral bodies from the CT acquisition to the surgi-
cal table [42, 57, 58]. In this study, to provide a good accuracy for multi-level templates,
the CT scan of spine was performed on patients lying in prone position to simulate
equal facet joint relations during the operating. The bridges, between different levels of
designed template, have also been processed under a semi-flexible post processing in
order to achieve fit ideally on two or more vertebrae in vivo. This technique were signifi-
cantly reduced the problems related to the changes occurred in each vertebral body.

To achieve easy verification of correct positioning, templates has been processed
under a transparent post processing. During the in vivo trials, the surgeon found that
template alignment was easy, due to the transparency of templates. We have found two
previous research which have relatively similar results to us [62, 63]. Ferrari et al. [62]
designed patient-specific templates for pedicle spine screws placement but their method
has some limitations: the method is suitable only for single guide but ours used multi-
level guides which have much superiority to single ones regarding less invasiveness, less
surgery time, and less bone exposures. We also see that their proposed method sug-
gests to fit the guide on all main areas of vertebra including spinous processes, lamina,
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Fig. 8 The template was successful applied in vivo trials. The postoperative CT evaluation (performed after
each trial session) showed an error less than 1T mm in 94% of the cases and between 1-2 mm in 6% of the
cases

Table 3 Results of surgery testing for 110 screws

Number of screws %
Trajectory error < 1 mm 103 93.63
Trajectory error between 1and 1.5 mm 4 3.63
Trajectory error between 1.5 and 2 mm 3 272

and articular process. This leads to eliminate of considerable soft tissues. Our method
has used only anterior and posterior articular process symmetrically which prevents to
eliminate much soft tissues. These symmetrical areas could prevent the sliding of the
guides and neutralize its freedom degrees without elimination of lamina and spinous
soft tissues. Therefore, we think that our method is less invasive than Ferrari’s method.
The most important point is that Ferrari’s proposal is not suitable for multi-level guides
and scoliosis. The reason is that they have used drilled bushings, as supports on the ver-
tebras, to keep stability. In our system, there is no any physical contact between bushing
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Table 4 Distribution by vertebra of the screws that violated the pedicular cortex

Vertebra Total number of screws Misplaced screws (n) Misplaced screws (%)?
T1 0 0

T2 1 0

13 1 0

T4 3 1 09
15 3 0

T6 3 0

T7 4 1 09
T8 2 0

T9 5 0

T10 7 1 09
T11 10 0

T12 12 2 1.81
L1 1 0

L2 12 0

L3 12 2 1.81
L4 10 0

L5 9 0

S1 5 0

? This value actually represents the misplaced screws percentage of the total 110 screws
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Fig. 9 Displacement of screws in cranial and medial plane according to the predefined screw placement in
the center of the pedicle

and vertebra surface. Therefore, it is possible to disregard the damaged vertebras, or the
vertebras with abnormal geometries, as supporting areas (reference).

Putzier et al. tool for pedicle screw placement in patients with severe scoliosis [63] was
also compare to our study and there are some issues as below:
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Fig. 10 Correlation of screw displacement rate according to the number of screw placement

1. They have used spinous process, both lamina, and transverse processes as contact
points but these points are not suggested due to following reasons:

a. The anatomical data of spinous process can not be specified due to supra-
spinous. Therefore, we think that spinous process can not be used as contact
point.

b. It is correct that usage of transverse processes and lamina increases the stabil-
ity but a considerable amount of soft tissue shall be eliminated. Therefore, these
could not be suggested as contact points.

We have used inferior articular process as contact point which avoids the above
mentioned problems.

2. One of the weak points of that work is that the size of the guide is not suitable for
multi-level in vivo surgeries. They have mentioned in result section that the guide
has hit to L4 screw head due to its big size and they have used fluoroscopy method
instead to fix the screws. In general, the big guides normally hit to the screws and
other equipment and verification of the process is not easy. Furthermore, the method
is not user friendly for surgeons. The big guide leads to elimination of much soft tis-
sues as well.

3. The accuracy of their method for fixing the screws was 84% but our method’s accu-
racy is 96%.

4. The most important point in design of the guides, which are used in in vivo surgeries,
is the geometry and size of the guide. In in vivo surgeries, the expose of soft tissue
is an important factor concerning the time of surgery and related infection. There-
fore, big size guides are only suitable for single level method not multi-level one. The
multi-level guides could lead to minimum tissue expose.

Conclusions

The presented study demonstrated a medium invasiveness multi-level patient’s specific
template for pedicle screw placement, which is easy to apply in the scoliosis surgery. The
following conclusions are drawn from the present investigation:

Page 12 of 15
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1. With respect to the design principles, under the surgical considerations and noting
to small and thin-fitting areas, it is feasible to decrease intervention invasiveness.

2. Using additional supporting points on another spinal level, at the multi-level tem-
plates, decreases the possibility to have a false-stable template positions.

3. Semi-flexible bridges, between different levels in multi-level templates, significantly
reduce error rate due to the changes in each vertebral bodies.

4. Transparent multi-level patient’s specific template is easy to apply and give hint to
the surgeon how to use the template correctly.

The outcome of this study would be extremely useful as the technology charts for
designing medium invasiveness patient’s specific templates which are false-stable and
not easily verifiable for pedicle screw placement in the scoliosis surgery.

Authors’ contributions

FA performed the simulations and experimental methods and wrote the manuscript. KH and AS reviewed the results and
edited the manuscript. FT advised the method of performing the research and commented on final draft of manuscript.
All authors read and approved the final manuscript.

Author details

! Department of Biomechanics, Science and Research Branch, Islamic Azad University, Tehran, Iran. 2 Functional Neurosur-
gery Research Center, Shohada Tajrish Neurosurgical Comprehensive Center of Excellence, Shahid Beheshti University

of Medical Sciences, Tehran, Iran. * Pediatric Neurorehabilitation Research Center, Ergonomics Department, University

of Social Welfare and Rehabilitation Sciences (USWR), Tehran, Iran.

Acknowledgements
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
Not applicable.

Consent for publication
Authors grant BioMed Central a license to publish the article and identify itself as the original publisher.

Ethics approval and consent to participate
The subjects have been complied by the World Medical Association Declaration of Helsinki regarding ethical conduct of
research involving human subjects.

Funding
This research was not supported by any fund.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Received: 25 July 2017 Accepted: 7 November 2017
Published online: 14 November 2017

References

1. Van Dijk JD, Van Den Ende RP, Stramigioli S, Kochling M, Hoss N. Clinical pedicle screw accuracy and deviation from
planning in robot-guided spine surgery: robot-guided pedicle screw accuracy. Spine. 2015;40(17):E986-91.

2. ShiYM, Zhu FZ, Wei X, Chen BY. Study of transpedicular screw fixation on spine development in a piglet model. J
Orthop Surg Res. 2016;11(1):1.

3. Boileau P, Gendre P, Baba M, Thélu CE, Baring T, Gonzalez JF, Trojani C. A guided surgical approach and novel fixation
method for arthroscopic Latarjet. J Shoulder Elbow Surg. 2016;25(1):78-89.

4. Grigoriou E, Dormans JP. Pediatric spine trauma. in the growing spine. Berlin: Springer; 2016. p. 359-81.

5. Legaye J. Three-dimensional assessment of the scoliosis. London: INTECH Open Access Publisher; 2012.

6. Parchi PD, Evangelisti G, CerviV, Andreani L, Carbone M, Condino S, Ferrari V, Lisanti M. Patient’s specific template for
spine surgery. In: Ritacco L, Milano F, Chao E, editors. Computer-assisted musculoskeletal surgery. Cham: Springer;
2016. p. 199-215.

7. Oxland TR. Fundamental biomechanics of the spine—what we have learned in the past 25 years and future direc-
tions. J Biomech. 2016;46(6):817-32.

8. Polly DW, Yaszemski AK, Jones KE. Placement of thoracic pedicle screws. JBJS Essent Surg Tech. 2016;6(1):€9.



Azimifar et al. BioMed Eng OnlLine (2017) 16:130 Page 14 of 15

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

Parker SL, McGirt MJ, Farber SH, Amin AG, Rick AM, Suk I, Witham TF. Accuracy of free-hand pedicle screws in the
thoracic and lumbar spine: analysis of 6816 consecutive screws. Neurosurgery. 2011;68(1):170-8.

. Modi HN, Suh SW, Fernandez H, Yang JH, Song HR. Accuracy and safety of pedicle screw placement in neuromuscu-

lar scoliosis with free-hand technique. Eur Spine J. 2008;17(12):1686-96.

. Karapinar L, Erel N, Ozturk H, Altay T, Kaya A. Pedicle screw placement with a free hand technique in thoracolumbar

spine: is it safe? J Spinal Disord Tech. 2008;21(1):63-7.

. KimYJ, Lenke LG. Thoracic pedicle screw placement: free-hand technique. Neurology India. 2005;53(4):512.
. KimYJ, Lenke LG, Bridwell KH, Cho YS, Riew KD. Free hand pedicle screw placement in the thoracic spine: is it safe?

Spine. 2004;29(3):333-42.

. Su AW, Mcintosh AL, Schueler BA, Milbrandt TA, Winkler JA, Stans AA, Larson AN. How does patient radiation

exposure compare with low-dose O-arm versus fluoroscopy for pedicle screw placement in idiopathic scoliosis? J
Pediatric Orthop. 2017,37(3):171-77.

. Lang Z Tian W, Liu Y, Liu B, Yuan Q, Sun Y. Minimally invasive pedicle screw fixation using intraoperative 3-dimen-

sional fluoroscopy-based navigation (CAMISS Technique) for hangman fracture. Spine. 2016;41(1):39-45.

. Yoshii T, Hirai T, Sakai K, Inose H, Kato T, Okawa A. Cervical pedicle screw placement using intraoperative computed

tomography imaging with a mobile scanner gantry. Eur Spine J. 2016;25(6):1690-7.

. OhbaT, Ebata S, Fujita K, Sato H, Haro H. Percutaneous pedicle screw placements: accuracy and rates of cranial facet

joint violation using conventional fluoroscopy compared with intraoperative three-dimensional computed tomog-
raphy computer navigation. Eur Spine J. 2016;25(6):1775-80.

. Gelalis ID, Paschos NK, Pakos EE, Politis AN, Arnaoutoglou CM, Karageorgos AC, Xenakis TA. Accuracy of pedicle

screw placement: a systematic review of prospective in vivo studies comparing free hand, fluoroscopy guidance
and navigation techniques. Eur Spine J. 2012;21(2):247-55.

. Hyun SJ, Kim YJ, Rhim SC, Cheh G, Cho SK. Pedicle screw placement in the thoracolumbar spine using a novel, sim-

ple, safe, and effective guide-pin: a computerized tomography analysis. J Korean Neurosurg Soc. 2015;58(1):9-13.
Linte CA, Moore JT, Chen EC, Peters TM. Image-guided procedures: tools, techniques, and clinical applications. In:
Bioengineering for surgery. Elsevier; 2016. p. 59-90.

Ryang YM, Villard J, Obermdiller T, Friedrich B, Wolf P, Gempt J, Meyer B. Learning curve of 3D fluoroscopy image—
guided pedicle screw placement in the thoracolumbar spine. Spine J. 2015;15(3):467-76.

Kantelhardt SR, Neulen A, Keric N, Gutenberg A, Conrad J, Giese A. Alternative radiation-free registration tech-
nique for image-guided pedicle screw placement in deformed cervico-thoracic segments. J Neurosurg Sci.
2015;61(5):464-72.

Theologis AA, Burch S. Safety and efficacy of reconstruction of complex cervical spine pathology using pedicle
screws inserted with stealth navigation and 3D image-guided (O-Arm) technology. Spine. 2015;40(18):1397-406.
Silbermann J, Riese F, Allam Y, Reichert T, Koeppert H, Gutberlet M. Computer tomography assessment of pedicle
screw placement in lumbar and sacral spine: comparison between free-hand and O-arm based navigation tech-
niques. Eur Spine J. 2011;20(6):875-81.

Metz LN, Burch S. Computer-assisted surgical planning and image-guided surgical navigation in refractory adult
scoliosis surgery: case report and review of the literature. Spine. 2008;33(9):E287-92.

Tian W, Zeng C, AnY, Wang C, Liu Y, Li J. Accuracy and postoperative assessment of pedicle screw placement dur-
ing scoliosis surgery with computer-assisted navigation: a meta-analysis. Int J Med Robot Comput Ass Surg. 2017.
doi:10.1002/rcs. 1732

Williams J, Sandhu F, Betz R, George K. The use of dynamic surgical guidance [DSG] shortens the learning curve for
accurate placement of pedicle screws: a cadaveric study. Bone Joint J. 2016,98(SUPP 5):1.

Solitro GF, Amirouche F. Innovative approach in the development of computer assisted algorithm for spine pedicle
screw placement. Med Eng Phys. 2016;38(4):354-65.

Hockel K, Maier G, Tatagiba M, Roser F. Spinal robotics: present indications and trends. In: Pinheiro-Franco J, Vaccaro
A, Benzel E, Mayer H, editors. Advanced concepts in lumbar degenerative disk disease. Berlin: Springer; 2016. p.
591-600.

Joung S, Park I. Medical robotics for musculoskeletal surgery. In: Zheng G, Li S, editors. Computational radiology for
orthopaedic interventions. Cham: Springer; 2016. p. 299-332.

Fujishiro T, Nakaya Y, Fukumoto S, Adachi S, Nakano A, Fujiwara K, Neo M. Accuracy of pedicle screw placement with
robotic guidance system: a cadaveric study. Spine. 2015;40(24):1882-9.

Kim HJ, Lee SH, Chang BS, Lee CK, Lim TO, Hoo LP, Yeom JS. Monitoring the quality of robot-assisted pedicle screw
fixation in the lumbar spine by using a cumulative summation test. Spine. 2015;40(2):87-94.

Tominc U, Vesel M, Al Mawed S, Dobravec M, Jug M, Herman S, Kreuh D. Personalized guiding templates for pedicle
screw placement. In: Information and communication technology, electronics and microelectronics (MIPRO), 2014
37th international convention on IEEE; 2014. p. 249-251.

FerrariV, Parchi P, Condino S, Carbone M, Baluganti A, Ferrari M, Lisanti M. An optimal design for patient-specific
templates for pedicle spine screws placement. Int J Med Robot Comput Ass Surg. 2013;9(3):298-304.

MaT, Xu YQ, Cheng YB, Jiang MY, Xu XM, Xie L, Lu S. A novel computer-assisted drill guide template for thoracic
pedicle screw placement: a cadaveric study. Arch Orthop Trauma Surg. 2012;132(1):65-72.

Lu 'S, Zhang YZ, Wang Z, Shi JH, Chen YB, Xu XM, Xu YQ. Accuracy and efficacy of thoracic pedicle screws in scoliosis
with patient-specific drill template. Med Biol Eng Comput. 2012;50(7):751-8.

Lu 'S, Xu YQ, Zhang YZ, Xie L, Guo H, Li DP. A novel computer-assisted drill guide template for placement of C2
laminar screws. Eur Spine J. 2009;18(9):1379-85.

Lu 'S, Xu YQ, Lu WW, Ni GX, Li YB, Shi JH, Zhang YZ. A novel patient-specific navigational template for cervical pedicle
screw placement. Spine. 2009;34(26):E959-66.

Lu 'S, XuYQ, Zhang YZ, Li YB, Xie LE, Shi JH, Chen YB. A novel computer-assisted drill guide template for lumbar
pedicle screw placement: a cadaveric and clinical study. Int J Med Robot Comput Ass Surg. 2009;5(2):184-91.
Ryken TC, Kim J, Owen BD, Christensen GE, Reinhardt JM. Engineering patient-specific drill templates and bioab-
sorbable posterior cervical plates: a feasibility study: technical note. J Neurosurg Spine. 2009;10(2):129-32.


https://doi.org/10.1002/rcs.1732

Azimifar et al. BioMed Eng OnlLine (2017) 16:130 Page 15 of 15

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Ryken TC, Owen BD, Christensen GE, Reinhardt JM. Image-based drill templates for cervical pedicle screw place-
ment: laboratory investigation. J Neurosurg Spine. 2009;10(1):21-6.

Berry E, Cuppone M, Porada S, Millner PA, Rao A, Chiverton N, Seedhom BB. Personalised image-based templates for
intra-operative guidance. Proc Inst Mech Eng. 2005;219(2):111-8.

Goffin J,Van Brussel K, Martens K, Vander Sloten J, Van Audekercke R, Smet MH. Three-dimensional computed
tomography-based, personalized drill guide for posterior cervical stabilization at C1-C2. Spine. 2001;26(12):1343-7.
Porada S, Millner PA, Chibverton N, Berry E, Seedhom BB. Computer aided surgery with lumbar vertebra drill-guides,
using computer aided planning, design and visualization. In: Poster session in proceedings medical image under-
standing and analysis; 2001.

Van Brussel K, Vander Sloten J, Van Audekercke R, Berghe LV, Lauwereyns P, Fabry G, Swaelens B. A medical image-
based drill guide for pedicle screw insertion: a cadaver study. J Biomech. 1998,;31:39.

Wang VY, Chin CT, Lu DC, Smith JS, Chou D. Free-hand thoracic pedicle screws placed by neurosurgery residents: a
CT analysis. Eur Spine J. 2010;19(5):821-7.

Merloz P, Tonetti J, Eid A, Faure C, Lavallee S, Troccaz J, Cinquin P. Computer assisted spine surgery. Clin Orthop Relat
Res. 1997,337:86-96.

Farber GL, Place HM, Mazur RA, Jones DC, Damiano TR. Accuracy of pedicle screw placement in lumbar fusions by
plain radiographs and computed tomography. Spine. 1995;20(13):1494-9.

Ishikawa Y, Kanemura T, Yoshida G, Ito Z, Muramoto A, Ohno S. Clinical accuracy of three-dimensional fluoroscopy-
based computer-assisted cervical pedicle screw placement: a retrospective comparative study of conventional
versus computer-assisted cervical pedicle screw placement: clinical article. J Neurosurg Spine. 2010;13(5):606-11.
Amiot LP, Lang K, Putzier M, Zippel H, Labelle H. Comparative results between conventional and computer-assisted
pedicle screw installation in the thoracic, lumbar, and sacral spine. Spine. 2000;25(5):606—14.

LaineT, Lund T, Ylikoski M, Lohikoski J, Schlenzka D. Accuracy of pedicle screw insertion with and without computer
assistance: a randomised controlled clinical study in 100 consecutive patients. Eur Spine J. 2000;9(3):235-40.
Schwarzenbach O, Berlemann U, Jost B, Visarius H, Arm E, Langlotz F, Ozdoba C. Accuracy of computer-assisted
pedicle screw placement: an in vivo computed tomography analysis. Spine. 1997;22(4):452-8.

Kantelhardt SR, Martinez R, Baerwinkel S, Burger R, Giese A, Rohde V. Perioperative course and accuracy of screw
positioning in conventional, open robotic-guided and percutaneous robotic-guided, pedicle screw placement. Eur
Spine J. 2011;20(6):860-8.

Lieberman IH, Togawa D, Kayanja MM, Reinhardt MK, Friedlander A, Knoller N, Benzel EC. Bone-mounted miniature
robotic guidance for pedicle screw and translaminar facet screw placement: part I—Technical development and a
test case result. Neurosurgery. 2006;59(3):641-50.

Ludwig SC, Kowalski JM, Edwards CC, Heller JG. Cervical pedicle screws: comparative accuracy of two insertion
techniques. Spine. 2000,25(20):2675-81.

Radermacher K, Portheine F, Anton M, Zimolong A, Kaspers G, Rau G, Staudte HW. Computer assisted orthopaedic
surgery with image based individual templates. Clin Orthop Relat Res. 1998,;354:28-38.

Merc M, Drstvensek I, Vogrin M, Brajlih T, Recnik G. A multi-level rapid prototyping drill guide template reduces

the perforation risk of pedicle screw placement in the lumbar and sacral spine. Arch Orthop Trauma Surg.
2013;133(7):893-9.

Merc M, Vogrin M, Recnik G, Drstvensek |, Brajlin T, Friedrich T. Error rate of multi-level rapid prototyping trajectories
for pedicle screw placement in lumbar and sacral spine. Chin J Traumatol. 2014;17(5):261-6.

Ahn Sung-Hoon, Montero Michael, Odell Dan, Roundy Shad, Wright Paul K. Anisotropic material properties of fused
deposition modeling ABS. Rapid Prototyp J. 2002,8(4):248-57.

Anitha R, Arunachalam S, Radhakrishnan P. Critical parameters influencing the quality of prototypes in fused deposi-
tion modelling. J Mater Process Technol. 2001;118(1):385-8.

Nidagundi VB, Keshavamurthy R, Prakash CPS. Studies on parametric optimization for fused deposition modeling
process. In: 4th International conference on materials processing and characterization, 2(4-5); 2015. p. 1691-99.
FerrariV, Parchi P, Condino S, Carbone M, Baluganti A, Ferrari M, Mosca F, Lisanti M. An optimal design for patient-
specific templates for pedicle spine screws placement. Int J Med Robot. 2012;9(3):298-304.

Putzier M, Strube P, Cecchinato R, Lamartina C, Hoff EK. A new navigational tool for pedicle screw placement in
patients with severe scoliosis: a pilot study to prove feasibility, accuracy, and identify operative challenges. Clin
Spine Surg. 2017;30(4):E430-9.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at .
www.biomedcentral.com/submit () BiolVled Central




	A medium invasiveness multi-level patient’s specific template for pedicle screw placement in the scoliosis surgery
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methodology
	Results and discussion
	Conclusions
	Authors’ contributions
	References




