Adv Ther (2020) 37:402-419
https://doi.org/10.1007/s12325-019-01152-9

q

Check for
updates

ORIGINAL RESEARCH

Comparing the Treatment of Congenital Spine
Deformity Using Freehand Techniques In Vivo

and 3D-Printed Templates In Vitro (Prospective-
Retrospective Single-Center Analytical Single-Cohort

Study)

Sergey V. Vissarionov - Dmitriy N. Kokushin - Nikita O. Khusainov - Kirill A. Kartavenko -

Marco F. Avila-Rodriguez « Siva G. Somasundaram - Cecil E. Kirkland - Vadim V. Tarasov -

Gjumrakch Aliev

Received: September 4, 2019 / Published online: November 21, 2019

© Springer Healthcare Ltd., part of Springer Nature 2019

ABSTRACT

Introduction: Hemivertebrae excision with
local posterior instrumentation is the most
common technique for treatment of patients
with congenital spine deformity—it is per-
formed at a very young age. We conducted a
comparative analysis for accuracy of pedicle
screw positioning in infants with congenital
scoliosis of the thoracolumbar area inserted
using freehand technique in vivo and 3D-prin-
ted guiding templates in vitro.
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Methods: The study analyzes the results of 10
surgically treated patients with congenital
deformity of the thoracolumbar spine due to
vertebrae failure of formation. These patients
were included in group 1 (in vivo) comprising
six boys and four girls with a mean age of 3
years 8 months (2 years 2 months-6 years
8 month). Group 2 (in vitro) consisted of 27
plastic 3D-printed models of congenitally
deformed spine of the same 10 patients in
which screws were placed using 3D-printed
guiding templates. The accuracy of screw posi-
tion was assessed using computer tomography
data performed postoperatively with
Gertzbein-Robbins classification.
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Results: Results of our study show that screw
insertion using 3D-printed guiding templates dur-
ing surgical treatment of infants with congenital
spine deformities is more accurate than using
freehand technique (96.3% vs. 78.8% p = 0.011).
Conclusion: The data show that this method of
screw insertion is very promising and can be
used in surgical treatment of infants with con-
genital spine deformities.

Keywords: 3D prototyping; Children; Congen-
ital scoliosis; Guiding templates; Hemiverte-
brae; Pedicle screws

Key Summary Points

Why carry out this study?

Surgical treatment of infants with
congenital spine deformities is the most
complicated surgery in terms of
neurological deterioration and
postoperative implant failure.
Malalignment of the implant can lead to
chronic spinal issues, the necessity for
surgical revision, and other adverse
outcomes

This study aimed to evaluate a better
option for treating spinal deformity. In
the usual procedure with infants, the
surgeon uses a “freehand” technique that
can result in misaligned screws. The use of
3D-printed templates offers the potential
to ensure correct alignment in a higher
percentage of cases, which, in turn, is a
more effective treatment with fewer side
effects and improved outcomes for
patients

The research question is simply, “Do 3D-
printed templates improve the accuracy of
screw placement?” The evaluation of
accuracy was with respect to pedicle screw
positioning in infants with congenital
scoliosis of the thoracolumbar area. The
comparison groups had implants inserted
using the commonplace freehand
technique in vivo and 3D-printed
templates in vitro

What was learned from the study?

The data analysis revealed that using 3D-
printed templates is quite promising. It is
a viable means to improve surgical
treatment of infants with congenital spine
deformities. Specifically, using 3D-printed
templates is statistically more accurate
than using freehand techniques (96.3%
vs. 78.8% p = 0.011). More importantly,
the accuracy of using 3D-printed
templates also is practically important

3D templates overall have higher
accuracy, but mistakes remain possible.
The surgeon still needs to be competent
using the freehand technique.
Nonetheless, instances of surgeries for
complex cases with abnormal anatomy
can benefit from the use of 3D-printed
templates. Avoiding implant
malalignment is critical in reducing the
odds of further neurological deterioration

INTRODUCTION

Hemivertebrae excision with local posterior
instrumentation is the most common tech-
nique for treatment of patients with congenital
spine deformity—it is performed at a very
young age [1-5]. Surgical treatment in older
patients does not achieve full correction of the
deformity [6]. Compared to laminar hooks,
pedicle screws have advantages from a biome-
chanical point of view but risk malpositioning
due to anatomical changes of the deformed
vertebrae [7]. Therefore, carefully controlled
positioning of the screw is highly important.
The freehand technique with fluoroscopic con-
trol remains the basic and most commonly used
method of insertion [8]. There are only a few
reports in the literature on screw positioning
accuracy using intraoperative computed
tomography (O-arm) or active spine navigation
system [9].
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The use of guiding templates is becoming
more popular in surgical treatment of different
spine pathologies including post-traumatic
deformities, degenerative or inflammatory dis-
eases, pathology of the cranio-cervical junction,
and idiopathic scoliosis. Studies on this topic
show the importance of high accuracy of screw
positioning after insertion at different areas of
the spine [10-13]. On the basis of a careful
review of the literature, we found no reported
studies that investigate the use of guiding tem-
plates in the surgical treatment of infants with
congenital spinal deformities. Here, we provide
the comparative analysis of the screw position
accuracy in infants with congenital scoliosis at
the thoracolumbar area using two methods:
freehand technique in vivo and 3D guiding
templates in vitro (Fig. 1).

METHODS

Study Design

Retrospective and prospective single-center
analytical singe-cohort study evaluating the
outcome due to exposure.

Fig. 1 Computed planning of the screws and guiding
templates using PME Planner software

This study is based on the retrospective part
which includes analysis of the results of surgi-
cally treated infants with congenital scoliosis
due failure of vertebrae formation (hemiverte-
brae at the thoracolumbar area) during the
period of 2016-2017. There were 10 patients
with a mean age of 3 years 8 months (ranging
from 2 years 2 months to 6 years 8 months): six
were male and four were female. The prospec-
tive part consisted of laboratory study in which
27 3D-printed plastic vertebrae models of con-
genitally deformed spine of the same patients
were used for screw insertion with guiding
templates (Figs. 2 and 3).

Ethics Approval and Consent
to Participate

The study protocol was approved by the Turner
Scientific and Research Institute for Children’s
Orthopaedics (within the Department of Spinal
Pathology and Neurosurgery), Pushkin, Saint
Petersburg, Russia. All research was performed
in accordance with Turner Scientific and
Research Institute guidelines and regulations,
and the respective authors declare a statement
confirming that informed consent was obtained

Fig. 2 3D-printed guiding templates for screw insertion
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Fig. 3 Plastic model with the screws inserted using guiding
templates. Properly placed screws

from all of the participants’ parents and/or their
legal guardians. In addition to the guidelines
described above, the authors of these study
dealing with human transplantation research
attested that no organs/tissues were procured
from prisoners. No animals were used for the
studies that are the basis of this research. All
research on humans was in accordance with the
ethical standards of the committee responsible
for human experimentation (institutional and
national), and with the Helsinki Declaration of
1975, as revised in 2013 (http://ethics.iit.edu/
ecodes/node/3931).

All patients were examined preoperatively
and postoperatively using CT scans of the tho-
racolumbar spine. Surgical treatment included
hemivertebrae excision, correction of the
deformity using a pedicle screw spinal system,
and anterior and posterior fusion using bone
autografts. On the basis of the data of preoper-
ative CT, 27 plastic vertebrae models of the
congenitally deformed spine of the same
patients were printed and screws were inserted
in those models in the laboratory using guiding
templates.

3D modeling was performed using CT data of
the same 10 patients with congenital spine

Fig. 4 Postoperative CT scan in the coronal plane in a
patient with congenital scoliosis after the posterior L2
hemivertebrae excision. Malpositioning of the screws is
noted: Th12-V2 (body wall penetration, grade II), L1 and
L3-V3 (body wall penetration grade III)

deformity and software for the computed plan-
ning of the surgical treatment. PME Planner
(Polygon Medical Engineering, polygonmed.ru)
software was developed for the evaluation of
anatomical landmarks at the area of implanta-
tion in 3D format. This enabled surgeons to
identitfy the size and optimal positioning of
screws to be implanted. Guiding templates were
made using position and direction of the pre-
viously created virtual screws and aligned with
the dorsal bony structures features of the eval-
uated vertebrae (Fig. 4).

3-Dimensional Printing

3D printing of the guiding templates was per-
formed using a Formlabs Form 2 (SLA technol-
ogy) 3D printer (Fig. 5). Plastic vertebrae models
were printed using a PICASO DESINGER PRO
250 (FDM technology) 3D printer. Previously
printed guiding templates were placed over the
dorsal surface of the plastic models and with the
2.5-mm drill bit a pedicle canal was made in the
direction indicated by the template. After this
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Fig. 5 Axial (a), coronal (b), and sagittal (c) CT views presenting correct position of the screw inserted using guiding

templates in the plastic models

step, the templates were removed and standard
3.5-mm screws were inserted. Lastly visual
evaluation of screw positioning was performed
(Fig. 6).

A CT scan of the plastic model was per-
formed to evaluate the accuracy of screw posi-
tioning. The Gertzbein—-Robbins classification
was used to evaluate the accuracy of screw
positioning.  This classification  includes
grade O—fully correct position positioning with
the screw placed in the pedicle and not in
contact with the surrounding soft tissues;
grade [—displacement of the screw no more

than 2.0mm out of the pedicle cortex;
grade [I—displacement of the screw between 2.0
and 4.0 mm; and grade IIl—displacement of the
screw by more than 4.0 mm [14].

Statistical Analysis

To assess the accuracy of the screw position in
both groups, we used the so-called SLIM + V
system. This mnemonic describes the position
of the screw in relation to the cortex of the
pedicle: S—superior cortex, L—Ilateral, I—infe-
rior, and M—medial. The “4+ V” describes
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Fig. 6 a, b 3D CT reconstruction of the plastic vertebrae
model with the screws inserted using guiding templates
(different screw position)

whether or not there is penetration of the
anterior body wall [15]. Statistical analysis was
performed using Statistica 10. Descriptive
statistics (histogram analysis) was used for the
assessment of the data in terms of its fit with the
normal distribution. Data were described using
the median and the range. Group differences
were assessed using the Wil-
coxon-Mann-Whitney test with an a priori

decision to use an alpha level of 0.05 (p < 0.05)
as statistically significant).

RESULTS

Pattern of Congenital Scoliosis in Infants

CT data presenting the anatomical, anthropo-
metric characteristics of the vertebrae of the
thoracolumbar and lumbar areas in infants with
congenital scoliosis due to failure of formation
are listed in Table 1.

These data were used for planning before the
insertion of the screws into the plastic models.
In infants with congenital deformity (due to a
single hemivertebrae in the lumbar spine), all
vertebrae parameters were similar to the
parameters of the lumbar spine in children
without spine pathology [16]. Table 2 presents
data on the accuracy of screw position in
groupl where the screws were inserted
freehand.

Accuracy of Pedicle Screw Position

The total number of screws placed in group 1
was 52. Correct screw position in relation to the
bony structures was observed in 53.8% of cases
(28 screws); 24 screws (46.2% of cases) were
placed incorrectly according to postoperative
CT: 25% (13 screws) were of grade I malposi-
tion, 11.6% (6 screws) were grade II, and 9.6% (5
screws) were grade Ill. V-type malpositioning
occurred in 69.2% (18 screws), type L in 23.1%
(6 screws), and type I and type M in 3.85% (one
screw in each type). Thus the total number of
screws with grade O + gradel was 41 (78.8%)
(for more detail, see next section and Fig. 4).

Table 3 shows the data on the accuracy of the
screw position in group 2 where the screws were
inserted using guiding templates.

Correct Screw Position in Relation
to Structures of Plastic Model

Total number of inserted screws in group 2 was
54. Correct screw position in relation to the
structures of the plastic model was observed in
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Table 2 Accuracy of the pedicle screw position in group 1 (in vivo)

Uuo Vert. Th10 Thill Thi12 Th13

L1 L2 L3 L4 L5 L6 L7

1 Dex - - V2 N
Sin - - 0 N
2 Dex - - - -
Sin - - - L2
3 Dex - - - -
Sin - - - -
4 Dex - - 0 V2
Sin - - V1 V1
5 Dex - - 0 N
Sin - - V2 N
6 Dex - - -
Sin - - - -
7 Dex - - - 0
Sin - - - V2
8 Dex 0 0 HV -
Sin V1 L1, V1 V1
9 Dex - - 0 0
Sin - - 0 0
10 Dex - L1 L1 N
Sin - L1 L1, V2 N
TScrew 2 4 10 8
Mal 1 3 5 5

V3 HV V3 - - - -

0 0 - - - -
- 0 HV VI - - -
- V3 0 - - -
- 0 HV 0 - - -
- 0 vl - - -
HV 0 - - - - -
0 - - - - _
0 HV 0 - - - -
NS NS - - - -
- - - - V3 HV V3
- - - - 2 0
0 HV Ml - - - -
V1 0 - - - -
HV 0 - - - - -
0 _ _ _ _ _
HV 0 - - _ _ _
0 - - _ - _
5 10 5 4 2 0 2
2 1 2 2 2 0 1

UO patient number, Vert. vertebrae, Dex screws on the right side, Siz screws on the left side, TScrew total number of screws

placed, HV hemivertebrae, N absence of the screw with mentioned number, — vertebrae which were not included in fusion,

NS screws were not placed during fusion; SLIM + V, § superior, L lateral, I inferior and M medial cortex, 7 anterior wall of

the vertebral body (0, 1, 2, 3—grade of malposition)

94.4% of cases (51 screws). Incorrect screw
position was observed in 5.6% (three screws):
grade II malpositioning occurred in two screws
(3.7%) and grade I in one screw (1.9%). There
was one case of type L and two cases of type V
malpositioning. Thus total number of screws
with grade O + gradel malposition was 52
(96.3%, Figs. 5 and 6).

Thus the number of cases with improperly
placed screws was significantly lower in group 2

where guiding templates were used compared to
group 1 where freehand techniques were used as
a method of insertion: 5.6% versus 46.2%
(p = 0.011).

DISCUSSION

Table 4 provides literature references on the
efficacy of templates during insertion of the
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Table 3 Accuracy of the pedicle screw position in group 2 (in vitro)

Uuo Vert Th10 Thi1 Thi2 Th13 L1 L2 L3 L4 Ls L6 L7
1 Dex - - 0 N 0 HV 0 - - - -
Sin - - V2 N 0 0 - - - -
2 Dex - - - - - 0 HV 0 - - -
Sin - - - - - 0 0 — _ _
3 Dex - - - - - 0 HV 0 - - -
Sin - - - - - 0 0 - _ —
4 Dex - - 0 0 HV 0 — - _ _ _
Sin - - 0 0 0 - - - — -
5 Dex - - 0 N 0 HV 0 - - _ _
Sin - - 0 N 0** 0 - - _ -
6 Dex - - - - - - - - 0 HV 0
Sin - - - - - - - - 0 0
7 Dex - - - 0 0 HV 0 - - - -
Sin - - - V2 0 0 - - _ _
8 Dex 0 0 HV 0 - - - - - — -
Sin 0 L1 0 - - - - - - -
9 Dex - - 0 0 HV 0 - _ — _ _
Sin - - 0 0 0 — — — _ _
10 Dex - 0 0 N HV 0 - - - - -
Sin - 0 0 N 0 - - - - -
TScrew 2 4 10 8 6** 10 6** 4 2 0 2
Mal 0 1 1 1 0 0 0 0 0 0 0

UO patient number, Vert. vertebrae, Dex screws on the right side, Siz screws on the left side, TScrew total number of screws
placed, HV hemivertebrae, N absence of the screw with mentioned number, — vertebrae which were not included in fusion,

NS screws were not placed during fusion; SLIM + V'S superior, L lateral, I inferior and M medial cortex, 7 anterior wall of

the vertebral body (0, 1, 2, 3—grade of malposition)

** screws which were able to be additionally inserted in group 2

screws in cervical [17-20], thoracic [21, 22], and
lumbar areas [18, 27, 28]. Some authors per-
formed cadaveric studies with CT scanning of
the cadaveric vertebrae and following com-
puted evaluation and 3D printing of guiding
templates which were then used in cadavers for
screw insertion [17-19, 22-24, 27]. There is also
a study where authors used 3D-printed models
of normal vertebrae with insertion of the screws

using guiding templates [25]. In several studies,
screws were inserted in cadaveric vertebrae after
development of the guiding template design
based on previously 3D-printed plastic models
[20, 21]. Our findings reveal that the number of
inserted screws using guiding templates in vitro
varied from 4 to 240 (total number 646) [17-28].

Accuracy of the screw positioning according
to literature review was distributed as follows:
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grade O from 58.3% to 97.6%, grade I from 2.4%
to 39.5%, and grade II 8.7%. Grade O + grade I
accuracy varied from 91.3% to 100%. Grade III
malpositioning was not observed in any case
[17, 21, 27, 28]. In comparison, several studies
that evaluated the grade of malposition ranged
from 71.7% to 100% (mean 96%)
[18-20, 22-26]. Some authors estimated the
accuracy of screw position as a function of the
method of insertion: freehand versus using
templates. Correct screw position in the tem-
plates group varied from 97.9% to 100%; in the
freehand group it ranged from 81.3% to 89.2%,
which is statistically significant (p < 0.05)
[21, 26, 28]. These data reflect the process of
constant evolution of surgical techniques in an
attempt to provide more safety for the patient—
that is the main reason for our current study.

These studies generally reported data from
patients older than 18 years [17-25, 27, 28]. We
found only one study describing the use of
guiding templates in pediatric patients at the
age of 6-13 years. The authors of that study
printed 10 guiding templates and used them to
insert 20 screws in the lumbar area. There were
zero cases of screw malpositioning [26].

It should be noted that several studies
address in vivo screw placement with guiding
templates in the cervical spine [10, 29-36]. Very
close attention must be paid to the treatment in
this area, dictated by critical anatomical fea-
tures (small pedicle size, close approximation of
the vertebral arteries). Highly precise and cor-
rect screw placement is essential. Some authors
investigate the problem of application of guid-
ing template in the whole cervical spine
including both atlanto-axial and subaxial areas
[10, 29, 30]. Others studies solely reported screw
insertion in the atlanto-axial area [31-35].
There is scarce literature about the application
of guiding templates in subaxial cervical spine
[36]. In addition, there are reports using guiding
templates at the thoracic [11, 37-40] and lum-
bar areas [12, 41, 42] separately and together
[13, 43] (Table 5).

Mostly studies were designed as follows:
firstly, 3D models of the patients’ vertebrae were
printed with later insertion of the screws in
prototyped models using guiding templates.
Secondly the same guiding templates for screw

insertion were used in vivo with further evalu-
ation of screw position relative to patient bony
structures [10, 11, 13, 29, 30, 32, 33, 35-38, 42].
Some studies used models from plaster of Paris
instead of plastic [39]. One author used results
of cadaveric pre-study to develop the technique
of screw insertion with guiding templates
[12, 31]. Others placed the screws using tem-
plates directly during the surgery without
preparation stage of prototyping of the verte-
brae model [34, 40, 41, 43].

According to the literature review the num-
ber of screws inserted with guiding templates
in vivo varied from 5 to 582 (2323 in total)
[10-13, 29-43]. The analysis of screw position
accuracy data showed that grade O (fully cor-
rect) varied from 80.7% to 98.4% (mean 92.2%);
gradel from 1.4% to 15.9% (mean 6.8%);
gradeIl from 0.2% to 4.0% (mean 2.7%);
grade O + gradeI from 96.1% to 100% (mean
98.8%). Screw malpositioning classified as
grade Il was not observed in any case
(10, 13, 29, 34, 36, 37, 39-41, 43]. Studies which
evaluated malposition of the screws without
grading showed that correct positioning was
observed in 96.1-100% (mean 99.4%)
[11, 12, 30-33, 35, 38, 42].

Comparative analysis of freehand technique
and guiding templates in relation to accuracy of
screw position was performed in a few studies.
Correct position of screws (grade 0) inserted with
guiding templates was observed in 92.6-96%. In
patients treated with freehand technique per-
centage of correctness varied from 75% to 88.8%.
The combined number of gradeO + grade 1
screws in patients treated with guiding templates
was significantly higher (p < 0.05) compared to
in patients treated with freehand technique:
96.7-100% and 86.9-98.1%, respectively
(34, 40, 41, 43].

Fewer studies related to the efficacy of guiding
template application in pediatric patients. These
mostly address the problems of surgical treatment
in idiopathic scoliosis, systemic and congenital
deformities in adolescents [13, 30, 37, 39, 40, 43].
Our literature search did not find studies related to
the topic of guiding template application in
infants with congenital scoliosis. Comparing the
literature and results of our study, the accuracy of
screw placement using guiding templates both
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in vitro (gradeO + 1, 91.3-100%) and in vivo
(grade O + I, 96.1-100%) was very precise. Com-
pared to the accuracy of freehand screw position-
ing, it may be concluded that it did not differ
significantly: grade 0 + I, 78.8% in group 1 of our
study and 86.9-98.1% in patients reported by
other authors.

On the basis of results of our literature
review, we found there were no studies with a
design similar to ours. The advantage of our
chosen study design is the possibility of com-
parative evaluation of the screw position in the
same cohort of patients using two different
techniques which is impossible in clinical
practice. The salient finding is that using guid-
ing templates allow the surgeon to improve the
accuracy of insertion. There was not only
greater precision of screw insertion in group 2
(in vitro) but also significantly more screws
could be placed.

Limitations of the current study are the small
sample size in group 1 and differences in con-
ditions of screw insertion in group 1 (live sur-
gery) and group 2 (lab study on a plastic model)
which might affect the results.

CONCLUSIONS

The data from our comparative analysis show
that the number of correctly placed pedicle
screws was significantly higher in group 2 where
the guiding templates were used in relation to
the group 1 where screws were placed with
freehand technique (96.3% versus 78.8%,
p =0.011). The data obtained highlight the
high accuracy of screw placement with guiding
templates in vitro, which is encouraging with
respect to the further development and refine-
ment of this method. It also is promising with
respect to the wider application of this
approach in surgical treatment of infants with
congenital spine deformities.
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