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Abstract: Objective: To test if preoperative planning with 3 dimensional (3D)-printed spine models can increase the
effectiveness and safety of spinal deformity surgery. Methods: A total of 53 patients who were treated in our center
for spinal deformities from January 2010 to January 2018 were included in the current study. They were divided
into two groups based on whether 3D-printed models were used in the surgical planning. A total of 28 patients who
were treated with 3D-printed models were assigned to the experimental group, and 25 patients who were treated
with conventional methods were assigned to the control group. Duration of surgery, intraoperative hemorrhage,
incidence of surgery related complications, Oswestry disability index (ODI), visual analogue scale (VAS), and Cobb’s
angle were compared between the two groups before and after surgery. Results: There were significant differences
in the duration of surgery, intraoperative hemorrhage and intraoperative x-ray exposure between the two groups
(P<0.01). Cobb’s angle was smaller in the experimental group than in the control group when measured three days
and a year after surgery (P<0.01). Although there was no significant difference between the experimental and con-
trol groups (P>0.05), Oswestry disability index and VAS pain scores were lower a month and a year after the surgery
than before the surgery (P<0.01). Conclusion: Surgical planning using 3D-printed spine models can decrease the
operation time, intraoperative hemorrhage, and x-ray exposure, and help achieve satisfactory structural restoration

in patients with severe spinal deformity.
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Introduction

Spinal deformity is usually caused by congeni-
tal dysplasia, trauma, vertebral infections as
well as spinal tumor, which results in pain, dys-
kinesia, severe spinal stenosis and even paraly-
sis. Surgery is the main option for the treatment
of spinal deformity [1-3]. However, due to the
complex structural abnormalities, the correc-
tion of spinal deformity presents a great chal-
lenge to orthopedic spine surgeons [4, 5].
Pedicle screws are essential in restoring and
stabilizing the curvature of the spine. However,
due to the deformed pedicle anatomy, pedicle
walls can be easily breached by pedicle screws
when using conventional methods, causing fur-
ther damage to the spinal cord and the sur-
rounding neural tissues. To circumvent this
issue, novel techniques have been developed
for a safe and effective screw placement over

the years, and the commonly used methods for
screw placement include free hand technique,
screw placement with intraoperative fluoro-
scopic navigation and 3-dimentional (3D)-
printed plate navigation [6-8]. However, the free
hand technique requires advanced skill level of
the surgeon and has low success rate of pedi-
cle screw insertion. The accuracy of pedicle
screw insertion ranges from 28% to 94% [9].
Although computer navigated surgery is a prov-
en way to increase the success rate of pedicle
screw insertion, but the equipment is too ex-
pensive to be widely applied [10, 11]. With the
development and broad application of 3D data
reconstruction, personalized 3D printing tech-
nology has been used for surgical planning.
Studies have shown that 3D printing technology
can significantly decrease the operation time
and increase the accuracy of pedicle screw
placement [12, 13]. However, there are only few
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studies on its application in spinal deformity
correction surgeries. Here, we report our results
with the application of full-scale 3D-printed
spine models for planning spinal deformity
surgeries.

Methods
Patient inclusion and exclusion criteria

Inclusion criteria: 1) aged 13-60 years; 2)
patients with severe spinal deformity that can-
not be effectively treated with palliative treat-
ment; 3) no significant abnormalities in preop-
erative physical and blood check-up; 4) Cobb
angle 240 degrees on coronal plane, and/or
sagittal vertical axis (SVA) >5 cm, could not be
alleviated after 3 months of conservative treat-
ment; 5) agreed to receive surgical treatment;
6) the method of surgical treatment is internal
fixation and spinal fusion using posterior surgi-
cal incision. Exclusion criteria: 1) did not fit sur-
gical indication of spinal deformity; 2) unable to
perform pedicle screw placement due to con-
genital dysplasia of pedicle and vertebral arch;
3) patients with contraindications to surgical
treatment.

Surgery procedure

In the control group, 0.5 mm thick preoperative
computed tomography (CT) scans were used to
construct a two-dimensional image of the oper-
ation region for surgical planning. Transpedi-
cular vertebral osteotomy was used for defor-
mity correction in our patients. Preoperative
planning included the segments of fixation, site
of osteotomy, estimated correction of Cobb’s
angle, and the size of implants. The patient was
placed in the prone position on the operating
table after general anesthesia. The posterior
spinal structure was exposed to bilateral trans-
verse processes through a posterior central
incision. Pedicle screws were inserted using
preplanned trajectory. Transpedicular vertebral
osteotomy was carried out as planned by using
our patented Tian’s osteotome. Spinal cord and
nerve roots were carefully protected through-
out the surgery and were monitored with
somatosensory evoke potential and motor
evoke potential. The rods were shaped intraop-
eratively according to the correction of Cobb’s
angle.
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In the experimental group, 0.5 mm thick com-
puted tomography (CT) scans were used to con-
struct the 3D image of the whole spine using
Mimics software, which was printed using
epoxy resin by 3D printer. The trajectory and
length of pedicle screw and the site and meth-
od of osteotomy were designed on Mimics soft-
ware and confirmed on the 3D-printed model.
The connecting rods of pedicle screws were
pre-shaped to safely reduce spinal deformity
and save operation time. All the other proce-
dures were the same as the control group.

Outcome assessment

The following parameters were used to assess
the outcome: 1) surgery related outcomes such
as intraoperative time, hemorrhage, time of
x-ray exposure; 2) the accuracy of screw place-
ment evaluated by CT scans 3 days after sur-
gery. The screw placement accuracy was grad-
ed as “0” if the screw was within the pedicle
all the time, “1” if the screw breached the pedi-
cle within 2 mm without any complications, and
“2” if the screw breached the pedicle more
than 2 mm [14]; 3) deformity correction was
determined by anteroposterior and lateral
x-rays before surgery, 3 days after surgery, and
one year after surgery. Cobb’s angle and cor-
rection of Cobb’s angle: (Cobb’s angle after
surgery - Cobb’s angle before surgery)/Cobb’s
angle before surgery *100%; 4) visual analo-
gue scale (VAS) pain score and Oswestry dis-
ability index (ODI) before surgery, 4 weeks after
surgery, and a year after surgery. VAS pain
scores (0-10 points, with O meaning no pain,
and 10 meaning extreme pain) were used to
assess the back pain in patients. ODI was used
to assess the functional recovery after surgery.
It measured pain intensity, personal care,
sleeping, sitting, standing, walking, traveling,
sex and social life, as well as lifting. Scores
ranged from O (normal) to 10 (complete inabili-
ty) in each subclass; 5) complications: surgery
related complications such as incidence of neu-
ral injury, spinal fluid leakage, infection as well
as the incidence of deep vein thrombosis dur-
ing follow up were recorded and compared
between the two groups.

Statistical analysis

SPSS 24.0 (IBM, Chicago, IL) was used for the
statistical analysis in the current study. Duration
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Table 1. Intraoperative time, hemorrhage, and the pedicle
screw placement accuracy of patients in the two groups

significant differences in age,
gender, type of scoliosis, and the

segment of deformity between

Experimental  Control  T/X? P
Time (min) 375180 4561107 7.4 <001  [netwogroups (P>0.05).
Hemorrhage (ml) 363+75 442+85 751 <0.01 Screw insertion accuracy
x-ray (s) 13.3+4.1 18.2+#5.8 4.03 <0.01
Instrumentation accuracy O 361 305  48.69 <0.01 Screw insertion accuracy was
1 48 89 evaluated using postoperative CT
2 6 14 scans. It was considered accu-

of surgery, intraoperative hemorrhage, time of
X ray exposure, Cobb’s angles, VAS and DOI
scores were compared between the groups
using independent sample t-tests. Paired
t-tests were used for comparison of indicators
before and after treatment within the same
group. The count data such as the incidence of
surgery related complications was analyzed
using chi-squared analysis. The data was
expressed by mean + standard deviation. The
difference was considered significant when
P<0.05.

Results

According to the inclusion and exclusion crite-
ria, a total of 53 patients (23 men, 30 women,
average age of 27.5+11.8 years ranging from
13-59) were enrolled in our study. They were
divided into experimental and control groups
according to the treatment they have received.
In the experimental group, there were 13 men
and 15 women, with the average age of
25.6+9.2 years (range 15-54 years). In the con-
trol group, there were 10 men and 15 women,
with the average age of 29.1+12.4 years (range
13-59 years).

Among the 28 patients in the experimental
group, 13 patients had congenital scoliosis,
while 7 patients had neuromuscular type scoli-
osis and 8 patients had idiopathic scoliosis.
Twelve patients had thoracolumbar deformity;
12 patients had lumbar deformity, and 4
patients had upper thoracic deformity. In the
control group of 25 patients, there were 11
patients with congenital scoliosis, 6 patients
with neuromuscular type scoliosis, and 8
patients with idiopathic scoliosis. A total of 11
patients had thoracolumbar deformity; 10
patients had lumbar deformity, and 4 patients
had upper thoracic deformity. There were no
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rate when the screw was located
in the pedicle wall and vertebral
body. Any breach of the pedicle wall was con-
sidered screw placement failure. A total of 415
screws were inserted in the experimental
group, and 408 screws were inserted in the
control group. The number of medial and lateral
breaches were 2 and 4, respectively, in the
experimental group, and 4 and 10, res-
pectively, in the control group. The screw inser-
tion accuracy was 87% in the experimental
group and 75% in the control group. There was
no symptomatic breakage of the pedicle wall
and no screw loosening or pull out during follow
up.

The follow up time was 12-24 months with
an average of 16.2+4.5 months. Importantly,
there was a significant difference in the dura-
tion of surgery, intraoperative hemorrhage, and
the time of x-ray exposure between the two
groups. All these parameters were lower in the
experimental group than in the control group
(Table 1).

Correction of deformity

There was no significant difference in thoracic
and lumbar Cobb’s angle at coronal and sagit-
tal planes before the surgery between the two
groups (P>0.05), and as expected, the Cobb’s
angle was smaller in patients 4 weeks after sur-
gery in both groups compared to that before
surgery. However, Cobb’s angle was smaller in
the experimental group than in the control
group (P<0.01) (Table 2).

VAS pain scores and ODI scores

The VAS pain scores and ODI scores were sig-
nificantly improved one month after surgery
(P<0.01), and further improved at the last fol-
low up (P<0.01). There was no significant differ-
ence in VAS pain scores and ODI scores be-
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Table 2. Sagittal and coronal plane Cobb’s angle in thoracic and
lumbar spine of two groups of patients before and after surgery

No other surgery related com-
plications were found in either

Cobb’s Angle Time Experimental  Control P group.
Thoracic spine Sagittal Plane Before 70.1+13.8 68.3+13.2 0.71 . .
Discussion
After 20.6+7.8" 31.9+6.5% <0.01
Ayear 26.416.4" 34.1+71" <0.01 Surgical treatment is the only
Coronal Plane Before 39.3+12.1 40.2+11.6 0.26 effective option for patients
After 9.1+6.2* 16.3+7.3* <0.01 with severe Spina| deformi_
Ayear  9.8+7.0"  17.7+8.4* <0.01 ties. However, due to the com-
Lumbar spine Sagittal Plane Before 53.9422.1 57.0+15.2 0.66 plex anatomical pathologies in
After  21.749.8% 32.9+5.3* <0.01 patients with severe spinal
Ayear 26.0+7.6* 35.616.4% <0.01 deformities, placement of pe-
Coronal Plane Before 37.6+17.1 39.2+13.6 0.73 dicle screws can be challeng-
After  6.3+6.5'  11.9+7.3* 0.01 ing [15-17]. Application of 3D
Ayear 6.4+6.6* 13.9+89* <001  Printing technology makes it

#: P<0.01 compared with before surgery within the same group.

possible to anticipate and pre-

Table 3. VAS pain scores and ODI functional
recovery scores in two groups of patients

Experimental Control P
VAS Before 7.8+2.3 7.5+1.9 0.36
4 weeks 3.4+1.1% 3.6£1.3* 0.55
A year 1.5+0.6%" 1.6+0.7%* 0.58
ODI Before 52.6+15.3 50.8+14.7 0.54
4 weeks 40.3+12.6% 38.8+10.5* 0.64
Ayear 28.5+8.0%" 26.7+7.5*" 0.40

#: P<0.01 compared to before surgery within the same
group; *: P<0.01 compared to 4 weeks after surgery
within the same group.

fore the surgery, after the surgery, and during
follow up between the two groups (P>0.05,
Table 3).

Complications

One patient in the control group experienced
incomplete paraplegia after surgery. An emer-
gency surgery was scheduled, and all the
screws and rods were removed. Patient started
sensory recovery a week after surgery, and the
muscle strength was recovered significantly a
month after surgery. The patient achieved near
normal functional and sensory recovery a year
after the surgery. One patient in the experimen-
tal group showed partial sensory impairment in
the left leg, which was recovered within three
months without intervention. One patient in the
control group was found with spinal fluid leak-
age, which was treated by prolonged drainage
and antibiotic treatment (ceftriaxone 1 g, bid).
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pare for the challenges that

need to be addressed during
the procedure and simplifies the preoperative
surgical planning [18, 19]. The personalized
full-scale 3D-printed spine models help accu-
rately analyze the surgical anatomy of the
patient and plan more effective and safe
approaches for osteotomy and screw place-
ment [20, 21].

After the first report of 3D printing by Hull in
1986, 3D printing technology has been gaining
increasing popularity in orthopedic spine sur-
gery [22]. Application of accurate 3D printing in
spinal surgery improves the preoperative plan-
ning and reduces the complexity and duration
of operation [23, 24]. Accurate 3D models
enable the surgeon to plan and practice a safe
surgical corridor or approach preoperatively,
which helps reduce the complexity of the sur-
gery and decrease the operation time for com-
plex cases [25-27].

In our participants, we used 3D-printed models
in the preoperative planning of spinal deformity
(Figures 1-3). Our study showed that using
3D-printed spinal deformity models could sig-
nificantly reduce the operation time, intraoper-
ative hemorrhage, and x-ray exposure. We first
built 3D models and reconstructed the an-
atomical relations among the segments of
deformed spine to directly assess the severity
of deformity. Next, using those 3D models, we
decided the position, direction and depth of
pedicle screw placement, and pre-bent the con-
necting rods, and planned the location and
method of osteotomy. The 3D model-based
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Figure 1. A 49-year-old patient with congenital scoliosis (A, B). The preoperative sagittal cobb angle was 85 degrees
and 40 degrees on coronal plane (E, F). 3D-printed spine models were used for preoperative planning (C, D). The
sagittal cobb angle was reduced to 42 degrees, and the coronal cobb angle was reduced to 15 degrees after surgery
(G, H).

planning of screw placement, osteotomy and
bone fusion avoided excessive trauma and
hemorrhage from excessive exposure during
surgery, leaving more time for accurate osteot-
omy and screw positioning. As consistent with
our results, Garg et al. [28] found that 3D print-
ing-aided surgery can significantly decrease
the intraoperative time, hemorrhage, x-ray
exposure, and achieve more accurate screw
placement than the control group.

Previous studies have reported that, besides
reducing operation time and hemorrhage, pre-
operative planning using 3D-printed spinal
deformity models could also increase the cor-
rection of Cobb’s angle and alleviate the symp-
toms associated with spinal deformity in
patients [29]. In our current study, correction of
both thoracic and lumbar regions at coronal
and sagittal plane Cobb’s angles was signifi-
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cantly better in the experimental group than in
the control group. However, we did not observe
any difference in VAS pain scores and ODI
scores between the two groups, albeit both
parameters were significantly improved after
the surgery and during follow up, probably due
to patients in both groups achieving satis-
factory recovery after the surgery, as the final
VAS and ODI scores were both significantly
improved. Our results supported the findings by
Tan et al. [30] that 3D-printed model-assisted
surgical planning significantly increased the
accuracy of screw placement and the efficacy
of deformity correction and decreased the
incidence of surgery related complications.
Although the 3D printing technique can be a
valuable addition to the surgical planning of spi-
nal deformity treatment, its relatively high cost
and low accuracy hamper its wider application.
With the increasing quality and decreasing cost
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Figure 2. A 13-year-old patient with neuromuscular scoliosis (A, B). The preoperative cobb angle was 96 degrees
and 88 degrees on coronal and sagittal planes (E, F). 3D-printed spine models were used for preoperative planning
(C, D). After Smith-Peterson osteotomy at T11, T12 and reduction with internal fixation, the cobb angle was reduced
to 39 degrees and 30 degrees on coronal and sagittal planes after surgery (G, H).

of 3D printers and printing materials, those
limitations can be overcome in the future.

We have shown the advantages of using
3D-printed spine models in surgical planning of
spinal deformity; however, the current study
has some limitations. First, its retrospective
nature makes the results prone to patient
selection bias, although we did not find signifi-
cant differences in the demographic patient
characteristics and the severity of deformity
before surgery between the two groups. Future
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prospective study will more convincingly dem-
onstrate the beneficial effects of using 3D-
printed spine models. Second, our current
study used subjects from one center, and the
sample size of was relatively small. Multi-center
studies and larger sample sizes will further vali-
date our results.

Conclusion

3D-printed spine model assisted surgical plan-
ning significantly decreases the duration of sur-
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Figure 3. A 19-year-old patient with idiopathic scoliosis (A-D). The preoperative cobb angle was 100 degrees and
58 degrees on coronal and sagittal planes (F, G). 3D-printed spine models were used for preoperative planning (E,
J). The sagittal cobb angle was reduced to 22 degrees and 15 degrees on coronal and sagittal planes after surgery

(H, I).

gery and intraoperative hemorrhage while in-
creases the accuracy of screw placement and
the efficacy of deformity correction, leading to
further alleviation of back pain and better func-
tional recovery after surgery. This technique
should be used to guide spinal deformity sur-
geries, especially in medical centers that are
not equipped with computer assisted intraop-
erative surgical navigation system.
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