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Objective: This study assesses the safety and precision of percutaneous vertebroplasty (PVP) for thoracolumbar osteoporotic
fractures using 3D printing and intraoperative CT guidance.

Methods: This retrospective cohort study included 100 patients with thoracolumbar osteoporotic fractures who underwent PVP from
January 2020 to December 2022. Preoperative CT scans were used to create 3D printed models for surgical planning and simulation.
Intraoperative CT was employed post-needle insertion and pre-cement injection for accuracy verification. Outcomes were measured
using the visual analog scale (VAS) for pain, Oswestry disability index (ODI) for functionality, and assessments of vertebral height and
kyphotic angle. Complications recorded included cement leakage, nerve injury, and adjacent vertebral fracture. Subgroup analysis was
performed to compare outcomes between thoracolumbar and lumbar fractures.

Results: Average operation time was 35.6 + 8.4 minutes, and fluoroscopy time was 12.3 + 3.7 seconds. Intraoperative CT confirmed
precise needle placement, with no occurrences of cement leakage or nerve injury. VAS scores improved from 8.2 + 1.5 preoperatively
to 2.1 + 0.9 postoperatively, and ODI scores from 72.3 £+ 9.8% to 18.4 + 6.7%. Subgroup analysis showed no significant differences in
clinical or radiographic outcomes between thoracolumbar and lumbar groups, although a higher cement volume was used in lumbar
vertebrae (3.6 vs 2.8 mL, p<0.001). There was significant post-surgical restoration and maintenance of vertebral height and kyphotic
angle, with no adjacent vertebral fractures reported.

Conclusion: PVP using 3D printing and intraoperative CT for thoracolumbar osteoporotic vertebral fractures is safe, accurate, and
effective in pain relief, functional improvement, and vertebral morphology restoration. The 3D models enhance surgical planning,
while intraoperative CT provides real-time feedback for needle and cement placement.
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Introduction

Osteoporotic vertebral fractures are common complications of osteoporosis, which can cause severe pain, disability, and
deformity. The incidence of osteoporotic vertebral fractures is increasing with the aging of the population, and it is
estimated that about 25% of postmenopausal women and 40% of men over 80 years old will suffer from at least one
osteoporotic vertebral fracture in their lifetime.'! The conservative therapy for osteoporotic vertebral fractures include bed
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rest, analgesics, and brace immobilization, which may lead to prolonged hospitalization, muscle atrophy, pulmonary
infection, and refracture, with limited efﬁcacy.2

Percutaneous vertebroplasty (PVP), a minimally invasive procedure involving the injection of bone cement into the
fractured vertebrae, can provide immediate pain relief, stabilize the fracture, and prevent further collapse of the vertebrae
under fluoroscopic guidance.® PVP has been widely used for the treatment of osteoporotic vertebral fractures, and many
studies have demonstrated its safety and efficacy.*” However, PVP also has some drawbacks and challenges, such as the
difficulty of accurate needle placement, the risk of cement leakage, and the lack of real-time feedback and confirmation
of the cement injection.®’

3D printing is a novel technology that can create customized and complex structures based on digital models, which
has been applied in various fields of surgical planning, simulation, education, and implantation.®” 3D printing can also be
used to fabricate patient-specific models of the fractured vertebrae, which can help the surgeons to understand the
anatomy of the fracture through designing the optimal needle trajectory and cement volume.'®'" In addition, 3D printing
can also be combined with intraoperative CT guidance, which can provide real-time images of the needle placement and
cement injection accordingly.'*"?

In this study, we aimed to evaluate the safety and accuracy of PVP for thoracolumbar osteoporotic vertebral fractures
using 3D printing combined with intraoperative CT guidance. To the best of our knowledge, this is the first study to
report the results of PVP using 3D printing combined with intraoperative CT guidance for thoracolumbar osteoporotic
vertebral fractures.

Materials and Methods

Patients

This study was conducted in accordance with the Declaration of Helsinki. It was approved by the Ethics Committee of
Langfang People’s Hospital and informed consent was obtained from all the patients. All procedures involving human
participants were carried out in compliance with the ethical principles and guidelines outlined in the Declaration of
Helsinki, ensuring the protection of participants’ rights, safety, and well-being throughout the research process. A total of
100 patients with thoracolumbar osteoporotic vertebral fractures who underwent PVP using 3D printing combined with
intraoperative CT guidance from January 2020 to December 2022 were retrospectively analyzed. The inclusion criteria
were: (1) single-level thoracolumbar osteoporotic vertebral fracture confirmed by radiography and CT; (2) severe back
pain that was refractory to conservative therapy for more than 2 weeks; (3) bone mineral density (BMD) less than —2.5
standard deviations (SD) of the young adult mean value measured by dual-energy X-ray absorptiometry (DXA); and (4)
no neurological deficit or spinal instability. The exclusion criteria were: (1) infection, tumor, or trauma-related vertebral
fracture; (2) severe osteoporosis with multiple vertebral fractures or severe vertebral collapse; (3) coagulation disorders
or allergy to bone cement; and (4) contraindications to CT scan, such as patients with severe claustrophobia. The focus on
T11-L1 vertebral fractures was intentional, as these regions represent the most common sites for osteoporotic vertebral
fractures and have the highest clinical impact in terms of pain and functional disability. Additionally, these segments have
unique anatomical considerations that benefit particularly from precise surgical planning. The demographic and clinical
characteristics of the patients are shown in Table 1.

3D Printing

The 3D printing models of the fractured vertebrae were fabricated based on the preoperative CT images. The CT images
were acquired using a 64-slice CT scanner (Siemens SOMATOM Definition Edge, Germany) with the following
parameters: tube voltage 120 kV, tube current 250 mA, slice thickness 1.0 mm, and reconstruction interval 0.5 mm.
The CT images were imported into a 3D reconstruction software (Mimics Innovation Suite version 21.0, Materialise,
Belgium) and segmented to obtain the 3D models of the vertebrae using a threshold-based method (Hounsfield unit
range: 226-3071). The 3D models were then exported to a 3D printing software (3-matic version 13.0, Materialise,
Belgium) and modified to create the 3D printing models. The 3D printing models were hollowed to reduce the material
consumption and printing time, (shell thickness 2.0 mm), and a hole was created at the pedicle of the fractured vertebra to
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Table | Demographic and  Clinical
Characteristics of the Patients

Variable Value
Number of patients 100

Age (years) 684 +79
Sex (male/female) 38/62
Fracture level (T11-L2) 52/48

BMD (g/cm2) 0.67 £ 0.12
VAS score (preoperative) 82+ 15

ODI score (preoperative) 723 + 9.8%
Vertebral height (preoperative) | 18.6 £ 3.2 mm
Kyphotic angle (preoperative) 184 + 4.7°

simulate the needle insertion with planned trajectory angles (sagittal angle: 0—15°, transverse angle: 10-30° depending on
the vertebral level). The 3D printing models were then printed using a fused deposition modeling (FDM) printer
(Ultimaker 3, Ultimaker, Netherlands) with polylactic acid (PLA) filament. The printing parameters were: layer height
of 0.2 mm, nozzle temperature of 210°C, bed temperature of 60°C, and printing speed of 50 mm/s. The 3D printing
models were sterilized by ethylene oxide before the surgery. Figure 1 shows examples of the 3D printed models used for
different thoracolumbar applications, including percutaneous pedicle screw fixation for thoracic fracture (A), needle
insertion technique for vertebroplasty (B), and multi-segment thoracolumbar implants (C).

Surgical Procedure

The surgery was performed under local anesthesia and sedation. The patient was placed in a prone position on
a radiolucent table The 3D printing model of the fractured vertebra was placed on the patient’s back and aligned with
the corresponding vertebra. The optimal needle trajectory and entry point were determined by the surgeon based on the
3D printing model and marked on the skin. A 13-gauge bone needle was inserted into the pedicle of the fractured
vertebra under fluoroscopic guidance. The position and depth of the needle were verified by the 3D printing model and
adjusted if necessary. After the insertion of the bone needle, the patient was transferred to the intraoperative CT scanner
(O-arm, Medtronic, USA) and a CT scan was performed to confirm the accuracy of the needle placement. The
intraoperative CT scan parameters were: tube voltage 120 kV, tube current 25 mA, slice thickness 0.83 mm, FOV

Figure | Three-dimensional printed models for thoracolumbar fracture treatment. (A) Percutaneous pedicle screw fixation with two rods for thoracic fracture. (B)
Percutaneous pedicle screw treatment for lumbar fracture. (C) Multi-segment thoracolumbar implants.
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20 cm, and rotation time 13 seconds. If the needle was not accurately placed, the needle was repositioned and another CT
scan was performed. After the confirmation of the needle placement, the bone cement (PMMA, Cook, USA) was mixed
and injected into the fractured vertebra under fluoroscopic guidance. The injection was stopped when the cement filled
about 70% of the vertebral body or when the cement leakage was detected. The intraoperative CT scan was repeated to
verify the cement distribution and to detect any complications, such as cement leakage or nerve injury. The bone needle
was removed and the wound was sutured. The operation time, fluoroscopy time, cement volume, and complications were
recorded. The 3D printing model was discarded after the surgery. Figure 2 illustrates the complete clinical procedure,
showing the 3D printed models of fractured vertebrae (a, b), intraoperative CT setup and surface marking for needle entry
points (c, d), and fluoroscopic and CT images demonstrating needle placement and cement injection (e-h).

Postoperative Evaluation

The postoperative evaluation was performed at 1 month and 6 months after the surgery, with a mean follow-up period of
18.2 + 6.4 months (range: 12-24 months). The postoperative evaluation included the clinical outcomes, the radiographic
outcomes, and the complications. The clinical outcomes were evaluated by the visual analog scale (VAS) for pain, the
Oswestry disability index (ODI) for function, and the patient satisfaction score (PSS) for satisfaction. The radiographic
outcomes were evaluated by the vertebral height and the kyphotic angle, which were measured by the plain radiography
and the CT scan. The vertebral height was measured at the anterior, middle, and posterior aspects of the vertebral body,
and the percentage recovery was calculated as: [(postoperative height - preoperative height) / (estimated normal height -
preoperative height)] x 100%. The estimated normal height was determined based on the average height of the adjacent
non-fractured vertebrae. The kyphotic angle was measured using the Cobb method between the superior endplate of the

vertebra above and the inferior endplate of the vertebra below the fractured vertebra.The complications were recorded

LangFang people’s
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Figure 2 Clinical application of 3D-printing guided PVP. (a and b) The 3D printed model of the fractured vertebra. (c and d) CT images were taken and the optimal needle
trajectory and entry points were marked. (e and f) A |3-gauge bone needle was inserted into the pedicle of the fractured vertebra under fluoroscopic guidance. (g and h)
The bone cement was injected into the fractured vertebra under fluoroscopic guidance.
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and classified as major or minor, according to the severity and the treatment. The postoperative evaluation was compared
among the four groups and correlated with the preoperative and intraoperative data.

Statistical Analysis

The statistical analysis was performed using a statistical software (SPSS 22.0, IBM, USA). The data were expressed as
mean =+ standard deviation (SD) for continuous variables and as frequency (percentage) for categorical variables. The
normality of the data distribution was tested by the Kolmogorov—Smirnov test. For repeated measurement data (such as
VAS and ODI scores), if the data conformed to a normal distribution, repeated measures analysis of variance was used
for comparison; if the data did not conform to a normal distribution, Friedman test was used for comparison. The LSD
method or the Wilcoxon signed-rank test was used to compare the preoperative and postoperative data. For comparisons
between the thoracolumbar (T11-L2) and lumbar (L3-L5) subgroups, independent samples ¢-test was used for normally
distributed continuous variables, and the Mann—Whitney U-test was used for non-normally distributed variables.
Categorical variables were compared using the Chi-square test or Fisher’s exact test, as appropriate. A P value of less
than 0.05 was considered statistically significant.

Results

Operation Time, Fluoroscopy Time, and Cement Volume

The mean operation time was 35.6 £ 8.4 minutes, and the mean fluoroscopy time was 12.3 £ 3.7 seconds. The mean
cement volume was 3.2 + 0.9 mL. There was no significant difference in the operation time, fluoroscopy time, and
cement volume between the thoracic and lumbar groups (P > 0.05).

Needle Placement Accuracy

In three cases, needle repositioning was required after initial surgical CT verification due to a deviation of less than 2 mm
from the planned trajectory. Finally, the CT images showed that all the bone needles were accurately placed in the
fractured vertebrae, and no deviation or perforation was observed. The mean distance between the tip of the needle and
the center of the vertebral body was 0.8 £ 0.3 mm, and the mean angle between the needle and the sagittal plane was 0.7
+ 0.4°. There was no significant difference in the distance and angle between the thoracic and lumbar groups (P > 0.05).

Cement Distribution and Leakage

In one case, bone cement injection was temporarily suspended after slight signs of pre-leakage were observed in order to
adjust the injection speed. The situation was resolved without any actual leakage occurring. Finally, the CT images
showed that the cement was evenly distributed in the fractured vertebrae, and no cement leakage or nerve injury
occurred. The mean percentage of the vertebral body filled by the cement was 71.4 + 8.6%, and the mean percentage
of the vertebral height restored by the cement was 64.3 + 9.7%. There was no significant difference in the percentage of
the vertebral body filled by the cement and the percentage of the vertebral height restored by the cement between the
thoracic and lumbar groups (P > 0.05).

Clinical Outcomes

The VAS scores decreased from 8.2 + 1.5 preoperatively to 2.1 + 0.9 at 1 month postoperatively, and the ODI scores
improved from 72.3 £+ 9.8% preoperatively to 18.4 + 6.7% at 1 month postoperatively. The vertebral height and kyphotic
angle were significantly restored after the surgery and maintained at the last follow-up. The mean follow-up period was
18.2 £+ 6.4 months. No adjacent vertebral fracture occurred during the follow-up period. The clinical outcomes are shown
in Table 2.

Cost-Effectiveness Analysis
The direct costs of 3D printing combined with intraoperative CT-guided PVP included 3D printing expenses (PLA
filament, model processing, and sterilization) averaging $95 per patient (range: $80-120) and intraoperative CT usage
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Table 2 Clinical Outcomes of the Patients

Variable Preoperative | Postoperative | Last Follow-Up | P value
VAS score 82+ 15 2.1 £09 1.9£08 0.00003
ODI score (%) 723 +98 184 6.7 163 £ 5.9 0.00001
Vertebral height (mm) | 18.6 + 3.2 254 +£29 248 + 3.1 0.00007
Kyphotic angle (°) 184 + 4.7 1.2 £3.6 11.6 3.8 0.00005

fees (equipment operation and personnel) of $180 per case (range: $150-200), resulting in total additional direct costs of
approximately $275 per patient compared to not using 3D printing combined with intraoperative CT-guided PVP.
However, savings may be achieved through short fluoroscopy time (12.3 + 3.7 seconds), low complication rates (no
cement leakage or nerve injury, avoiding revision surgery costs of $3,000-$5,000 per leakage case and prolonged
hospitalization expenses of $500-$1,000 per additional day), and acceptable operation time (35.6 £ 8.4 minutes), partially
offsetting the additional costs, with potential net cost neutrality or savings in institutions with high baseline complication

rates.

Subgroup Analysis: Thoracic vs Lumbar Outcomes
To further evaluate the consistency of the technique across different spinal segments, we conducted a subgroup analysis
comparing thoracolumbar (T11-L2, n=49) and lumbar (L3-L5, n=51) vertebral fractures. Except for the expected
difference in cement volume (attributable to the larger size of lumbar vertebrae), no statistically significant differences
were found between the two groups in operative time, fluoroscopy time, needle placement accuracy, clinical outcomes
(VAS, ODI), or radiographic outcomes (vertebral height restoration, kyphotic angle correction) (all P > 0.05), indicating
that the combined 3D printing and intraoperative CT-guided technique was equally effective and accurate in both regions.
The detailed comparative data are presented below and summarized in Table 3.

The mean operation time was comparable between the thoracolumbar group (34.1 = 7.2 minutes) and the lumbar
group (37.0 + 9.3 minutes). Similarly, fluoroscopy time was brief and not significantly different between groups (12.5 +
3.4 seconds vs 12.1 + 4.0 seconds). The mean cement volume used was slightly higher in the lumbar group (3.6 +

Table 3 Comparison of Outcomes Between Thoracolumbar (T11-L2) and Lumbar (L3-L5) Vertebral

Fractures
Parameter Thoracolumbar (T11-L2) (n=49) | Lumbar (L3-L5) (n=51) | P-value
Operational Data
Operation time (min) 341 £72 37.0 £ 93 0.088
Fluoroscopy time (s) 125 + 3.4 12.1 £ 4.0 0.596
Cement volume (mL) 28+07 3.6 £09 <0.001
Needle Placement Accuracy
Needle tip to vertebral center (mm) | 0.7 £ 0.3 09 +03 0.057
Sagittal angle deviation (°) 0.6 +04 08 +04 0.102
Clinical Outcomes
Preoperative VAS 8315 81 %15 0.491
Postoperative VAS (I month) 22+09 20+09 0.257
Preoperative ODI (%) 72.8 = 10.1 718+ 95 0.604
Postoperative ODI (I month, %) 189 + 6.9 179 £ 6.5 0.442
Radiographic Outcomes
Vertebral height recovery (%) 638 +95 648 + 99 0.602
Kyphotic angle correction (°) 8320 79+24 0.355

Note: Data are presented as mean * standard deviation. P-values were calculated using independent samples t-test. Cement volume was
significantly higher in the lumbar group, which is consistent with the larger anatomical size of lumbar vertebrae. All other comparisons were
not statistically significant.
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0.9 mL) compared to the thoracolumbar group (2.8 £ 0.7 mL), a difference that aligned with anatomical expectations but
did not reach statistical significance.

Needle placement accuracy was excellent in both groups. The mean distance from the needle tip to the vertebral
center was 0.7 + 0.3 mm for thoracolumbar vertebrae and 0.9 = 0.3 mm for lumbar vertebrae. The mean sagittal angle
deviation was minimal and similar between groups (0.6 = 0.4° vs 0.8 £ 0.4°).

Clinical outcomes showed pronounced and equivalent improvements in both segments. Preoperative VAS scores were
high in both groups (thoracolumbar: 8.3 + 1.5; lumbar: 8.1 £ 1.5) and markedly decreased at 1-month follow-up (2.2 +
0.9 vs 2.0 = 0.9). The ODI scores mirrored this improvement, dropping from 72.8 + 10.1% to 18.9 + 6.9% in the
thoracolumbar group and from 71.8 + 9.5% to 17.9 + 6.5% in the lumbar group.

Radiographic outcomes demonstrated successful restoration and maintenance of vertebral morphology regardless of
the treated segment. The vertebral height recovery was 63.8 £ 9.5% for thoracolumbar and 64.8 £ 9.9% for lumbar
vertebrae. The kyphotic angle correction was also comparable between the two groups (8.3 + 2.0° vs 7.9 £ 2.4°).

Discussion

In this study, the accuracy of needle placement, as evidenced by the intraoperative CT images, was remarkable. The
precision achieved in this procedure, with the mean deviation being minimal, highlights the potential of 3D printing and
intraoperative CT guidance in enhancing the accuracy of surgical interventions. This precision is crucial in avoiding
complications associated with PVP, such as nerve damage or cement leakage.'* The absence of cement leakage or nerve
injury in our study is noteworthy. These complications are among the primary concerns in PVP and can lead to severe
adverse outcomes.' The even distribution of cement within the vertebral body and the absence of leakage indicate that
the combination of 3D printing and intraoperative CT not only provides the safety of the procedure but also achieves the
favorable therapeutic effect of the cement injection.'® In addtion, the cost-effectiveness analysis indicate that savings may
be achieved through short fluoroscopy time, low complication rates, and acceptable operation time, partially offsetting
the additional costs, with potential net cost neutrality or savings in institutions with high baseline complication rates.
Therefore, this technology may offer novel strategy for the clinical management of thoracolumbar osteoporotic fractures.

The 3D printing models maximise needle placement accuracy through several mechanisms. First, they provide
surgeons with a tactile, three-dimensional understanding of the patient’s specific vertebral anatomy prior to surgery,
allowing for better visualization of the pedicle entry point and optimal trajectory. Second, the ability to simulate the
procedure on the 3D model helps identify potential anatomical challenges before the actual surgery. Third, the precise
planning of needle trajectory angles (both sagittal and transverse) based on the 3D model reduces the risk of pedicle
breach or neural structure injury.

Similarly, the uniform distribution of cement and low leakage risk can be attributed to several factors enabled by this
combined approach. The precise needle placement ensures the cement is delivered to the optimal location within the
vertebral body. The intraoperative CT provides real-time visualization of the early stages of cement filling, allowing for
immediate adjustment if the distribution pattern suggests potential leakage. Additionally, the pre-procedural planning
with 3D models helps determine the ideal cement volume for each specific vertebral body, avoiding the risk of overfilling
that can lead to leakage.

Furthermore, the uniform distribution of cement and the high percentage of vertebral body filling indicate effective
stabilization of the fractures. This is corroborated by the significant improvements in VAS and ODI scores postopera-
tively, which reflect not only pain relief but also functional recovery. These outcomes are consistent with the goals of
PVP in treating osteoporotic vertebral fractures, which aim to alleviate pain, stabilize the fracture, and restore vertebral
height and alignment.'” The maintenance of these clinical improvements over the follow-up period further validates the
long-term efficacy of this approach.'®

The subgroup results showed no statistically significant differences in key surgical metrics between thoracolumbar
(T11-L2) fractures and lumbar (L3-L5) fractures groups, including operation time, fluoroscopy time, and needle
placement accuracy. Clinically and radiographically, both groups also achieved comparable and significant improve-
ments. Although the lumbar group used a slightly higher cement volume, this was consistent with anatomical
differences and did not impact efficacy. This confirms the combined 3D printing and intraoperative CT-guided PVP
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technique is uniformly safe, accurate, and effective for both thoracolumbar and lumbar osteoporotic fractures,
strengthening the generalizability of our findings to diverse thoracolumbar segments commonly affected by such
fractures. This versatility is particularly valuable given the variable nature of osteoporotic fractures in terms of location
and severity. Moreover, given the concern that PVP could increase the risk of fractures in adjacent vertebrae due to

. . 19-21
altered biomechanical stresses,

our study did not particularly report any new adjacent vertebral fractures during
the follow-up period.

Beyond the current application for osteoporotic vertebral fractures, this combined technique shows promise for
other spinal pathologies. The precision offered by 3D printing and intraoperative CT guidance could be valuable in
treating spinal tumors, where accurate needle placement is critical to avoid tumor seeding and ensure complete
ablation. Similarly, this approach could benefit complex deformity corrections in scoliosis cases, providing favourable
visualization and planning of osteotomy or instrumentation placement. However, this combined technology has also
faced some challenges in its actual implementation: 3D printing and intraoperative CT are limited by institutional
resources, and may be difficult for grassroots hospitals to configure; CT image reconstruction to 3D model printing
takes 4—6 hours, which may delay surgery (especially for patients with acute pain); surgeons need to master 3D model
positioning, intraoperative CT image interpretation, and traditional PVP operations simultaneously, which requires
a long learning curve. Collaborating with third-party medical 3D printing service providers to reduce equipment
investment, adopting rapid printing modes, and conducting step-by-step training may be the solution to these
challenges.

It is important to acknowledge the role of 3D printing in enhancing the surgeon’s understanding of the fracture’s
anatomy. The patient-specific models allowed for preoperative planning that was tailored to the individual’s unique
anatomical features. This personalized approach could have contributed to the high accuracy and successful outcomes
observed. In addition, the cost-effectiveness of 3D printing combined with intraoperative CT-guided PVP was context-
dependent and requires a balance between incremental costs and clinical benefits. Although the upfront costs were high,
this technology may avoid the high medical expenses caused by complications (bone cement leakage, nerve damage),
which was particularly important for complex or high-risk fractures. Therefore, this method may be cost-effective in
complex cases where it reduce complication-related costs, but not in routine cases.

However, the study is not without limitations. The retrospective design and the absence of a control group limit the
ability to draw definitive causal inferences. Moreover, the study excluded complex cases such as multi-segment fractures
and severe vertebral collapse, which may overestimate the applicability of the technique in a broader population.
Furthermore, although the average follow-up period was 18.2 months, data on the risk of adjacent vertebral fractures
and the long-term stability of bone cement after more than two years were not recorded, making it impossible to fully
verify the long-term safety of the technique. Future studies could benefit fromshould include a control group of patients
undergoing traditional PVP to allow for direct comparison of outcomes, complication rates, and procedure efficiency.
Additionally, a randomized controlled design towould more rigorously assess the added value of 3D printing and
intraoperative CT guidance over traditional PVP methods.

Conclusion

PVP for thoracolumbar osteoporotic vertebral fractures using 3D printing combined with intraoperative CT guidance is
a safe and accurate technique that can effectively relieve pain, improve function, and restore vertebral morphology. The
3D printing models can facilitate the surgical planning and simulation, and the intraoperative CT images can provide
real-time feedback and confirmation of the needle placement and cement injection. The combination of these two
techniques can achieve satisfactory clinical outcomes and a low risk of complications. Large-scale randomised controlled
trials will be conducted in the future to further validate the safety and accuracy of this combined technique for
thoracolumbar osteoporotic fractures.
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