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Abstract

Osteoporotic vertebral compression fractures (OVCFs) are a significant health burden with increasing prevalence in the aging
population. This study compares robotic-assisted kyphoplasty (RK) with conventional fluoroscopy-guided kyphoplasty (FK)
for the treatment of OVCFs. A single-center retrospective study analyzed 240 patients (120 in each group) who underwent
kyphoplasty for OVCFs between January 2020 and December 2022 under general anesthesia. Clinical outcomes were
assessed using Visual Analog Scale (VAS) and Oswestry Disability Index (ODI). Radiological outcomes included vertebral
height restoration and kyphotic angle correction. Procedural parameters including radiation exposure, procedural time, and
complications were analyzed. Correlation analysis was performed to assess the impact of vertebral anatomy complexity on
procedural outcomes. Both groups demonstrated significant clinical and radiological improvements with comparable pain
relief and functional outcomes. The RK group showed superior vertebral height restoration (68.00% vs. 64.38%, p=0.004)
and significantly lower cement leakage rates (5.8% vs. 19.2%, p=0.002) compared to the FK group. Radiation exposure
was significantly lower in the RK group (18.76 mGy vs. 22.69 mGy, p<0.00001). Total procedure time was significantly
shorter in the RK group (50.91 min vs. 86.40 min, p <0.00001). Correlation analysis revealed that thoracic level complexity
affected both techniques similarly, with significant correlations between thoracic levels and increased radiation exposure
and procedural time in both groups. However, the robotic group maintained superior absolute performance regardless of
anatomical complexity. Robotic-assisted kyphoplasty provides superior safety profiles with reduced cement leakage and radia-
tion exposure, better vertebral height restoration, and shorter procedural times compared to fluoroscopy-guided techniques.
Importantly, these advantages persist across different levels of anatomical complexity, suggesting that robotic assistance
offers consistently superior performance regardless of case difficulty. These findings support the adoption of robotic-assisted
techniques for treating OVCFs.
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Introduction

Osteoporotic vertebral compression fractures (VCFs)
represent a significant health burden, particularly among
older populations. The incidence of VCFs is notably high,
with estimates suggesting over 700,000 cases annually in
the United States alone [1]. The overall incidence rates of
fragility fractures, including OVCF, have shown notable
trends, with higher rates observed in women compared to
men [2]. The annual costs of osteoporosis-related fractures
are staggering, with estimates of $17 billion in the U.S.
and €1.26 billion in France for severe fractures [3, 4].

Percutaneous kyphoplasty (PKP) has emerged as a
widely accepted minimally invasive intervention for
OVCFs, demonstrating effective pain relief, functional
improvement, and partial restoration of vertebral height
[5, 6]. This technique involves the insertion of an inflatable
balloon into the fractured vertebral body to create a cav-
ity, followed by the injection of bone cement to stabilize
the fracture. Despite its established benefits, conventional
fluoroscopy-guided kyphoplasty (FK) faces several limi-
tations, including variable accuracy in needle placement,
potential for cement leakage (reported in up to a quarter of
cases), and significant radiation exposure to both patients
and operators [7, 8].

Recent technological advances have introduced robotic
assistance into spinal surgical procedures, offering poten-
tial solutions to these challenges [9, 10]. Robotic-assisted
kyphoplasty (RK) utilizes three-dimensional imaging and
computer navigation to facilitate precise preoperative plan-
ning and accurate intraoperative execution. This technol-
ogy enables surgeons to predetermine optimal trajectories
for needle placement, potentially enhancing the safety and
efficacy of the procedure [11, 12].

While conventional kyphoplasty has demonstrated con-
sistent improvements in pain reduction, functional recov-
ery, and vertebral height restoration, significant concerns
persist regarding radiation exposure and cement leakage
complications [13]. Theoretical advantages of robotic
assistance include enhanced trajectory precision, reduced
radiation exposure for surgeons, improved vertebral height
restoration, and decreased risk of cement extravasation
[14]. However, comprehensive comparative data between
these two approaches remain limited.

Emerging literature suggests potential benefits of
robotic assistance in spinal procedures, including
increased accuracy in pedicle screw placement and favora-
ble outcomes in complex deformity cases [15, 16]. Initial
reports on robotic-assisted kyphoplasty indicate promising
results, but direct comparative studies with conventional
techniques are scarce, and the clinical significance of any
differences remains unclear [16, 17].
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We hypothesized that robotic-assisted kyphoplasty
would provide superior clinical and radiological outcomes
compared to conventional fluoroscopy-guided techniques,
particularly in terms of procedural safety, radiation expo-
sure, and cement leakage. The primary objective of this
study was to compare the efficacy, safety, and technical
parameters of robotic-assisted versus fluoroscopy-guided
kyphoplasty in the treatment of osteoporotic vertebral
compression fractures. Specific aims included assessment
of pain reduction, functional improvement, vertebral
height restoration, kyphotic angle correction, procedural
time components, radiation exposure, and complication
rates.

Methods
Study design and patient population

This was a single-center retrospective study conducted
according to the Strengthening the Reporting of Obser-
vational Studies in Epidemiology (STROBE) guidelines.
The study was approved by the institutional review board,
and informed consent was obtained from all patients. We
included 240 consecutive patients (120 in each group) who
underwent kyphoplasty for osteoporotic vertebral compres-
sion fractures (OVCFs) between January 2020 and Decem-
ber 2022. Patients were divided into two groups based on the
surgical technique employed: robotic-assisted kyphoplasty
(RK) and conventional fluoroscopy-guided kyphoplasty
(FK).

Inclusion and exclusion criteria

Inclusion criteria were: (1) age > 50 years; (2) confirmed
diagnosis of OVCFs; (3) treatment of 1-3 vertebral levels;
(4) minimum follow-up of 3 months; (5) procedures per-
formed under general anaesthesia; and (6) for RK group,
only scan-and-plan technique patients were included.

Exclusion criteria were: (1) follow-up less than 3 months;
(2) incomplete medical records; (3) age less than 50 years;
(4) fractures due to pathological conditions, tumours, or
infections; (5) procedures performed under local anaesthe-
sia; and (6) concurrent spinal pathologies such as myelopa-
thy or severe lumbar stenosis.

All procedures were performed by a single surgeon with
over 20 years of experience in spine surgery and more than
2 years of experience with robotic spine surgery. The sur-
geon had completed 200 simple thoracolumbar procedures
using the robotic system before performing kyphoplasty with
robotic assistance.
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Surgical techniques

All patients underwent kyphoplasty under general anaes-
thesia in the prone position with standard padding and sup-
port. General anesthesia was selected primarily to eliminate
patient movement, which is critically important for robotic-
assisted procedures where even minimal movement can
cause registration errors and compromise surgical accuracy.
The precision required for robotic guidance necessitates
complete immobilization throughout the procedure. Addi-
tionally, general anesthesia ensures patient comfort during
prolonged prone positioning and provides procedural stand-
ardization between both groups, eliminating anesthesia type
as a confounding variable. Robotic-assisted kyphoplasty
(RK) was performed using the Mazor" X Stealth Edition
system (Medtronic"") with intraoperative 3D imaging via
the O-arm'". Following automated trajectory planning, the
robotic arm guided trocar insertion through a small incision,
enabling precise pedicle cannulation and channel creation.
Working cannulas were positioned using real-time naviga-
tion and verified with biplanar fluoroscopy.

Fluoroscopy-guided kyphoplasty (FK) employed conven-
tional C-arm localization. After vertebral level identification,
Jamshidi needles were inserted manually under fluoroscopic
guidance, and pedicle access was achieved via intermittent
imaging.

In both groups, bilateral balloon kyphoplasty was per-
formed with gradual inflation under fluoroscopic control to
restore vertebral height. Polymethylmethacrylate (PMMA)
cement was injected once the desired height or endpoint was
reached. Cement distribution was monitored fluoroscopi-
cally, and cannulas were removed after cement polymeri-
zation. Final fluoroscopic confirmation and wound closure
completed the procedure. Figure 1 provides a step-by-step
visual comparison of the RK and FK approaches.

Data collection and outcome measures

Data were collected from hospital electronic records and
included basic demographics, preoperative and postopera-
tive radiographs, cement leakage (present or not), visual
analog scale (VAS) scores for pain (preoperative and 1-day
postoperative), vertebral body height (expressed as a per-
centage of expected height), Oswestry disability index (ODI)
scores (preoperative and 3-months postoperative), radiation
dose, and procedural times.

Pain was assessed using the visual analog scale (VAS)
[18], with O representing no pain and 10 representing the
worst imaginable pain. Functional disability was evaluated
using the Oswestry disability index (ODI) [19], a validated
tool for assessing disability related to spinal conditions.

Vertebral height was measured as a percentage of
expected height, calculated using the mean of adjacent

vertebral body heights as reference, following previously
established methodology [20]. Lateral radiographs were
used to measure kyphotic angle, defined as the angle formed
between the lines drawn parallel to the superior and inferior
endplates of the fractured vertebra. (Fig. 2).

Procedural times were categorized as follows: (1) scan
and plan time—from the start of the scan to the comple-
tion of trajectory planning; (2) robotic/pin insertion time—
from the start of robotic arm movement to completion of
pin insertion (for RK) or from skin marking to satisfactory
pin positioning (for FK); (3) cement/balloon time—from
pin positioning to the completion of cement filling; and (4)
pure surgical time—the sum of robotic/pin time plus bal-
loon/cement time.

VAS scores were assessed at 1 day postoperatively to
evaluate immediate pain relief, while ODI was assessed at
3 months to allow for functional recovery and more accurate
assessment of disability outcomes.

Radiological assessments were performed by a blinded
radiologist and an independent spine surgeon with over
8 years of experience.

Statistical analysis

Statistical analysis was performed using SPSS software ver-
sion 28.0. Continuous variables were expressed as means
and standard deviations. Paired t-tests were used to compare
pre- and post-operative values within each group. Independ-
ent t-tests or Mann—Whitney U tests were used for compari-
sons between groups based on data distribution. Categorical
variables were compared using chi-square tests. Statistical
significance was set at p <0.05. Pearson correlation coeffi-
cients were calculated to assess the relationship between the
number of thoracic levels treated and procedural parameters
(radiation exposure and total procedure time) within each

group.

Results
Patient demographics and clinical outcomes

A total of 240 patients were included in the study, with 120
in each group. The demographic characteristics between the
robotic-assisted (RK) and fluoroscopy-guided (FK) groups
were comparable, with no statistically significant differences
in age, sex distribution, BMI, or the number of treated levels
(Table 1).

Significant clinical improvement was observed in both
groups. The mean preoperative Oswestry Disability Index
(ODI) score decreased from 70.38 +£7.92 to 29.84 +8.83
in the RK group (p <0.00001) and from 68.28 + 8.58 to
29.00 +9.00 in the FK group (p <0.00001). Similarly,
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Robotic-Assisted vs Fluoroscopy-Guided Kyphoplasty

Patient Positioning and Setup

Common Step

General anesthesia administered prior to positioning. Patient placed prone. Arms positioned at 90°. Pressure points and bony prominences padded.

Imaging & Planning
Robotic-Assisted (RK)

3D CT with O-arm. Robot-mounted reference array. Images transferred to Mazor X. Surgeon
identifies fractured vertebra. Trajectories and entry points planned in 3D.

Entry and Navigation
Robotic-Assisted (RK)

Robot arm aligned to trajectory. Small incision with #22 blade. Trocar and sleeve advanced to
bone surface under real-time navigation.

Pedicle Channel Creation
Robotic-Assisted (RK)

High-speed drill used to create pilot hole. Navigated tap extends to final depth. Guidewire
inserted. Repeat on other side.

Working Channel Establishment
Robotic-Assisted (RK)

Robot cleared. Cannula inserted over guidewire. Verified with fluoroscopy. Guidewires
removed.

Balloon Kyphoplasty

Common Step

Cement Preparation and Delivery

Common Step

Fluoroscopy-Guided (FK)

C-arm fluoroscopy to locate fracture. AP and lateral views. Skin marked at pedicles using
radiopaque markers.

Fluoroscopy-Guided (FK)

Small incision made. Jamshidi needle advanced to pedicle under fluoroscopy. Confirmed in
AP and lateral views.

Fluoroscopy-Guided (FK)

Needle advanced to posterior third of vertebral body. Guidewire placed. Repeat on other side.

Fluoroscopy-Guided (FK)

Cannula inserted over guidewire. Position confirmed fluoroscopically. Guidewires removed.

Balloons inserted to anterior 1/3 vertebral body. Inflated with contrast under fluoroscopy. Inflation continues until midline touch, cortical boundary, height restoration, or max pressure (220-300 psi).

PMMA mixed to h consi Balloons re d. Cement injected under fluc

Completion and Closure

Common Step

py. Stop at

ory fill or extr 3-5 mL used per level.

Devices removed post cement hardening. Final AP & lateral X-rays. Incisions closed with 3-0 subcuticular sutures. Dressing applied. Neurological exam after awakening.

Fig. 1 Stepwise comparison of Robotic-Assisted Kyphoplasty (RK)
and Fluoroscopy-Guided Kyphoplasty (FK). The flowchart illustrates
the procedural sequence, highlighting shared steps and key differ-

the Visual Analogue Scale (VAS) score decreased from
8.52+1.18 to 4.39+1.66 in the RK group and from
8.74+1.18 to 4.26 +1.73 in the FK group (p <0.00001
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ences in imaging, trajectory planning, and instrument navigation
between the two techniques

within each group), indicating substantial pain relief post-
operatively. No statistically significant differences were
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Fig.2 Standardized radiographic measurement techniques for radio-
graphic assessment of kyphoplasty. A Pre-operative image showing
compressed vertebral height (19.65 mm, 71.8% of expected height)
relative to adjacent levels (26.07 mm, 28.62 mm) and kyphotic angle
(15°). B Post-operative image demonstrating restored vertebral height

Table 1 Demographic, clinical,
and radiological outcomes

in patients undergoing
kyphoplasty for osteoporotic
vertebral compression fractures:
comparison between robotic-
assisted and fluoroscopy-guided
groups (n=240) including age,
sex distribution, BMI, number
of treated levels, pre- and
postoperative ODI and VAS
scores, and vertebral height and
kyphotic angle measurements

(28.95 mm, 90.2% of expected height) and corrected kyphotic angle
(5°). Vertebral height percentage calculated as (compressed height/
mean adjacent heights)x100. All measurements performed using

standardized PACS tools by blinded observers

Parameter Robotic-assisted group  Fluoroscopy-guided group p-value
(n=120) (n=120)

Demographics

Age (years) 65.97+14.05 68.06+8.81 0.535

Sex (M/F) 48/72 43/77 0.493

BMI (kg/m?) 27.57+5.86 27.55+6.61 0.984

Treated levels

Number of treated levels 1.25+0.68 1.40+0.73 0.099

Thoracic levels treated, n (%) 31 (36.9%) 55 (44.4%) 0.312

Lumbear levels treated, n (%) 53 (63.1%) 69 (55.6%) 0.312

Mean thoracic levels per patient 0.35+0.69 0.44+0.81 0.498

ODI score

Preoperative 70.38+7.92 68.28 +£8.58 0.049

Postoperative (3 months) 29.84+8.83 29.00+9.00 0.514

p-value (within group) <0.00001 <0.00001

VAS score

Preoperative 8.52+1.18 8.74+1.18 0.131

Postoperative (1 day) 4.39+1.66 4.26+1.73 0.812

p-value (within group) <0.00001 <0.00001

Vertebral height (% of expected)

Preoperative 54.58 +14.80 55.71+13.23 0.326

Postoperative 68.00+18.78 64.38 +14.89 0.004

p-value (within group) <0.00001 <0.00001

Kyphotic angle (°)

Preoperative 17.22+3.86 16.91+3.44 0.513

Postoperative 4.00+2.96 4.00+£2.52 >0.05

p-value (within group) <0.00001 <0.00001

@ Springer



343 Page 6 of 10

Journal of Robotic Surgery (2025) 19:343

observed between the two groups in postoperative ODI or
VAS scores (Table 1).

Radiological outcomes

Radiological assessment demonstrated improved vertebral
height and kyphotic angle correction in both groups. The
mean vertebral height increased from 54.58 +14.80% to
68.00 + 18.78% in the RK group and from 55.71 +13.23%
to 64.38+14.89% in the FK group, with a significant
intergroup difference favoring the RK group (p=0.004).
Kyphotic angle improved from 17.22 +3.86° to 4.00 +2.96°
in the RK group and from 16.91 +3.44° to 4.00 +2.52° in
the FK group; however, the difference between groups post-
operatively was not significant (p>0.05) (Table 1).

Procedural characteristics and safety

Radiation exposure was significantly lower in the RK
group (18.76 +£2.48 mGy) compared to the FK group
(22.69 +3.32 mGy; p<0.00001). Procedural time anal-
ysis showed a shorter total duration in the RK group
(50.91 +10.71 min) than the FK group (86.40 + 18.14 min;
p<0.00001). Robotic/pin insertion time was significantly
shorter in the RK group (4.91 +1.93 min) compared to
the FK group (23.05+6.85 min; p <0.00001). While
scan and plan time was exclusive to the robotic group
(16.92 +3.04 min), pure surgical time was also shorter in
the RK group (33.99+11.00 min vs. 52.35+12.73 min;
p <0.00001). Balloon and cement time was similar between
the groups (29.35+10.47 min vs. 33.99 +10.93 min;
p=0.844) (Table 2).

The incidence of cement leakage was significantly lower
in the RK group (5.8%) compared to the FK group (19.2%;
p=0.002). No neurological deficits, new vertebral fractures,
wound infections, pulmonary embolism, or instrumentation-
related complications were reported in either group.

Table 2 Procedural Characteristics and Safety Parameters of Robotic-
Assisted versus Fluoroscopy-Guided Kyphoplasty: Comparison of
Radiation Exposure (mGy), Detailed Procedural Time Components
(Scan/Plan Time, Robotic/Pin Insertion Time, Balloon/Cement Time,

Correlation analysis revealed that thoracic level treatment
significantly impacted procedural parameters in both groups.
In the robotic group, the number of thoracic levels correlated
positively with radiation exposure (r=0.44, p<0.001) and
total procedure time (r=0.28, p=0.005). Similarly, in the
fluoroscopic group, thoracic levels correlated with radia-
tion exposure (r=0.23, p=0.021) and total procedure time
(r=0.32, p<0.001). Despite these correlations affecting
both techniques, the robotic group maintained significantly
lower absolute values for both radiation exposure and total
procedure time.

Discussion

This retrospective study comparing robotic-assisted kyphop-
lasty (RK) and fluoroscopy-guided kyphoplasty (FK) for the
treatment of osteoporotic vertebral compression fractures
revealed several important findings. Both techniques demon-
strated significant clinical improvements, with no significant
differences in ODI or VAS scores between groups. However,
the RK group exhibited superior vertebral height restoration,
lower cement leakage rates, reduced radiation exposure, and
notably shorter procedural times.

The clinical improvements observed in both groups cor-
roborate previous studies demonstrating the efficacy of
kyphoplasty for pain relief and functional improvement in
patients with OVCFs [21, 22]. The comparable clinical out-
comes suggest that both techniques effectively address the
primary goals of pain relief and functional restoration.

The lower cement leakage rate observed in the RK group
(5.8% vs. 19.2%) represents a key advantage of robotic assis-
tance. This finding is consistent with recent studies examin-
ing robot-assisted vertebral augmentation. Tao et al. (2024)
reported that robot-assisted percutaneous kyphoplasty could
establish an optimal path via the unipedicular approach [23],
effectively mitigating potential risks of vascular, neural, and

Total Procedure Time, Pure Surgical Time), and Cement Leakage
Complications in 240 Patients with Osteoporotic Vertebral Compres-
sion Fractures

Parameter Robotic-assisted group (n=120) Fluoroscopy-guided group (n=120) p-value
Radiation exposure (mGy) 18.76 +2.48 22.69+3.32 <0.00001
Procedural time (min)

Scan and plan time 16.92+3.04 N/A -
Robotic/pin insertion time 4.91+1.93 23.05+6.85 <0.00001
Balloon and cement time 29.35+10.47 33.99+10.93 0.844
Total procedure time 50.91+10.71 86.40+18.14 <0.00001
Pure surgical time 33.99+11.00 52.35+12.73 <0.00001
Complications

Cement leakage, n (%) 7(5.8%) 23 (19.2%) 0.002
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cortical bone injuries. Similar results were reported by Li
et al. (2024) [14], who found in their meta-analysis and
validation cohort that robot-assisted surgery significantly
reduced cement leakage rates compared to fluoroscopy-
assisted procedures. This reduction in cement leakage is
clinically significant, as leakage can lead to serious com-
plications including neurological deficits and pulmonary
embolism [7, 8].

The better vertebral height restoration achieved in the
RK group (68.00% vs. 64.38%, p=0.004) aligns with find-
ings from Yu et al. (2022) [16], who reported in their meta-
analysis that robot-assisted kyphoplasty improves clinical
and radiological features better than fluoroscopy-assisted
kyphoplasty. This observation differs somewhat from Liu
et al. (2025) [24], who found no significant difference in ver-
tebral height restoration between RK and FK groups. This
discrepancy might be related to differences in patient selec-
tion, as Liu et al. specifically focused on severe compression
fractures (Genant Grade III) in elderly patients [25].

Our finding of reduced radiation exposure in the RK
group (18.76 mGy vs. 22.69 mGy) aligns with Chang et al.
(2023) [17], who found in their meta-analysis that robotic
assistance reduced radiation exposure for both patients and
surgeons. However, this finding differs from Liu et al. (2025)
[24], who reported higher radiation exposure in the robot-
assisted group. This discrepancy might be attributed to dif-
ferences in the robotic systems used, scanning protocols, or
measurement methodologies. In Liu’s study, they noted that
the radiation dose in the robot-assisted group included both
continuous scanning during registration and single fluoros-
copy during surgical manipulation [24], which may explain
the higher values compared to our study. Our results suggest
that robotic guidance reduces the need for repeated fluoro-
scopic checks during needle placement and cement injec-
tion, leading to an overall reduction in radiation exposure.
Our correlation analysis revealed that both techniques are
similarly affected by anatomical complexity, with thoracic
levels correlating with increased radiation in both groups
(RK:r=0.44, p<0.001; FK: r=0.23, p=0.021). However,
the robotic group maintained significantly lower absolute
radiation exposure despite treating comparable thoracic
level complexity, suggesting that while robotic assistance
doesn’t eliminate the complexity effect, it provides consist-
ently superior radiation safety profiles.

Regarding procedural time, our finding of significantly
shorter total procedure time in the RK group (50.91 min vs.
86.40 min) contradicts several previous studies. Our analysis
showed that thoracic levels correlated with longer procedure
times in both groups (RK: r=0.28, p=0.005; FK: r=0.32,
p<0.001), indicating that both techniques are affected by
anatomical complexity. However, the robotic group demon-
strated superior absolute efficiency despite similar complex-
ity effects. Liu et al. (2025) reported longer total operation

time in the robot-assisted group (71.14 min vs. 55.81 min)
[24], while Yuan et al. (2020) and Lin et al. (2020) also
reported longer procedural times with robotic assistance [12,
26]. This divergence from previous literature may reflect
several factors: decreased pin insertion time as a result of
meticulous planning and robotic guidance till marked depth
without repeated fluoroscopic checks, familiarity and com-
fort of the surgeon and team with robotic workflows. Nota-
bly, our study found that robotic assistance dramatically
reduced pin insertion time (4.91 min vs. 23.05 min) and
overall pure surgical time (33.99 min vs. 52.35 min). Even
with the additional scan and plan time (16.92 min) required
for the robotic system, the total procedure time remained
substantially shorter in the RK group.

The efficiency demonstrated in our RK group may be
attributable to several factors. First, the surgeon in our
study had completed over 200 robotic-assisted procedures
before performing kyphoplasty with robotic assistance, sug-
gesting that the learning curve had been largely overcome.
This aligns with Yuan et al.’s (2020) findings on the learn-
ing curve of robot-assisted PKP [12], which suggested that
procedural efficiency improves significantly with experi-
ence. Second, advances in robotic technology and software
interfaces may have streamlined the planning and execution
phases. Third, the precise guidance provided by the robotic
system may have reduced the need for multiple needle place-
ment attempts, which can be time-consuming in the conven-
tional approach. These findings challenge the conventional
wisdom that robotic-assisted procedures inevitably increase
operative time and suggest that with experience and techno-
logical refinement, robotic assistance may actually enhance
procedural efficiency.

Advantages of robotic-assisted kyphoplasty

The results of our study highlight several advantages of
robotic-assisted kyphoplasty over conventional fluoroscopy-
guided techniques. The most significant advantage is the
substantial reduction in cement leakage (5.8% vs. 19.2%),
a complication that can lead to serious adverse events. This
finding is particularly important given that cement extrava-
sation remains one of the most common complications of
vertebroplasty and kyphoplasty procedures, with reported
rates as high as 41% [7].

The reduced radiation exposure observed in the RK
group represents another important advantage, particularly
for surgeons who perform multiple procedures regularly
and for patients with multiple fractures requiring treatment.
Our vertebral level analysis revealed that both techniques
are affected by anatomical complexity, with thoracic levels
correlating with increased radiation exposure in both groups
(RK: r=0.44; FK: r=0.23). However, robotic assistance
maintains consistently lower absolute radiation exposure
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regardless of case complexity, providing a superior baseline
of safety that persists across the entire spectrum of vertebral
anatomy. As Chang et al. (2023) noted in their meta-analysis
[17], minimizing radiation exposure is a critical considera-
tion in vertebral augmentation procedures.

Better vertebral height restoration in the RK group is
another key advantage, which may contribute to improved
biomechanical stability. The precise trajectory planning and
execution enabled by robotic guidance likely contributes to
optimal balloon placement and more effective vertebral body
restoration. This aligns with findings from Yang et al. (2025)
[27], who reported that robot-assisted PKP provided supe-
rior cement distribution compared to traditional techniques.

Additionally, our study demonstrates that robotic assis-
tance significantly reduces overall procedure time, challeng-
ing the perception that robotic procedures are inherently
more time-consuming. While both techniques showed simi-
lar sensitivity to thoracic level complexity (procedure time
correlations: RK r=0.28; FK r=0.32), the robotic group
maintained superior absolute efficiency across all complex-
ity levels. This complexity-independent advantage may
translate to reduced anesthesia time, greater OR throughput,
and more predictable outcomes regardless of case difficulty,
particularly valuable in high-volume practices where case
mix varies significantly.

Limitations and strengths

Several limitations should be acknowledged. First, as a ret-
rospective study, it is subject to inherent biases including
selection bias and information bias. Second, the follow-up
period was relatively short, limiting our ability to assess
long-term outcomes including adjacent level fractures or
cement-related complications. Third, the study was con-
ducted at a single institution, potentially limiting its gener-
alizability to other settings with different patient populations
or technical expertise. Fourth, we did not perform detailed
analysis of cement distribution patterns using volumetric
assessments, which could provide a more nuanced under-
standing of the differences between techniques, as suggested
by Tao et al. (2024) [23].

This study has several strengths. Our relatively large sam-
ple size (240 patients, 120 in each group) provides adequate
statistical power to detect clinically meaningful differences
between techniques. All procedures were performed by a
single experienced surgeon, minimizing operator-dependent
variations in technique. We collected comprehensive data on
both clinical outcomes and radiological parameters, allow-
ing for multidimensional assessment of treatment efficacy.
Finally, our detailed tracking of procedural times provides
valuable insights into the workflow considerations of both
techniques.

@ Springer

Future directions

Future research should address several questions raised by
our findings. Longer-term follow-up studies are needed to
assess the durability of clinical and radiological improve-
ments and to monitor for late complications such as adja-
cent segment fractures. Randomized controlled trials would
provide higher-quality evidence for the comparative efficacy
and safety of these techniques. Studies specifically examin-
ing the role of robotic assistance in challenging cases (e.g.,
severe osteoporosis, complex deformities, revision proce-
dures) could help define the optimal indications for this tech-
nology, as suggested by Li et al. (2024) in their validation
cohort study [14].

Detailed analysis of cement distribution patterns using
advanced imaging would provide more nuanced understand-
ing of the differences between techniques and potential cor-
relations with clinical outcomes, as highlighted by Tao et al.
(2024) [23]. Cost-effectiveness analyses are also needed to
determine whether the clinical benefits of robotic assis-
tance justify the additional costs of equipment acquisition
and maintenance, though our findings of reduced procedure
time may favorably impact such analyses.

Additionally, future research should explore the poten-
tial of unilateral approaches in robotic-assisted kyphoplasty,
as suggested by Qian et al. (2022) [11], who evaluated the
efficacy of establishing an optimal path through unilateral
pedicle under robotic assistance. This approach could further
reduce procedural invasiveness and radiation exposure, as
demonstrated in recent studies by Yang et al. (2025) [27].

Conclusion

Both robotic-assisted kyphoplasty (RK) and fluoroscopy-
guided kyphoplasty (FK) provide significant clinical
improvements for patients with osteoporotic vertebral com-
pression fractures. While both techniques yield comparable
pain relief and functional outcomes, robotic assistance offers
several notable advantages: better vertebral height restora-
tion (68.00% vs. 64.38%), significantly reduced cement
leakage rates (5.8% vs. 19.2%), lower radiation exposure
(18.76 mGy vs. 22.69 mGy), and, contrary to previously
published studies, substantially shorter total procedure times
(50.91 min vs. 86.40 min).

The efficiency advantage observed with robotic assis-
tance challenges the conventional perception that robotic
procedures inevitably increase operative time. Our findings
demonstrate that RK significantly reduces both pin inser-
tion time (4.91 min vs. 23.05 min) and pure surgical time
(33.99 min vs. 52.35 min), more than offsetting the addi-
tional time required for scanning and planning (16.92 min).
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Robotic-assisted kyphoplasty may be particularly valu-
able in complex cases where precision is paramount and
cement leakage risk is high. The improved procedural effi-
ciency, coupled with enhanced safety profiles and superior
radiological outcomes, positions robotic assistance as an
increasingly attractive option for treating the growing global
burden of vertebral compression fractures.

As robotic technology continues to evolve and surgical
teams gain more experience with these systems, the advan-
tages of robotic-assisted procedures may become even more
pronounced. Future research should focus on longer-term
clinical outcomes, cost-effectiveness analyses, and further
refinement of techniques to maximize the benefits of this
promising technology.
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