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Abstract
Background  Percutaneous vertebral augmentation is an effective and commonly surgical treatment for osteoporotic 
vertebral compression fractures, but the problem of bone cement leakage still cannot be prevented. It has been 
reported that cement leakage occurs in approximately 20% of vertebroplasty procedures, with symptomatic 
manifestations reported in 1.6% of cases. Leakage of bone cement into the spinal canal increases the risk for spinal 
cord compression and nerve injury. The objective of this study was to introduce a smart assistive device specifically 
designed to facilitate both cement injection control and operator protection.

Methods  Two freshly frozen human cadaver specimens were used. The 2 cadaver specimens were divided according 
to injection method: manual (10 vertebrae, T8–L5); and motorized (10 vertebrae, T8–L5). Fluoroscopy time, cement 
time, volume injected, and cement distribution were recorded. Postoperative radiography and CT images were used 
to assess cement distribution in this cadaveric study.

Results  The number of times intraoperative X-ray fluoroscopy was used for the manual injection group (6.7 ± 1.5) 
was significantly greater (P < 0.001) than that for the motorized injection group (4.1 ± 0.9). Mean cement time for the 
manual injection group (164.3 ± 18.7 s) was significantly greater (P < 0.001) than that for the motorized injection group 
(72.0 ± 7.2 s). There were no significant differences in the amount of cement injected in the manual vs. motorized 
injection group (5.2 ± 1.3 mL vs. 5.3 ± 1.0 mL; P = 0.878). Moreover, we found that leakage of cement outside the 
vertebral body was noted in 4 of 10 injected vertebrae (40%) in the manual injection group, whereas there was no 
bone cement leakage in the motorized injection group.

Conclusions  The system exhibited more precise control of the bone cement injection dosage and better cement 
distribution compared with traditional manual injection. In addition, the device provided remote activation, reducing 
the X-ray intake of the surgeon.
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Introduction
Osteoporotic vertebral compression fracture (OVCF) 
poses a significant risk and is a major cause of disability 
and mortality among affected elderly individuals [1–6]. 
Percutaneous vertebral augmentation (PVA), including 
vertebroplasty and kyphoplasty, is an established pro-
cedure for treating OVCF due to its minimally invasive 
nature, capacity to restore vertebral height, ability to 
relieve pain, and ability to facilitate earlier ambulation [7, 
8].

Despite their advantages, PVA procedures have nota-
ble drawbacks, the first of which is the leakage of bone 
cement, which can be attributed to the inherent proper-
ties of the polymers used. Among the various orthopedic 
cements available, acrylic bone cements based on poly 
(methyl methacrylate [PMMA]) are the most commonly 
used. At the beginning of the procedure, the cement must 
possess sufficient fluid consistency to facilitate manual 
injection, which increases the risk for leakage outside the 
vertebral body. Cement leakage occurs in approximately 
20% of vertebroplasty procedures, with symptomatic 
manifestations reported in 1.6% of cases [9]. Leakage of 
bone cement into the spinal canal increases the risk for 
spinal cord compression and nerve injury [10]. Further-
more, leakage of bone cement into the paravertebral 
veins may result in pulmonary or cerebral embolism, and 
potentially fatal outcomes [10]. Another drawback is the 
rapid hardening of the cement at the end of the applica-
tion phase, which limits the injection time to approxi-
mately 10–20  min, depending on the cement and the 
temperature of the operating room. The intervention 
must be concluded and the needles removed before this 
abrupt hardening. The final drawback is the need for 
X-ray imaging to monitor the spread of cement inside 
the vertebral body. This leads to continuous surgeon and 
patient exposure to radiation [11], which is only partially 
limited by uncomfortable, lead-lined clothes.

To date, little attention has been devoted to bone 
cement-assisted injections. In a pioneering study, Loeffel 
et al. [12] presented a computer-assisted injection device 
that coupled high-pressure cement delivery with param-
eter control, provided remote activation, and relied on 
traditional syringes as material containers for low-cost 
operation(s). The StabiliT system (Merit Medical Systems 
Inc., South Jordan, UT, USA [13]) offers a solution to 
polymerize bone cement in situ using radiofrequencies; 
however, the practitioner does not receive any feedback. 
These 2 strategies, in part, prompted the present study, 
contributing to the development of a new method to 

perform both teleoperation with pressure feedback and 
PMMA injection management.

PVA involves X-ray-guided trocar positioning, fol-
lowed by fluoroscopy-controlled cement injection. The 
positioning and insertion of trocars are tasks well mas-
tered by experienced practitioners. Therefore, assistance 
with PVA should first focus on cement injection. The aim 
of this study was to introduce a smart assistive device 
specifically designed to facilitate both cement injection 
control and operator protection. Because human trials 
are yet to be authorized, we conducted a cadaveric study 
to explore the safety and feasibility of smart injection sys-
tems. Results of this study provide valuable insights into 
the role of “smart assistance” in PVA surgery and further 
clinical validation.

Materials and methods
Specimens
Two freshly frozen human cadaver specimens were used 
in this study, both of which underwent thorough visual 
inspection to ensure the absence of fractures, deformi-
ties, previous surgery, and severe spondylosis. Computed 
tomography (CT) was performed on the 2 specimens to 
assess bone quality and obtain measurements for plan-
ning the ideal puncture path. Body length (BL), width 
(BW), and height (BH) were separately collected from 
axial and sagittal CT images. The present study was 
granted approval by the Medical Ethics Committee of 
Tongren Hospital affiliated to Shanghai Jiaotong Univer-
sity School of Medicine, and the experimental investiga-
tion involving cadavers adhered to the ethical standards 
outlined in the 1964 Declaration of Helsinki. The speci-
mens were stored at -20  °C and were thawed at room 
temperature for approximately 24 h prior to dissection.

Surgical technique and constructs
The 2 cadaver specimens were divided according to injec-
tion method: manual (10 vertebrae, T8–L5); and motor-
ized (10 vertebrae, T8–L5). The cadaveric specimens 
were positioned prone on a surgical table. The surgical 
procedure involved the use of a motorized bone-cement 
injection system. The equipment necessary for the device 
included a host, bone-cement injector, powered motor, 
pressure pump, hydraulic valve, sterile container, pres-
sure transducer, and controller (Fig. 1).

Manual injection specimen
The T8–L5 vertebrae were located under C-arm fluo-
roscopic guidance. A puncture needle was inserted into 
the vertebral body via the bilateral pedicle under the 
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supervision of a senior surgeon. When the working chan-
nel was set up, a low-viscosity cement (i.e., PMMA) was 
injected cautiously under C-arm fluoroscopy to prevent 
as little cement leakage as possible. Cement injection and 
leakage were monitored using C-arm fluoroscopy dur-
ing the surgery. Approximately 30–50% of the vertebral 
body was filled with bone cement. The injection had to 
be completed and the needle had to be removed before 
the bone cement hardened completely. Detailed puncture 
techniques were important―but not the major con-
cern―in this study. To validate adequate and uniform 
filling of the vertebral body, a final radiographic imaging 
step was performed.

Motorized injection specimen
The T8–L5 vertebrae were located under C-arm fluoro-
scopic guidance. The puncture needle was inserted into 
the vertebral body via the bilateral pedicles by the same 
surgeon. The PMMA cement was injected into the bone 
cement injector. The spatial separation of the controller 
from the injection device, which was directly attached 
to the host through a flexible connection hose, enabled 
remote activation from external radiation fields gener-
ated by intraoperative imaging devices. The bone cement 
was injected using a hydraulic injection apparatus driven 
by a syringe pump. Radiation exposure was low when 
the practitioner was positioned away from the imaging 
device due to the long length of the connecting hose. 
The surgeon manually set the required parameters (i.e., 
injection speed and time, unilateral or bilateral injection, 
and continuous or interrupted injection) using a control 
panel located behind a lead plate. The minimum injection 
speed was 0.1 mL/s. The working channel was withdrawn 
after the cement had hardened. During the injection, flu-
oroscopy enabled monitoring of bone cement diffusion 
inside the vertebral body. The surgical procedure is illus-
trated in Fig. 2.

Evaluation method
Demographic information regarding the cadaveric speci-
mens, including age, body mass index, sex, and race, are 
summarized in Table  1. The present study focused on 
cement distribution; as such, many other variables were 
not analyzed. Fluoroscopy time, cement time, volume 
injected, and cement distribution were recorded to assess 
the safety and feasibility of the smart injection system 
after surgery. Cement time refers to the interval from the 
beginning of bone-cement mixing to immediately before 
injection. Postoperative radiography and CT images were 
used to assess cement distribution in this cadaveric study 
involving 10 thoracic and 10 lumbar vertebrae. To ensure 
unbiased evaluation, all assessments were independently 
conducted by a blinded spine surgeon.

Statistical analysis
All statistical analysis was performed using SPSS soft-
ware version 19.0 (SPSS Inc, Chicago, IL, USA). If a con-
tinuous variable followed a normal distribution, it was 
expressed as the mean ± standard deviation (SD), and the 
independent-sample t-test was used for the comparative 
analysis. A P-value of less than 0.05 was considered sta-
tistically significant.

Results
At the time of death, the age and BMI of specimens 1 and 
2 were 75 and 77 years, and 22.2 kg/m2 and 21.5 kg/m2, 
respectively. Both the cadavers were Asian men with no 
history of preoperative spinal surgery or bone abnormali-
ties (Table 1).

In this study, 20 vertebrae (T8 to L5) from each cadaver, 
were analyzed. The BL, BW, and BH of the T8–L5 verte-
bral level for the included specimens in each group are 
summarized in Tables 2 and 3. There were no significant 
differences in anatomical parameters between speci-
mens 1 and 2 (mean [± SD] BL, 28.4 ± 2.3 mm versus [vs.] 

Fig. 1  Schematic of the smart assistive bone-cement injection system. (A) Overall view of the bone-cement injection device. (B) Injection device com-
ponents: Host controller, bone cement injector, powered motor, pressure pump, hydraulic value, sterile container, pressure transducer, and controller
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30.3 ± 2.3  mm [P = 0.081]; mean BW, 35.4 ± 6.0  mm vs. 
34.9 ± 5.1  mm [P = 0.866]; mean BH, 20.2 ± 2.5  mm vs. 
20.2 ± 2.1 mm [P = 0.968]).

Intraoperative indicators revealed significant dif-
ferences in fluoroscopy and cement times between 
the manual and motorized injection groups (Tables  2 
and 3). The number of scopes for the manual injection 
group (6.7 ± 1.5) was significantly greater (P < 0.001) 
than that for the motorized injection group (4.1 ± 0.9). 
Mean cement time for the manual injection group 

(164.3 ± 18.7  s) was significantly greater (P < 0.001) than 
that for the motorized injection group (72.0 ± 7.2  s). 
There were no significant differences in the amount of 
cement injected in the manual vs. motorized injection 
group (5.2 ± 1.3 mL vs. 5.3 ± 1.0 mL; P = 0.878).

There was a significant difference in the distribution of 
the bone cement between the 2 groups (Fig. 3). Immedi-
ate postoperative anteroposterior and lateral radiographs 
revealed that the distribution of bone cement tended to 
be diffuse or block type in the motorized injection group. 
In the manual injection group, the distribution of bone 
cement tended to be a double- or single-band. Postopera-
tive axial computed tomography scans indicated that the 
bone cement was evenly distributed through the anterior 
and middle parts of each vertebral body in the motor-
ized injection group and an uneven density distribution 
was found in the manual injection group. Moreover, the 

Table 1  Demographics of 2 cadaveric specimens
Characteristic Specimen 1 Specimen 2
Age (years) 75 77
Body mass index (kg/m2) 22.2 21.5
Sex Male Male
Race Asian Asian

Table 2  Anatomic characteristics of specimen 1 and primary data evaluation of manual bone cement injection
BL (mm) BW (mm) BH (mm) Fluoroscopy times Cement time (s) Cement (mL) Cement leakage

T8 25.69 27.74 16.15 7 185 3.9 No
T9 26.11 28.42 16.84 8 165 4.6 No
T10 26.80 30.25 18.43 5 146 3.7 Yes
T11 27.05 31.20 19.20 6 140 4.5 No
T12 28.78 33.88 19.38 8 178 3.8 No
L1 27.21 36.94 23.17 9 188 6.3 Yes
L2 28.93 37.98 22.53 6 180 6.0 No
L3 29.66 39.39 21.65 7 168 6.2 Yes
L4 31.05 43.21 22.21 4 138 6.6 Yes
L5 32.78 44.61 22.41 7 155 6.8 No
BL: body length; BW: body width; BH: body height

Fig. 2  Procedures of smart assistive bone-cement injection. (A) Preoperative X-ray-based planning of needle trajectory. (B) Bone cement preparation. (C) 
Attachment of the injector and the host through the flexible connection hose. (D) Parameter settings. (E) Bone cement injection
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results demonstrated that leakage of cement outside the 
vertebral body was noted in 4 of 10 injected vertebrae 
(40%) in the manual injection group, whereas there was 
no bone cement leakage in the motorized injection group 
(Tables  2 and 3). Notably, the vertebral body reached 
completely transpedicularly in both methods, and 4 leak-
age cases seen in the manual method (T10-L1-L3-L4) 
were not due to the wrong anatomical approach.

Discussion
PVA is widely used for OVCFs due to its simplicity and 
efficacy [14, 15]. Cement can intensify the fractured ver-
tebral body and quickly relieve its symptoms [16, 17]. 
However, PVA is affected by many factors such as the 
amount of injected cement and the cement distribu-
tion pattern [18, 19]. To overcome the shortcomings 

of currently used injection devices, the present study 
describes the use of a smart assistive bone-cement injec-
tion system for PVA. The application of this system can 
improve the precision control of bone cement injec-
tion dosage and better cement distribution. In addition, 
the device couples high-pressure cement delivery with 
parameter control and provides remote activation, reduc-
ing the X-ray intake of the surgeon. Therefore, our smart 
assistive system has potential clinical popularization and 
application value.

Most commercial systems for bone-cement injection 
are operated manually. They include a syringe whose pis-
ton is pushed either by hand, such as the Vertecem II sys-
tem (DePuy Synthes, Raynham, MA, USA [20]), or via a 
force amplification mechanism, as the Precision Cement 
Delivery System (Stryker, Kalamazoo, MI, USA [21]) or 

Table 3  Anatomic characteristics of specimen 2 and primary data evaluation of smart assisted bone cement injection
BL (mm) BW (mm) BH (mm) Fluoroscopy times Cement time (s) Cement (mL) Cement leakage

T8 27.13 27.50 15.83 3 68 4.3 No
T9 27.13 27.88 17.92 3 65 4.3 No
T10 28.23 32.64 19.21 4 77 4.5 No
T11 30.07 33.00 19.69 5 85 4.4 No
T12 30.74 34.43 19.74 4 70 4.3 No
L1 29.72 36.53 22.43 3 62 5.8 No
L2 32.49 36.32 22.32 4 66 6.2 No
L3 33.10 36.31 21.05 5 72 6.5 No
L4 31.19 41.00 21.34 5 80 6.3 No
L5 32.99 43.75 22.02 5 75 6.6 No
BL: body length; BW: body width; BH: body height

Fig. 3  Radiographic assessment of bone cement distribution. (A) Immediate postoperative C-arm anteroposterior image of bone cement distribution 
in the motorized injection group. (B) Immediate postoperative C-arm lateral image of bone cement distribution in the motorized injection group. (C) 
Immediate postoperative C-arm anteroposterior image of bone cement distribution in the manual injection group. (D) Immediate postoperative C-arm 
lateral image of bone cement distribution in the manual injection group. (E) Postoperative axial CT scans of bone cement distribution in the motorized 
injection group. (F) Postoperative axial CT scans of bone cement distribution in the manual injection group
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Cemento MP (Optimed, Ettlingen, Germany [22]) that 
both use a screw-nut system. Some manufacturers have 
proposed injection devices that enable an increase in 
the distance between the practitioner and X-ray source. 
The Confidence Spinal Cement System (DePuy Synthes 
[20]) and the Osseoflex device (Merit Medical [23]) per-
form such remote injections with hydraulic transmission 
lines (0.5–1.5 m long). However, such transmissions add 
uncertainty and latency, resulting in a lack of control by 
the practitioners. Typically, stopping the injection quickly 
is exceedingly difficult, resulting in an increased risk 
for leakage. To the best of our knowledge, there are no 
high-pressure injectors capable of characterizing injec-
tion parameters such as injected volume, pressure, and 
cement flow rate have been reported, even though it was 
found that observation of these parameters can reduce 
the risk for cement leakage [24, 25]. Finally, the issue of 
practitioner exposure to radiation is not satisfactorily 
addressed with either push-plunger or screw-plunger 
syringes, because physicians are forced to expose their 
hands to radiation caused by intraoperative imaging sys-
tems such as C-arm-type image intensifiers [26–28].

In light of these circumstances, the authors developed 
a smart assistive cement injection device. The injection 
speed and amount of bone cement can be automatically 
controlled by the host controller. Through the powered 
motor, pressure pump, hydraulic value and sterile con-
tainer, the air inside the bone cement injector was emp-
tied to overcome the influence of air on the injection 
accuracy, which can improve the accuracy of the injec-
tion amount of bone cement, avoiding cement leakage 
into the spinal canal. It also incorporates immediate flow 
stop and pressure-limiting mechanisms. What’s more, 
the bone cement injector was installed only once without 
replacement during the surgical procedure. In addition, 
the device couples high-pressure cement delivery with 
parameter control and provides remote activation, reduc-
ing the X-ray intake of the surgeon and effectively short-
ing the duration of the entire operation.

PMMA was obtained by mixing two components: a 
polymeric powder and a monomeric liquid. The pow-
der incorporates an initiator to encourage polymeriza-
tion at room temperature and a radiopacifier to render 
the cement visible on fluoroscopic imaging. The mixing 
process ends when a homogeneous blend is obtained; the 
powder is then fully dissolved in the liquid, and the bone 
cement is relatively liquid. Results of our study indicated 
that the distribution of bone cement tended to be diffuse 
or block type in the motorized injection group. In the 
manual injection group, the distribution of bone cement 
tended to be a double- or single-band. Postoperative axial 
CT indicated that the bone cement was distributed more 
evenly throughout the vertebral body in the motorized 
than in the manual injection group. A recent study by Li 

et al. [29] also proposed that the diffuse and block groups 
could better maintain vertebral body height and reduce 
the risk for vertebral body recompression.

Regarding the assessment of X-ray protection, we 
found that both the fluoroscopy and cement times in the 
manual injection group were significantly greater than 
those in the motorized injection group. Previous stud-
ies have demonstrated that technical aspects, such as 
exposure time, distance between the radiation source 
and patient, and location of the radiation source, influ-
ence occupational radiation exposure of surgeons [11]. 
Theocharopoulos et al. [30] concluded that 90% of an 
orthopaedic surgeon’s effective dose and risk are attrib-
uted to kyphoplasty and vertebroplasty. Amar et al. [31] 
assumed decreased radiation exposure of the surgeon’s 
hand by using a cement delivery system that was remote 
from the radiograph beam. The present smart assistive 
bone-cement injection system provides new techniques 
with lower radiation doses and shorter exposure times to 
decrease the total radiation dose and achieve maximum 
possible radiation protection.

The present study had several limitations, the first of 
which was its use of cadavers―a necessary step, given 
the current regulatory environment in China. Second, the 
sample size was limited due to the cost and availability of 
cadaveric specimens that fulfilled all study criteria. Third, 
we did not create an injury model that mimicked natu-
rally occurring OVCF. Specific fracture types of future 
studies will be investigated. Nevertheless, this should 
not affect the assessment of the feasibility and safety 
of the assisted bone cement injection system. Despite 
these challenges and limitations, the potential benefits 
of a smart-assisted bone cement system in enhancing 
patient outcomes underscore the need for continued 
research and development in this field. Future investiga-
tions should focus on resolving existing limitations and 
improving the incorporation of smart systems into surgi-
cal workflows.

Conclusions
This study evaluated a system dedicated to bone-cement 
injection of PVA. The system exhibited more precise 
control of the bone cement injection dosage and better 
cement distribution compared with traditional manual 
injection. In addition, the device provided remote activa-
tion, reducing the X-ray intake of the surgeon. Although 
our results yielded encouraging evidence supporting the 
feasibility and safety of assisted bone cement injection, 
additional clinical studies are necessary to corroborate 
these results and further investigate the potential advan-
tages and drawbacks of this novel technology in clinical 
practice.
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OVCF	� Osteoporotic vertebral compression fracture
PMMA	� Poly (methyl methacrylate)
CT	� Computed tomography
BL	� Body length
BW	� Body width
BH	� Body height
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