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Abstract

Objective To compare radiologically balloon kyphoplasty (BKP) and vertebral compression fracture (VCF) expansion and
corroborate with a finite element (FE) analysis. The principle of BKP is to stabilize VCF by restoring vertebral body anatomy
using bone expansion and cement filling. More recently, vertebral body stenting (VBS) has been developed to reduce the
loss of vertebral height observed after balloon deflation.

Methods A retrospective, monocentric and continuous study of 60 non-osteoporotic fractures of the thoracolumbar junc-
tion treated by vertebral bone expansion was carried out over three years. The main endpoint was radiological correction
of vertebral kyphosis (VK) at 3 months. The other studied parameters were vertebral height, index of Farcy, index of Beck,
cement leakages and their location.

A FE model was developed to analyze effects linked to the stent during cement injection, specifically throughout the risk of
cement leakage evaluation.

Results After three months, average reduction of VK was 4.73° +4.8° after BKP, and 4.63° +2.7° after VBS. There was
no difference between the two techniques, but cement leakage was significantly greater with BKP (41.7%) than with VBS
(4.2%). FE analysis showed substantial changes of the cement flow orientation in the presence of a stent.

Conclusion BKP and VBS offer comparable expansion with no added value of VBS in non-osteoporotic VCF reduction.
VBS technique appears to prevent cement leakage due to its mesh architecture hindering the leaking process. In counterpart,
such balloon expansion is likely to require higher pressure to deploy the stent. This could be an important parameter to take
into account in young patients with high bone density.

Keywords Vertebral compression fracture - Balloon kyphoplasty - Vertebral body stenting - Bone expansion -
Thoracolumbar spine - Minimally invasive technique

Introduction

Thoracolumbar vertebral compression fractures (VCFs)
affecting approximately 5 million people worldwide
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dramatically affect patient quality of life, leading to neu-
rological deficit, sagittal kyphosis and imbalance [1]. New
percutaneous techniques offer early recovery by minimiz-
ing surgical invasiveness [2]. They are based on verte-
bral expansion aimed at providing vertebral body recon-
struction using either a balloon without stenting (balloon
kyphoplasty/BKP) or an inflatable stent deployed by an
underlying balloon (vertebral body stenting/VBS).

BKP, which is derived from vertebroplasty, has the
capacity to restore vertebral height by combining exter-
nal reduction of the traumatic kyphosis [3], obtained by
intraoperative patient positioning, and internal reduction,
which is due to balloon expansion of the collapsed verte-
bral body. Additional cement injected at the level of the
fracture through pedicular catheterization is aimed at rein-
forcing the anterior column after reduction [4]. BKP was
originally described in management of tumoral lesions and
has become a treatment of choice in the field of osteo-
porotic VCF [5]. More recently, indications were extended
to non-osteoporotic VCF [6]. This technique has shown
some limitations, including substantial loss of correction
between balloon deflation and cement injection [4, 6].
This limitation has supported the development of verte-
bral stentoplasty: In 2010, Rotter et al. [7] described a new
method using the VBS system (Synthes GmbH Oberdorf,
Switzerland). The idea was first to deploy a stent within
the fracture using a coupled balloon and subsequently to
keep the stent in place during cement injection.

Several biomechanical works have explored these tech-
niques. In silico modeling [8] and finite element (FE) sim-
ulation have attempted to assess the risk of leakage, with
cement stress distribution depending on catheter position-
ing and injected volume [9]. While the VCF management
is more widely accepted to be a conservative treatment
[10], BKP indication is becoming larger to avoid post-
traumatic kyphosis and/or when conservative management
is not tolerated or has failed. Until now, BKP and VBS
expansion in a non-osteoporotic VCF population has never
been compared in human study [11, 12]. BONEXP is a ret-
rospective radiological study conducted on 60 consecutive
patients treated by either BKP or VBS for acute VCF. The
main aim of the current comparative study was to inves-
tigate whether VBS technique is advantageous compared
to BKP in reduction of fracture. We hypothesis that stent-
ing would provide benefit compared to BKP. We further
investigated the anatomical distribution and clinical inci-
dence of cement leaks and adjacent disk behavior in both
VBS and BKP procedures. We then developed a FE model
assessing the mechanical influence of additional physical
stenting on cement polymerization, flow and leakage.
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Materials and methods
Clinical study

The trial was retrospective, monocentric and involved two
continuous cohorts with an inclusion period of 3 years.

(1) Inclusion criteria
Patients presenting with osteoporotic-like fractures,
neurological complications, multilevel degenerative
disk disease or requiring an additional treatment were
not considered for this study. Included patients were
all operated under general anesthesia in one center by
the same specialized spine surgeon, an expert in the
relevant vertebral expansion techniques [6, 13]. Pre-
and postoperative neurological examinations were col-
lected and analyzed. Because of the angular correction
losses described in the literature with phosphocalcic
cement [14], acrylic cements were used in all cases.
The cements were both high-viscosity PMMA (Bone
Cement V—Zimmer Biomet company, Warsaw, IN,
USA—for BKP and Vertecem V+—DePuy Synthes
company, Raynham, MA, USA—for VBS).
(2) Noninclusion criteria
Woman older than 60 years and patients presenting
with osteoporotic-looking fractures (from the classifi-
cation of Genant [15]), objective radiological criteria
for rupture of the posterior ligament complex, neuro-
logical complications during management, multistage
discopathy or requiring additional treatment (e.g., cor-
set or osteosynthesis) were not included. Magerl type
A.3.3 fractures with fragmentation or inter-fragmentary
gap considered too large [>score 7 of the load sharing
classification (16)] and Magerl type A.2.2 split frac-
tures were also considered as noninclusion criteria.
(3) Radiological analysis and measurement parameters
Radiological analysis was performed with Horizon
Rad Station™ software (McKesson company, San
Francisco, CA, USA) following spine X-rays. The
patients were radiologically evaluated preoperatively
and postoperatively, after 1 day (D1) and 90 days
(D90) of clinical follow-ups, in particular to analyze
the potential disk degeneration associated or not with
the VCF [16, 17]. Fractures were described according
to Magerl et al. [18] and McCormack et al. [19] clas-
sifications on initial 3D CT scan. Measurement of the
different indexes [20] focused on fracture reduction was
carried out by two independent observatories and is
detailed in Fig. 1. Occurrence of cement leakage was
systematically sought out. Radiological behavior of the
adjacent disks was assessed on the load-bearing post-
operative images at 3 months.
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Fig. 1 Radiological analysis: a linear measurements. b Angular measurements. ¢ Measurements of the percentage of vertebral collapse

(4) Ethical considerations

This retrospective evaluation was approved by the
French National Commission on Informatics and Lib-
erty and conducted in accordance with good clinical
practice. All procedures in this study were implemented
in accordance with the ethical standards of the institu-
tional and/or national research committee and with the
1964 Helsinki declaration and its later amendments or
comparable ethical standards.
Statistical analysis

Statistical analysis was performed using R 2.15
software (R Foundation for Statistical Computing).
Shapiro—Wilk test was used to check the hypothesis
of normality distribution of our variables. The student
t test was used to compare the quantitative variables.
Difference was considered to be significant for p <0.05.

&)

FE Model

A FE model was developed using generic and simplified ver-
tebrae geometry based on the literature [8]. FE analysis of
cement injection was carried out using SolidWorks software
(Dassault Systemes Corporation, Waltham, MA, USA). Cavi-
ties corresponding to the volume created by balloon expan-
sion were modeled with or without stent (Fig. 2). The fracture
was modeled by a gap corresponding to a separation of the

vertebral body (cancellous and cortical bones) allowing the
fluid to be disseminated in the sagittal and/or frontal directions.
Stent and vertebra fragments were considered as rigid bodies
(with young modulus of 1200 MPa and 100 MPa, respectively,
for cortical bone and cancellous bone [21]), and the fluid vol-
ume was meshed with 19,800 elements. Flow behavior was
simulated by injecting a fluid at a constant injection rate of
5 mL/min in both models and retaining viscosity of 20 kPa.s,
corresponding to the viscosity of PMMA 10 min after mixing
[22]. This numerical approach was validated by a comparison
from an experimental model of flow of high-viscosity cement
in a cavity with similar geometry [23]. To validate this com-
parison with numerical results, the experimental flow was
observed by optical analysis with a CCD camera and cement
injection.

Results

Study population

From the 60 consecutive initially included patients, 48 were
monitored (Table 1), while seven were treated in another
hospital and five did not come back for checkup). Twenty-

four patients in BKP (11 women, 45.8 [24.6-61.8] years)
and 24 in VBS (12 women, 48.7 [28.0-63.0] years) were
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Fig.2 FE model from simpli- (a)
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Table 1 Characteristics of the two groups and evolution of vertebral kyphosis (VK) in degrees between preoperative and postoperative (D1 and

D90) analysis

Sex ratio (M/F)  Mean ages (years) Preoperative VK DI (°) VK D90 (°)  Gain of correction (°) p
BKP (n=24) 11/13 45.8 (24.6-61.8) 10.8 (3.7-22) 5.1(0.7-16) 6.1 (1.5-17) 4.73+4.8 0.000515
VBS (n=24) 12/12 48.7 (28-63) 9.5 (6-14.8) 4.2 (0.5-8.3) 4.9(0.7-10) 4.63+2.7 8.191E-5
Total (n=48)  23/25 47.3 (24.6-63) 10.2 (3.7-22) 4.7(0.5-16) 5.5(0.7-17) 4.68+3.56 0.000298

analyzed. Fractures were located at T12 (5 BKP, 7 VBS), L1
(15 BKP, 12 VBS) and L2 (4 BKP, 5 VBS) and were clas-
sified as follows: Magerl Al (11 BKP, 3 VBS), A2 (2 VBS)
and A3 (13 BKP, 19 VBS).

Radiological results

VK significantly increase (Table 1) in the overall population
(p=0.00029). In terms of gain of correction, no significant
difference between BKP and VBS was found post-opera-
tively, neither after 1 day (D1) nor after 90 days (D90). The
Sagittal Index of Farcy (SIF) significantly increased in the
general population, without any difference between the two
groups (p=0.3902). The values of disk height index (DHI),
reported in Table 2, showed a nonsignificant tendency of the
upper superior disk to collapse in time, indifferently between
the two groups. No significant difference was found between
them for upper discal angulation (DA) and the lower DA
(Table 2).

We observed a significant gain of height of the ante-
rior vertebral wall, of the index of Beck and of the index
of collapse for the two groups. There was no significant
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difference between BKP and VBS in any of the measure-
ments (Table 3).

Leakages

Figure 3 shows distribution of observed leakages in the BKP
and VBS cohorts. The overall rate of leakages on the tar-
geted population was 23%, and it was significantly higher
in the BKP group (41.7% for BKP group vs. 4.2% for VBS
group—p =0.0023). Cement leakages were concentrated at
the anterior wall, toward the superior or inferior endplates or
the lateral part of the vertebra but never toward the posterior
wall or the spinal canal. No clinical complication [24] due to
a leakage was reported, and all patients were asymptomatic
on neurological examination.

A thorough study of the disks in which intradiscal cement
leakage was observed did not indicate any significant loss
of the DHI loss when compared to patients without leakage
(Table 4). However, a trend toward the increased loss of dis-
cal lordosis (DA) was observed (p=0.0579).
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Table 2 Postoperative evolution of the upper disk index (%) and lordosis (°) (ns=nonsignificant) after 1 day (D1) and after 90 days (D90)
D1 D90 Gain (%) P
Upper DHI
BKP 44.9 (24.5-96.5) 43.6 (17.2-86) -2.7 ns
VBS 47.4 (26-80) 45.4 (3-84) -2 ns
Lower DHI
BKP 65.3 (20-89) 67.1 (30.6-87) +1.8 ns
VBS 50.3 (23-84) 50.9 (17-68) +0.6 ns
D1 D90 Lordosis gain (°) p
Upper DA
BKP 1.1 (- 8-8) 1.1 (- 9-8.9) -0.07 ns
VBS 3.4(0.3-9.1) 3.1(-3.7-8.9) -04 ns
Lower DA
BKP 2.5 (= 11-11) 3.4 (- 13-9.2) +0.9 ns
VBS 2.3 (- 6.5-8.5) 3.5(=7.9-8.9) +1.2 ns

Table 3 Evolution of vertebral heights (%) (s=significant, ns=non-
significant)

Preoperative D90 Gain in correc-  p
tion

Index of beck
BKP 65.9 73.1 7.2 S
VBS 70.7 79.6 8.9 S
Collapse index
BKP 29.6 17.5 12.1 S
VBS 27.1 15.8 11.3 S
AVH
BKP 63.3 71.4 8.1 S
VBS 65.6 74.6 9 S
PVH
BKP 96 97.7 1.7 ns
VBS 92.8 93.7 0.9 ns

Specific analysis of the preoperative CT scans of the ver-
tebrae with leakages did not show any relationship between
the fracture morphological parameters of the fractures
(Magerl et al. [18] and McCormack et al. [19] classifica-
tions) and leakage occurrence.

Modeling

Figure 4 shows the velocity fields simulated during cement
injection into the cavities created by balloon expansion.
Velocity maps highlight a change in cement kinematics
in the presence of a stent (Fig. 4a,b). The velocity profiles
(Fig. 4c) show a clear decrease in fluid lateral diffusion and
an increase in the longitudinal axis of the stent.

Discussion
Fracture reduction

Our radiological study shows a significant correction of 4.7°
of the VK in accordance with the data of the literature rang-
ing from 4.5° to 7.4° [12, 25] for the BKP group. The gain
in correction is, according to the series, slightly inferior to
those observed in the literature, but our population was char-
acterized by non-osteoporotic fractures with inferior initial
VK. The correction of the VK in percentage (44%) is similar
to the data reported by Berlemann et al. [26] (47.7%, com-
parative data summarized in Table 5). For the VBS group,
we observed a significant correction of 4.6° of the VK in
accordance with the literature [11, 12, 27] (3.2° to 7.3°,
Table 5). In this study, we were not able to highlight any sig-
nificant difference between the two methods as regards res-
toration of the anatomy of the vertebral body (VK, Index of
Beck, Index of collapse, SIF) in a non-osteoporotic patient
population. These results match those of Werner et al. [12]
who, in 100 osteoporotic fractures, did not observe any dif-
ference in terms of correction of VK with 4.5° +3.6° for the
BKP versus 4,7° +4,2° for the VBS.

Interestingly, several biomechanical studies have shown
a significant decrease in the loss of reduction due to addi-
tion of metallic stent [7]. For Rotter et al.[7] in a cadaveric
study, loss of height occurs during balloon removal and is
significantly greater in BKP (12%) than in VBS (4%). A
minor gain in anterior height occurs with BKP compared
to VBS with VK correction of 1.9° versus 4°, respectively.
This study measured fracture reduction after bone expan-
sion, while applying a substantial load on the vertebral end-
plates (force of 110 N) deduced from live measurements of
intradiscal pressure on volunteers, standing up during daily
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Table 4 Analysis of the

ed Technique  Location DHIDI (%) DHID90 (%) p DADI DAD9 p
radiological consequences of
intradiscal cement leakages for BKP Lower disk 40 30.57 04375 2.1 18 0.0579
kyphoplasty (BKP) group BKP Lower disk ~ 27.88 21.88 36 35
BKP Lower disk ~ 77.97 69.46 -4 -10
BKP Lower disk  37.16 41.07 -1 -3
BKP Lower disk  116.40 95.59 -4 -6

routine activities [28]. Therefore, for this cadaveric study,
while the role of the stent appears to be decisive in main-
taining a reduction under external vertical compression, one
should remember that a live surgery is performed on a lying
patient, under prone position, using expansion to create a
cavity without having to endure the compressive influence
of the verticality on the vertebra.

In practice, we have noted that the intraoperative lordosis
provided by patient positioning is part of fracture reduc-
tion strategy and can influence the quality of reduction.
Voggenreiter et al. [25] demonstrated the impact of patient
positioning. The works by Teyssédou et al. [6] corroborate
the importance of the installation in prone position as a
mean of optimizing fracture reduction. Finally, even though

@ Springer

a significant decrease in the height of the vertebral body
and a VK increase during balloon deflation both constitute
substantial limitations of the BKP technique, this should
nonetheless be pointed out that while the fracture reduction
initially achieved by BKP might be superior without stent-
ing, secondary loss of correction during balloon deflation
using BKP annihilates this effect. This should explain the
lack of difference in radiological fracture reduction between
the two groups. The lack of added value for VBS in fracture
reduction compared to BKP could be due to more limited
possibilities of expansion of the balloon, when it is sur-
rounded by a premounted stent. Indeed, for osteoporotic
patients, balloon expansion requires higher pressures with
than without a stent, a finding confirmed by Werner et al.
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Fig.4 Simulation of cement flow velocity fields for BKP (a) and VBS (b) in leakage analysis, ¢ velocity field profiles in different directions

[12]. Paradoxically, the balloon inflation rate provided by
VBS is more limited in the range of available working pres-
sure than BKP (440PSI for VBS versus 700PSI for BKP).
This could be a major parameter for young patients with
high bone density.

Cement leakage

In the BKP group, a sizable rate of leakage (41.7%) is
observed, which is in accordance with the rates of leakage
ranging from 10.6% [29] to 51% [30] found in the literature.
In the VBS group, the rate of leakage is 4.2%, much lower
than the rate in the literature, which generally ranges from
10% [27] to 30% [12]. It is interesting to note that the only
leakage observed in the VBS group is not lateral but ante-
rior. The anatomical distribution of cement leakage (prefer-
entially anterolateral and intradiscal, never posterior) is in

line with the lack of clinical consequences documented at
3-month clinical follow-up. In accordance with these results,
radiological evaluation of the adjacent disks after surgery
did not objectify any difference between the two groups.
This study underlines the tendencies of the upper disk to
lose height in time and of the lower disk to compensate for
residual traumatic kyphosis, a finding that corresponds to
the results of Teyssédou et al. [13].

Study limitations and FE analysis

The main limitations of this study include the number of
patients, potential interindividual fracture variability and the
nonrandomized design of this comparative study. One could
expect a sequence effect due to a change in technique used
for VCF treatment (moving in 2014 from exclusive BKP,
which was considered as a gold standard procedure, to VBS,
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which was previously unavailable in France). Bone densi-
tometry analysis was not conducted on the patients. Selec-
tive inclusion criteria, as regards the non-osteoporotic char-
acter of the fracture, requirement of a single-level fracture
and intervention of a single operator, considerably reduced
our population. A systematic MRI could not be performed
for the included patients, and the potential disk degeneration
was evaluated from radiographic analysis [16, 17].

To address these clinical limitations and to differentiate
the role of the cement from the potential added value of the
stent in leakage occurrence, we built a numerical model to
simulate injection of cement into a cavity in the presence or
absence of a stent.

FE analysis, using a strictly comparable cement and frac-
ture model, confirms that the difference in rate of leakage
between BKP and VBS corresponds to the properties of the
metallic stent. Stentoplasty appears to function as a rheologi-
cal brake preventing leakages. FE simulation clearly slows
down the flow in radial directions, which corresponds to
classical properties of mesh architecture, thereby limiting
lateral leakage. FE analysis also confirms that stentoplasty
promotes flow in the axial direction that may lead to ante-
rior leakage. This numerical approach was preliminarily
validated by a comparison with experiments on a simplified
model and by using optical methods [23]. However, numeri-
cal results of the present study should be corroborated in
future works by personalized adaptation of the volumes to
be filled and shaping of the stent to be deployed within the
cavity. Previous work on demonstration models has shown
that the shape, positioning and volume of the cavity to be
filled are important parameters in leakage risk analysis [8].

Conclusion

Kyphoplasty and stentoplasty are effective treatments for
vertebral fracture reduction of the non-osteoporotic sub-
ject, with an equivalent quality in reduction. There is no
added value of VBS compared to BKP in fracture reduction,
although a difference in the incidence of asymptomatic leak-
age has been highlighted in this study. FE flow modeling
provides substantial information to enhance our understand-
ing of this phenomenon. The capacity of VBS to prevent
leakage might be due to the mesh architecture created by
stent addition, which may hinder the process of biomechani-
cal leaking. This new architecture might potentially mitigate
the mechanical expansion of the balloon due to higher pres-
sure requirements, especially in cases of high bone density.
However, BKP may initiate a more efficient expansion of
the fractured vertebra, but it cannot prevent a loss of correc-
tion due to balloon deflation. A more ambitious randomized
controlled trial could be carried out to clinically compare the

rate of disk leakage, injection pressure and their repercus-
sions on disks/patient outcomes in the long term.
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