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See the commentary on “Quantitative

Comparison of Vertebral Structural

Changes After Percutaneous Objective: To compare unilateral extrapedicular vertebroplasty (UEV) and bilateral trans-
Vertebroplasty Between Unilateral pedicular vertebroplasty (BTV) by quantitatively calculating the structural changes of frac-
Extrapedicular Approach and Bilateral tured vertebral body after percutaneous vertebroplasty (PVP) using 3-dimensional voxel-
Transpedicular Approach Using Voxel- based morphometry (VBM).

Based Morphometry” via https://doi. Methods: We calculated bone cement volume (BCV); vertebral body volume (VBV); leaked
org/10.14245/ns.2347262.646. intradiscal BCV; and spatial, symmetric, and even bone cement distribution (BCD) in and

out of 222 vertebral bodies treated with 2 different PVPs using VBM and evaluated the inci-
dence of subsequent vertebral compression fracture (SVCF). Statistical analyses were con-
ducted to compare values between the 2 different PVPs.

Results: Relative BCV, which is a potential risk factor for SVCF, was higher in the BTV group
based on the data using VBM (0.22 £ 0.03 vs. 0.29 + 0.03; p <0.001, t-test); however, the
SVCF incidence between the 2 surgeries was not significantly different (UEV, 24.7%; BTV,
31%; p =0.046, chi-square test). Spatial, even, and symmetric BCD along the 3 axes was
not significantly different between UEV and BTV using VBM (x, y, z-axis, p=0.893, p=
0.590, p = 0.908 respectively, chi-square test).

Conclusion: Contrary to intuitive concerns, UEV can inject a sufficient and more optimal
This is an Open Access article distributed under BCV than BTV. Additionally, it can inject bone cement spatially, symmetrically, and even-
the terms of the Creative Commons Attribution ly well-distributed without an increased rate of intradiscal leakage and SVCF compared with
Non-Commercial License (https://creativecom g1/ haged on VBM. Therefore, UEV could be a superior alternative surgical method with
mons.org/licenses/by-nc/4.0/) which permits . T . K .
unrestricted non-commercial use, distribution, similar clinical effectiveness and safety, considering the above results and the consensus that
and reproduction in any medium, provided the UEV is less invasive.
original work is properly cited.
Copyright © 2023 by the Korean Spinal Keywords: Voxel, Unilateral extrapedicular vertebroplasty, Subsequent vertebral compres-
Neurosurgery Society sion fracture
INTRODUCTION safely and effectively treated using conservative or surgical ther-

apy. Notably, percutaneous vertebroplasty (PVP) has been in-

Thoracolumbar osteoporotic vertebral compression fracture ~ troduced and is currently a representative surgical treatment for
(OVCEF) causes severe back pain and spinal deformities that af-  thoracolumbar OVCEF because of its benefit of relieving imme-
fect patients’ quality of life."> However, in most cases, it can be  diate pain, stabilizing fractured vertebral bodies, and minimal
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invasiveness."”* Although PVP has shown satisfactory results,
several important prospective randomized controlled trials have
reported conflicting results without concluding that PVP is more
efficient than conservative technique in OVCF treatment.*® One
of the most important reasons for the abovementioned facts is
the high incidence of subsequent vertebral compression fracture
(SVCEF) , which is the most problematic complication after PVP*’
Moreover, the risk factors of the SVCF after PVP are insufficiently
proven.*'’ In many cases, thoracolumbar OVCF can be safely
and effectively treated; however, its treatment using PVP fre-
quently involves multiple SVCE which may cause persistent
back pain requiring subsequent PVP, spinal deformity, func-
tional limitations, and neurological symptoms."*!° Despite this
background, PVP is being performed more frequently and wide-
ly."* Moreover, regardless of the intuitive concerns and some
negative clinical experiences that unilateral PVP cannot spatial-
ly well distribute sufficient bone cement volume (BCV) com-
pared with bilateral PVP, it is recently being increasingly per-
formed because it can reduce operation time, and radiation ex-
posure."*'""® Several recent studies reported that unilateral PVP
procedures could achieve equivalent pain relief and complica-
tion rates with reduced operative time, radiation exposure, and
bone cement leakage compared with bilateral PVP">!'"""*> Alth-
ough clinical efficacy and complication occurrence rate after
PVP has been strongly correlated with BCV and bone cement
distribution (BCD) in and out of the fractured vertebral body,
these previous studies concluded that unilateral PVP is a better
procedure than bilateral PVP without the most important com-
parison of structural change induced by injected BCV and BCD
between the two surgeries."**® Additionally, no study has com-
pared and analyzed the incidence of SVCF as the most problem-
atic complication between unilateral and bilateral PVP. As men-
tioned above, this was an exaggerated conclusion based on in-
sufficient results. Many spinal surgeons have encountered vari-
ous clinical scenarios indicating that unilateral extrapedicular
vertebroplasty (UEV) is a less invasive approach with noninfe-
rior clinical results compared to bilateral transpedicular verte-
broplasty (BTV). However, whether UEV produces comparable
clinical outcomes to BTV remains unanswered due to method-
ological limitations and is still pending verification. Therefore,
this study aimed to prove that UEV could be a less invasive su-
perior alternative surgical method with similar clinical effec-
tiveness and safety. Accordingly, here, a comparative analysis of
SVCF incidence between UEV and BTV was performed, and
the surgery-related structural change induced by injected BCV
and BCD was quantitatively analyzed by applying voxel-based

1288 www.e-neurospine.org

morphometric (VBM) to overcome the limitations of previous
comparative studies.

MATERIALS AND METHODS

1. Study Design

This retrospective study used the clinical and image data col-
lected from consecutive cases between March 2014 and Novem-
ber 2019. The Institutional Review Board of the Catholic Uni-
versity of Korea College of Medicine, Daejeon St Mary’s Hospi-
tal approved this study (DC20RISI0036), and the requirement
for informed consent was waived because we anonymized and
shared the image data for the collaborative study of VBM.

2. Inclusion Criteria

(1) Patients diagnosed as single-level OVCEF using bone min-
eral density (BMD) evaluation (T score <-2.5) and mag-
netic resonance imaging (MRI) (Magnetom Verio 3T; Sie-
mens Healthineers, Erlangen, Germany).

(2) Patients who underwent UEV or BTV for single-level OVCE

(3) Patients with at least 3 years of follow-up for the diagnosis
of adjacent vertebral compression fracture (AVCF) or re-
mote vertebral compression fracture (RVCE).

(4) Patients with computed tomography (CT) (SOMATOM
Definition Flash, Siemens Healthineers) scan postopera-
tively performed during the follow-up period that enabled
3-dimensional (3D) VBM analysis.

(5) Patients who were treated with bisphosphonate alone fol-
lowing osteoporosis diagnosis.

3. Exclusion Criteria

(1) Patients with spondylodiscitis or pathologic fractures.

(2) Patients who underwent spinal surgery previously (PVP,
microdiscectomy, decompressive laminectomy, and spinal
fusion).

(3) Patients with diseases that induce or aggravate osteoporo-
sis (vitamin D deficiency, previous paresis).

(4) Patients who were treated with antiosteoporotic medica-
tions, including receptor activator kappa B ligand (RANK-
L inhibitor), selective estrogen receptor modulators (SERMs),
parathyroid hormone analogue (Teriparatide).

This study included patients with only single-level OVCEF be-
cause clinical efficacy and complication occurrence rate after
PVP could be closely associated with the number of OVCFs."
However, only patients with CT scan postoperatively performed
during the follow-up period that enabled VBM were included
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because postoperative CT was not routinely performed in this
retrospective study. Patients with various conditions that could
affect BMD changes were excluded because clinical efficacy and
complication rates after PVP strongly correlate with BMD.>'
This was ensured for accurate comparison of clinical efficacy
and complication occurrence rate after PVP between the 2 sur-
geries, by reducing the BMD effect. Overall, 222 patients were
enrolled and categorized according to the vertebroplasty meth-
od (UEV: 109 vs. BTV: 113) for comparative analysis between
the 2 surgeries. Therefore, to differentiate clinical efficacy and
complication occurrence rate between UEV and BTV, quantita-
tive analyses of BCV, and BCD, calculation of exact BCV, frac-
tured vertebral body volume (VBV), relative BCV (BCV/VBV),
leaked BCV to upper intervertebral disc space, and axis-wise
detailed distribution (spatial, symmetric, and even distribution
of each axis) were performed using the VBM, which was ini-
tially applied to the field of spinal surgery in the authors’ previ-
ous study.'® Radiographic parameters, including compression
ratio (CR), kyphotic angle (KA), and sagittal index (SI), were
measured on preoperative and postoperative radiographs col-
lected at the earliest time after PVP. Additionally, CR, KA, SI,
postoperative vertebral height restoration rate, and postopera-
tive KA correction were measured and calculated using similar
methods to the authors’ previously published paper by an expe-
rienced spine surgeon.'®” Clinical parameters, including visual
analogue scale (VAS) score, follow-up duration, SVCF occur-
rence, and duration of PVP to SVCE, were obtained from medi-
cal records." Comparative analyses of these radiographical and
clinical parameters were performed between the 2 different sur-
geries. Furthermore, patient characteristics were used for base-
line comparison between UEV and BT'V.

4. Surgical Procedure

Before PVP, we administered opioids to the patients intrave-
nously for sedation and monitored vital signs and arterial oxy-
gen saturation during the whole PVP procedure."® We installed
2 C-arms (Siemens Healthineers) around the prone positioned
patients on radiolucent operating table anteroposterior (AP)
and laterally for simultaneous viewing."” Subsequently, with the
surveillance of 2 C-arm fluoroscopies, 2 different PVP proce-
dures were performed using a 13-gauge vertebroplasty needle
(Stryker Corp., Kalamazoo, Miami, USA)."

In the case of BTV, which is a well-known method, the skin
entry points were located at the 3 oclock position in the lateral
margin of the right pedicle on an AP fluoroscopic view, and ver-
tebroplasty needle was introduced into the vertebral body (9 ocl-
ock position in the lateral margin of the left pedicle).” In the
case of UEV, it is crucial to place the needle in the ideal position,
vertebral body center to place optimal BCV well distributed.
We performed a far lateral UEV, which is appropriate to achieve
ideal needle placement (Fig. 1). Regarding the far lateral UEV,
we made a skin incision approximately 10 mm lateral to point
on the AP fluoroscopic view in the case of the thoracic spine
(Fig. 1A).2"* After the skin incision, a vertebroplasty needle was
introduced at point b, which was adjusted directly to point t, and

) 21,22

subsequently advanced to point ¢ (Fig. 1A-D

5.3D VBM Analysis

VBM was initially applied in the research of spinal surgery and
has been described by the authors in the previous study." The
proposed VBM calculates BCV, BCD, VBY, intervertebral disc
volume, and leaked intradiscal bone cement volume (IBCV).!**2*

Quantitative data based on VBM were applied to resolve debates

Fig. 1. Far lateral unilateral extrapedicular vertebroplasty. (A) Point a: the ipsilateral costotransverse joint on anteroposterior flu-
oroscopic view in the thoracic spine. In lumbar spine cases, skin incision was made approximately 10 mm lateral to the lateral
1/3 of the ipsilateral transverse process.”** After the skin incision, the vertebroplasty needle is advanced point b: the outer bor-

der of the base of the ipsilateral pedicle maintaining an angle of 45° between the horizontal plane.

2122 (B) After penetrating the

cortex of the vertebral body, the needle is directed to point t where the lower end plate meets the anterior cortex of the vertebral
body in lateral view.*** (C, D) The needle is advanced to point c: the center of the fractured vertebral body, with the surveillance

of 2 C-arm fluoroscopies.*"*

https://doi.org/10.14245/ns.2346536.268

www.e-neurospine.org 1289



Kim T, et al.

VBM-Based Efficacy Comparison Between UEV and BTV

in clinical medicine, and the results were successful.”’ In this
study, the process of VBM was systematized with some advanced
techniques.® A volumetric measurement framework developed
based on the Medical Imaging Interaction Toolkit (MITK; Ger-
man Cancer Research Center, Heidelberg, Germany) was used

to conduct all processing tasks, such as segmentation and 3D
10,23,24

voxel-based analysis.

1) Segmentation and defining the unit voxel
Defining the unit voxels in the region of interest is the first
step in quantitative analysis; the characteristics of each region of
interest need to be considered for accurate voxel-based analysis.
We separated the regions of interest from CT or MRI data
using the Segmentation plugin and Segmentation Utilities plu-
gin of MITK. These plugins support 2-dimensional (2D) and

1290 www.e-neurospine.org

Fig. 2. Segmentation process and 3-dimensional mesh construction result of the
vertebrae. (A) A sagittal slice of the selected vertebrae for analysis. (B) Automated
vertebral body segmentation result on a sagittal slice. (C) Refined vertebral body
segmentation result on a sagittal slice. (D) An axial slice after slice-by-slice correc-
tion for vertebral body segmentation. (E) Inaccurate interpolated contour with few
slice segmentations. (F) Bone cement segmentation result using thresholding algo-
rithm. (G) Refined bone cement segmentation result. (H) An axial slice after bone
cement segmentation. (I) Result of the intervertebral disc segmentation with a clear
boundary on a sagittal slice. (J) An axial slice after Intervertebral disc segmentation.
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3D tools, allowing for segmentation of individual pixels in 2 di-
mensions using algorithms, such as thresholding, Otsu, Re-
gion Growing,” and Watershed,” and automated segmentation
of individual voxels in 3 dimensions using an advanced inter-
polation technique. In the case of vertebral body segmentation,
we focused on achieving precise contour along the PVP-treated
vertebral body.'**** Therefore, the final segmentation results
could be a 3D shape that accurately reflects the detailed mor-
phological shape of the irregularly shaped fractured vertebral
body based on the vertebral body unit voxels, but not on the
manual measurements on CT images (Fig. 2A-D).'*** Our
advanced approach ensures accurate analysis results with limit-
ed interpolation, which is only applied when linearity of the sur-
face can be provided from interpolated slices. This differs from
the previous method of interpolating from the contour of a few
slices, which could lead to distortions in analysis in certain cas-
es and inaccurately reflect detailed 3D morphological shapes
(Fig. 2E)."**** The injected bone cement region has a highly
distinguishable intensity distribution in CT or MRI, and the
segmentation was conducted using an intensity-based thresh-
olding technique.'”** Additionally, the bone cement region
segmentation was further refined by manually removing any
incorrectly segmented regions (Fig. 2F-H).'* However, when
there was leaked intradiscal bone cement, intervertebral disc
segmentation was performed similarly to vertebral body seg-
mentation, and a clear boundary between the vertebral body
and the intervertebral disc was obtained using postprocessing
techniques (Fig. 21, J).

2) Volume analysis based on the unit voxel

The second step is computing the volumes of the region of
interest by the unit voxel. The unit voxels, which are the funda-
mental unit in 3D images and correspond to pixels in 2D imag-

es, were categorized as vertebral body (Svs), adjacent disc (Sap),
or bone cement (Ssc) and the unit voxel volume was computed
from the spatial resolutions of the image. Therefore, the volume
measurements for the region of interest were determined by
summing these unit voxels."’

Two postdoctoral researchers with expertise in medical im-
age engineering, having 7 and 3 years of experience, performed
the process.

3) 3D model for BCD analysis

The basic materials for 3D voxel-based analysis were prepared
through segmentation. The separation results can be interpret-
ed consistently using the custom plugin modules of 3D analy-
sis.!” As a first step of the 3D BCD analysis, we created a mesh
(surface) model of the segmented fractured vertebral body us-
ing a marching cube algorithm (Fig. 3A)." However, the gener-
ated meshes that lie on the axial, coronal, and sagittal axes were
not aligned with the vertebrae. Therefore, we defined three lo-
cal axes of the vertebral body (inferior-to-superior, left-to-right,
and posterior-to-anterior) to analyze the BCD. For this, the ver-
tebral shape model was projected onto the sagittal plane, which
closely corresponds to the actual orientation of the vertebral
body in MRI or CT, and identifies the compact convex contour,
which is known as a convex hull. From this convex hull, the lo-
cal axes were determined using the cost function of prior knowl-
edge about the typical vertebral body shape (Fig. 3B, C). Defin-
ing the local axes helped in the vectorization of the voxels, la-
beled as bone cement, along the vertebrae itself. We accurately
calculated the direction and distance of many bone cement vox-
els from the fractured vertebral body center. Additionally, we
plotted these vectorized voxels along the three axes to quantita-
tively evaluate the BCD in and out of the fractured vertebral
body not only spatially but also evenly and symmetrically. We

Fig. 3. Reconstructed 3-dimensional vertebral body mesh model and its local frame. (A) Three-dimensional visualization for re-
constructed vertebral body model. (B) Convex hull and local reference frame of the vertebral body (red arrow: left-to-right axis,
green arrow: posterior-to-anterior axis, blue arrow: inferior-to-superior axis). (C) Reconstructed vertebral body model with its

local axes superimposed on a sagittal slice.
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constructed histogram plot charts indicating the positions of
the vectorized voxels labeled bone cement along the three axes
to conduct the BCD analyses and calculated the skewness, kur-
tosis, median, mean, standard deviation, minimum, and maxi-
mum bone cement voxel values.'*** Furthermore, we computed
the minimum and maximum vertebral body voxel values using
vectorized voxels labeled vertebral bodies along each axis.** The
even and symmetric aspects of BCD in the vertebral body after
PVP were evaluated based on the skewness and kurtosis values
of each of the three axes.”® The cases where |skewness| < median
|skewness| and kurtosis < 0 were considered as evenly and sym-
metrically distributed.”® The cutoff values (median |skewness|
of the evaluated population) of each axis for defining even and
symmetric distribution were 0.1569395 in x-axis, 0.1556293 in

Table 1. Characteristics of the study population

y-axis, and 0.1989452 in z-axis in this study. Conversely, the
cases where the range of bone cement voxels covered the center
of fractured vertebral body and simultaneously, (maximum val-
ue — minimum value of bone cement voxels)/(maximum value
- minimum value of vertebral body voxels) were >0.5 was con-
sidered as spatially well-distributed cases. Finally, these 4 above-
mentioned criteria were used to evaluate and compare the spa-

tial, even, and symmetric distributions in this study.'*

6. Statistical Analysis

Continuous variables were expressed as mean + standard de-
viation or median (interquartile range) and analyzed using a t-
test or Wilcoxon rank-sum test. Conversely, categorical variables

were presented as frequencies and percentages and analyzed us-

Characteristic Unilateral extrapedicular (n=109) Bilateral transpedicular (n=113) p-value
Sex
Male 28 (25.7) 31(27.4) 0.769"
Female 81 (74.3) 82 (72.6)
Age (yr) 74.18+6.36 74.48+8.23 0.766*
Diabetes mellitus
Yes 18 (16.5) 22 (19.5) 0.567"
No 91 (83.5) 91 (80.5
Hypertension
Yes 58 (53.2) 70 (62.0) 0.188"
No 51 (46.8) 43 (38.0)
BMI (kg/m?) 22.24+2.89 22.14+£3091 0.826*
BMD (T score) -3.36+£0.88 -3.39+0.64 0.768*
FU period 3.21+0.65 3.19+0.67 0.830*
Preoperative CR 0.23+0.14 0.23+0.10 0.980¢
Preopertative KA
Mean +SD 2.35+8.42 2.42+9.25 0.948*
Median (IQR) 3.30 (-4.00 to 8.00) 2.70 (-5.20 to 9.20) 0.946°
Preopertative SI
Mean +SD 427+7.17 4.46+7.76 0.853*
Median (IQR) 5.00 (1.00-10.10) 4.20 (-0.80 to 10.50) 0.907°
Level of fracture
Thoracic 58 (53.2) 49 (43.4) 0.142°
Lumbar 51 (46.8) 64 (56.6)
PVP-postoperative CT duration 152.0+114.2 158.2+129.1 0.709*

Values are presented as mean + standard deviation (SD) or number (%) unless otherwise indicated.

BMI, body mass index; BMD, bone mineral tensity; FU, follow-up; CR, compression ratio; KA, kyphotic angle; SI, sagittal index; IQR, inter-
quartile range; PVP, percutaneous vertebroplasty; CT, computed tomography.

Chi-square test or Fisher exact test. *t-test. ‘Mann-Whitney U-test.
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Table 2. Comparison of bone cement volume, distribution, and leakage between unilateral extrapedicular vertebroplasty and bi-
lateral transpedicular vertebroplasty

Variable Unilateral extrapedicular Bilateral transpedicular el
(n=109) (n=113)
Bone cement volume
Mean +SD 5.63+8.36 6.60+1.53 0.228*
Median (IQR) 491 (3.81-5.25) 6.85 (6.29-7.59) <0.001°
Ratio of BCV to VBV
Mean +SD 0.22+0.03 0.29+0.03 <0.001*
Spatial distribution
X-axis ratio >50%
No 1(0.9) 0(0.0) 0.491"
Yes 108 (99.1) 113 (100)
Y-axis ratio =50%
No 1(0.9) 1(0.9) >0.999°
Yes 108 (99.1) 112(99.1)
Z-axis ratio >50%
No 6(5.5) 8(7.1) 0.629'
Yes 103 (94.5) 105 (92.9)
Symmetric and even distribution
X-axis |skewness| <median
No 55 (50.5) 56 (49.6) 0.893'
Yes 54 (49.5) 57 (50.4)
X-axis kurtosis <0
No 4(3.7) 4(3.5) >0.999°
Yes 105 (96.3) 109 (96.5)
X-axis: |skewness| < median, kurtosis <0
No 55 (50.5) 56 (49.6) 0.893
Yes 54 (49.5) 57 (50.4)
Y-axis |skewness| < median
No 56 (51.4) 55 (48.7) 0.687"
Yes 53 (48.6) 58 (51.3)
Y-axis kurtosis <0
No 1(0.9) 4(3.5) 0.370"
Yes 108 (99.1) 109 (96.5)
Y-axis: |skewness| <median, kurtosis <0
No 56 (51.4) 55 (48.7) 0.687"
Yes 53 (48.6) 58 (51.3)
Z-axis |skewness| < median
No 55 (50.5) 56 (49.6) 0.893"
Yes 54 (49.5) 57 (50.4)
Z-axis kurtosis <0
No 9(8.3) 12 (10.6) 0.548"
Yes 100 (91.7) 101 (89.4)
(Continued)
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Table 2. Comparison of bone cement volume, distribution, and leakage between unilateral extrapedicular vertebroplasty and bi-

lateral transpedicular vertebroplasty (Continued)

Unilateral extrapedicular

Bilateral transpedicular

Variable (n=109) (n=113) p-value
Z-axis: |skewness| <median, kurtosis <0
No 55 (50.5) 58 (51.3) 0.897°
Yes 54 (49.5) 55 (48.7)
Well distributed (spatially, evenly, and symmetrically)
X-axis
No 55 (50.5) 56 (49.6) 0.893
Yes 54 (49.5) 57 (50.4)
Y-axis
No 57 (52.3) 55 (48.7) 0.590"
Yes 52 (47.7) 58 (51.3)
Z-axis
No 58 (53.2) 61 (54.0) 0.908"
Yes 51 (46.8) 52 (46.0)
Leakage
No 65 (59.6) 58 (51.3) 0213
Yes 44 (40.4) 55 (48.7)
Lower intradiscal leakage
No (nondisc space leakage or upper disc space leakage) 94 (86.2) 99 (87.6) 0.762°
Yes (lower) 15 (13.8) 14 (12.4)
Upper intradiscal leakage
No (nondisc space leakage or lower disc space leakage) 97 (89.0) 90 (79.7) 0.056"
Yes (upper) 12 (11.0) 23 (20.3)
Leaked intradiscal bone cement volume
Mean +SD 759.91+650.14 1,013.24+£798.70 0.176*

Values are presented as number (%) unless otherwise indicated.

SD, standard deviation; IQR, interquartile range; BCV, bone cement volume; VBV, vertebral body volume.

Chi-square test or Fisher exact test. *t-test. "Mann-Whitney U-test.

ing the chi-square or Fisher exact test. Multivariable logistic re-
gression analyses were conducted to identify the surgical meth-
od (independent variable) for non-SVCEF vs. SVCF (dependent
variable). Variables of age, sex, BMD, z-axis distribution, and
upper intradiscal leakage were used together as covariates to
adjust and analyze the full model. Odds ratios (ORs) were cal-
culated using multivariable logistic regression. Furthermore, we
consulted the Department of Biostatistics of our research center
regarding the design of the statistical analyses for this study. All
statistical analyses were performed using SAS 9.4 (SAS Institute,
Cary, NC, USA). All tests were 2-tailed, and statistical signifi-
cance was considered at p < 0.05.
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RESULTS

1. Characteristics of the Study Population

Opverall, 222 of the 873 consecutive patients with OVCEF treat-
ed with PVP from March 2014 to November 2019 were enrolled
in this study. Among the 222 enrolled patients, 109 and 113 un-
derwent UEV and BTV, respectively. No statistically significant
difference was found in the patients’ baseline characteristics be-
tween UEV and BTV groups (Table 1).

2. Bone Cement Distribution
Spatial, even, and symmetric BCD along the 3 axes were not
significantly different between the UEV and BTV groups based

https://doi.org/10.14245/1ns.2346536.268
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=0.762,

0.590: y-axis, and
0.056).

0.056, and p
0.176, t-test) (Table 2,

Fig. 4E). Bone cement leakage to the upper intervertebral disc

0.908, chi-square test) (Table 2,
0.213,p

0.893: x-axis, p

0.908: z-axis, chi-square test; Table 2). Particularly, the dis-

No significant difference was found in the incidence of SVCE

Significantly larger BCV was injected in the BTV group than
AVCE and RVCF between the 2 groups (p<0.303, p<0.227,

in the UEV group (4.91 [3.81-5.25] mm’ vs. 6.85 [6.29-7.59] mn’,

as a potential risk factor for AVCE was not significantly differ-

ent between the BTV and UEV groups based on the accurate

data calculated using VBM (p
rience that bone cement cannot be evenly distributed to both

sides in UEV compared with BTV, UEV procedure spatially,
potential risk factor for ACVE was significantly higher in the BTV
group than in the UEV group (0.22£0.03 vs. 0.29+ 0.03, p < 0.001,
(p<0.001, t-test). The incidence of venous leakage, upper intra-
were not significantly different between the UEV and BTV groups

based on the data using VBM (p
respectively, chi-square test). Leaked IBCV was higher in the

space, which is known as a risk factor for AVCE occurred more

frequently in the BTV group than in the UEV group without
and p <0.924, chi-square test) (Table 3). Although BCV/VBY,

which is known as a potential risk factor for AVCE was signifi-
just for values of age, sex, BMD, distribution along the z-axis,
and upper intradiscal leakage. Furthermore, the risk of SVCF in
the BTV group was not higher than that of the UEV group based

on multivariate logistic regression analysis (Table 3). In the case
of PVP surgery for patients with very low BMD, high BCV/VBV

tribution along the inferior to the superior axis, which is known
Fig. 3B). Contrary to intuitive concerns and some clinical expe-
evenly, and symmetrically well-distributed bone cement with-
out increased risk of SVCE.

Mann-Whitney U-test; Table 2). BCV/VBYV, which is known as a
t-test). Therefore, the BCV/VBV of the UEV group was more
optimal than that of the BTV group, with a significant difference
discal leakage, and lower intradiscal leakage of the bone cement
BTV group than in the UEV group without a significant difference
cantly higher in the BTV group, no statistically significant dif-
ference was found in SVCF incidence between the 2 groups.
Multivariate logistic regression analysis was performed to ad-
could be act as a more significant risk for the occurrence of SVCE

on the data using VBM (p

3. Bone Cement Volume, Leakage

(759.91 +£650.14 vs. 1,013.24 +798.70, p
significant difference (UEV: 11%, BT'V: 23%, p
4. Incidence of SVCE, AVCE, and RVCF

P
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Table 3. Comparison of incidence of SVCF between UEV and BTV and the multivariate logistic regression results

Unilateral extrapedicular

Bilateral transpedicular

QOdd ratio

Variable (n=109) (n=113) (95% CI) p-value
Incidence of SVCF
No 82 (75.2) 78 (69.0) 0.461"
AVCF 13 (11.9) 20 (17.7)
RVCF 14 (12.8) 15(13.3)
Incidence of SVCF
No 82 (75.2) 78 (69.0) 0.303
AVCF or RVCE 27 (24.8) 35 (31.0)
Incidence of AVCF
No 96 (88.1) 93 (82.3) 0.227'
AVCF 13 (11.9) 20 (17.7)
Incidence of RVCF
No 95 (87.2) 98 (86.7) 0.924"
RVCF 14 (12.8) 15 (13.3)
PVP-SVCEF duration
Mean +SD 249.28 £236.83 327.35+£402.59 0.281%
Median (IQR) 152.00 (42.00-498.00)  201.00 (67.00-452.00) 0.4475
Model 1 Non-SVCF vs. SNVCF (AVCF or RVCF) 1.110 (0.570-2.123) 0.776
Model 2 Non-AVCEF (Non-SVCF or RVCF) vs. AVCF 1.314 (0.564-3.066) 0.527
Model 3 Non-RVCF (Non-SVCF or AVCF) vs. RVCF 0.951 (0.425-2.130) 0.904

Values are presented as number (%) unless otherwise indicated.

SVCE, subsequent vertebral compression fracture; UEV, unilateral extrapedicular vertebroplasty; BT'V, bilateral transpedicular vertebroplasty;
CI, confidence interval; ACVE adjacent vertebral compression fracture; RVCE, remote vertebral compression fracture; PVP, percutaneous ver-
tebroplasty; SD, standard deviation; IQR, interquartile range; BMD, bone mineral density.

Multivariate logistic regression results adjusted by age, sex, BMD, distribution along z-axis, and upper intradiscal leakage.

"Chi-square test or Fisher exact test. *t-test. "Mann-Whitney U-test.

5. Postoperative Radiological and Clinical Outcomes

Postoperative vertebral height restoration rate was higher in
the BTV group than in the UEV group; however, this trend was
not statistically significant (0.08 [0.03-0.18] vs. 0.12 [0.04-0.20],
Mann-Whitney U-test; Table 4). Additionally, postoperative
KA correction was higher in the BTV group than in the UEV
group without significant difference (1.98+1.71 vs. 2.02+ 1.62,
p=0.844, t-test). Similar to the results of many previous studies,
no significant difference was found in the postoperative pain
relief between the 2 groups (5.44 £ 1.11 vs. 5.59+ 1.12; p=0.308,
t-test) (Table 4).1:>11-1420

DISCUSSION

Thoracolumbar OVCF is common in older patients, and its
complications sometimes affect the quality of life. PVP has be-
come a representative surgical treatment for OVCF with several

https://doi.org/10.14245/ns.2346536.268

advantages, and unilateral PVP has recently been widely per-
formed because of its advantages, such as short operation time
and reduced radiation exposure."*'""* Clinical efficacy and in-
cidence of SVCE which are the most problematic complication
following PVP, are strongly correlated with the surgery-related
structural changes induced by BCV and BCD in and out of the
fractured vertebral body.'*'"'*'”!® Nevertheless, these previous
studies concluded that unilateral PVP is a better surgical meth-
od than bilateral PVP according to results comparing the post-
operative pain relief, operation time, and radiation exposure
alone rather than based on those comparing the surgery-related
structural change and SVCE"*'""* These previous studies drew
exaggerated conclusions based on insufficient results because
accurate quantitative measurements of the surgery-related struc-
tural changes of fractured vertebral bodies have been impossi-
ble in clinical studies thus far."*'*'*'” To the authors’ knowledge,
no study has compared and analyzed SVCF incidence between
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Table 4. Radiological and clinical outcomes

Unilateral extrapedicular

Bilateral transpedicular

Variable (n=109) (n=113) p-value
Postoperative vertebral height restoration rate

Mean +SD 0.13+£0.15 0.14+0.13 0.406*

Median (IQR) 0.08 (0.03-0.18) 0.12 (0.04-0.20) 0.151°
Postoperative KA correction

Mean +SD 1.98+1.71 2.02+1.62 0.844*
Preoperative VAS-postoperative VAS

Mean +SD 544+1.11 5.59+1.12 0.308*

SD, standard deviation; IQR, interquartile range; KA, kyphotic angle; VAS, visual analogue scale.

“t-test. ‘Mann-Whitney U-test.

UEV and BTV using reasonable and accurate methods, nor has
any study compared the surgery-related structural change caused
by injected BCV and BCD between UEV and BTV. Moreover,
BCV and BCD after PVP, which are critically related to efficien-
cy and complication rate, remain clinical controversies unresolved
in many previous studies because of methodological limitations.
Therefore, to solve these clinical pending questions, collabora-
tive research using VBM, which is the only technique that can
overcome these methodological limitations, was performed in
this study as it can precisely measure and quantitatively calculate
the structural changes induced by BCV injected in and out of
the fractured vertebral body after PVP.* VBM has been intro-
duced in brain research and applied for the first time in the clini-
cal spinal research field in previous collaborative studies.'*****
The BCV/VBYV injected into the vertebral body has been close-
ly associated with the clinical efficacy and SVCF incidence of
PVP mainly by previous in vitro cadaveric studies.'** Although
many biomechanical in vitro cadaveric studies have been con-
ducted on this topic, optimal BCV with the ideal clinical effica-
cy of PVP has not been established.'***** A biomechanical in vi-
tro cadaveric study by Martinc¢i¢ et al.”! indicated that 15% of
the BCV/VBYV can effectively strengthen the fractured vertebral
body stiffness without increasing adjacent intradiscal pressure
and 15%-20% of the BCV/VBV has a similar effect, and that
relative BCV >20% increases the adjacent intradiscal pressure
resulting in increased pressure to the endplate of the adjacent
vertebra, rather than stiffness restoration. Therefore, the study
recommends 15% of the BCV/VBV as optimal BCV (4-6 mL
of BCV depending on the vertebral level).” Several major bio-
mechanical studies indicated that a larger BCV/VBV in the aug-
mented vertebral body is positively correlated with AVCE which
may be caused by increased intradiscal pressure and pressure on
the adjacent vertebral bodies.” Notably, this biomechanical in

1298 www.e-neurospine.org

vitro cadaveric study’s results were consistent with our previously
published clinical research findings using VBM."” As VBM can
calculate bone cement and vertebral body voxels, it enables the
BCV/VBV measurement, which more efficiently reflects its
biomechanical effect than BCV. In this study, the BCV/VBV
was 0.22+0.03 and 0.29+0.03 in the UEV and BTV groups,
respectively. Thermal injury to the pathologic nerve endings
induced by injected bone cement alters and stabilizes the pain
pathways in the surrounding tissue around the fractured verte-
bra.**» This thermal effect causes immediate pain relief after
PVP, and clinically, BCV for this process is not significantly cor-
related. Additionally, in this study, postoperative pain relief was
not significantly different between the UEV and BTV groups
(5.44+1.11 vs. 559+ 1.12, p=10.308, t-test). Specifically, even a
small BCV/VBV of >10% injected into the vertebral body can
induce immediate pain relief.”** UEV was performed as previ-
ously reported.” UEV proposed by the authors has been de-
vised as a method of needle placement at the center of the frac-
tured vertebral body, and complications that occur during the
needling process and bone cement injection can be reduced. It
is highly useful at the thoracic level but requires proficiency.
When needling is not optimal at the center of the irregularly
shaped fractured vertebral body during UEV, large BCV may
have to be injected unintentionally in order to distribute the
bone cement well, leading to intradiscal leakage. Otherwise, the
procedure may have to be completed with the not well-distrib-
uted bone cement in order to prevent intradiscal leakage or leak-
age to the spinal canal during the procedure despite injecting
excessive BCV. Therefore, surgeons may have intuitive concerns
and some negative clinical experiences with UEV. In contrast to
intuitive concerns, the UEV procedure injected smaller but more
optimal BCV/VBYV efficiently without an increased risk of SVCF
based on data calculated using VBM. Although unilateral PVP

https://doi.org/10.14245/1ns.2346536.268
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has been increasingly performed, there are still intuitive con-
cerns and some clinical experiences that unilateral PVP cannot
evenly and symmetrically well-distribute bone cement to both
sides compared with bilateral PVP. These concerns about BCD
of unilateral PVP were raised more frequently than regarding
injecting sufficient BCV and have become the main reason for
performing bilateral PVP. Therefore, a new surgical technique
that uses a bending angle injector, in addition to percutaneous
unilateral PVP, has recently been introduced.*** However, stud-
ies on BCD have been limited. Most of the previous BCD stud-
ies only evaluated the bone cement location by counting the
numbers of occupied sectors induced by injected bone cement
after sectorizing the fractured vertebral body.® A study by Liu et
al.* revealed that BCD evaluation using x-ray images is effec-
tive and can reliably predict SVCF after PVP. In contrast, a ret-
rospective study by Lin et al.”” showed that BCD using unilater-
al PVP was correlated with clinical efficacy after PVP by classi-
fying the various BCDs into only 3 groups based on x-ray im-
ages. Several similar studies that categorize and compare BCD
according to patterns have been published.""'> However, these
studies were not based on accurate quantitative analysis of BCD;
therefore, the evidence level was low. Despite many previous
studies about BCD, the correlation between BCD and clinical
efficacy, including the incidence of SVCF after PVP, remains a
pending question because the quantitative calculation of BCD
in and out of the fractured vertebral body was impossible in in
vivo study using clinical data. Therefore, to solve the clinical is-
sue of BCD, which is a more serious controversy than BCV, col-
laborative research using VBM was performed to quantitatively
calculate the BCD in and out of the fractured vertebral body af-
ter PVP. Furthermore, the spatial, even, and symmetric distri-
bution evaluation are required to evaluate the BCD, and clinical
debate remains a pending question; therefore, the study was
designed to meet these needs. Evaluation of spatial, even, and
symmetric distribution was inevitable, particularly for compar-
ative analysis between the UEV and BTV groups. VBM can au-
tomatically calculate the center of mass of the fractured verte-
bra and vectorize hundreds of thousands of bone cement unit
voxels from this center.'” The vectorization of unit voxels en-
abled an accurate understanding of the location of the unit vox-
els. These calculated and vectorized bone cement unit voxels
were plotted along the three axes, and a histogram plot chart of
each axis was constructed (bottom-to-top, left-to-right, and AP
axes)."” Three-dimensional visualization using VBM and com-
puted values based on these histograms along the 3 axes enabled
the accurate quantitative comparison between the UEV and BTV

https://doi.org/10.14245/ns.2346536.268

groups for the first time. In the study, the UEV procedure spa-
tially, evenly, and symmetrically well-distributed bone cement
without increased risk of SVCF based on VBM in contrast to
intuitive concerns and some clinical experiences, which indi-
cate that bone cement cannot be evenly distributed to both sides
in UEV compared with BTV (Table 2, Fig. 4C, D). A 2D pixel
corresponds to a 3D voxel. As the various unit voxels of the re-
gions of interest, such as bone cement, vertebral body, adjacent
intervertebral disc, and leaked intradiscal bone cement voxels,
can be calculated using VBM, a small amount of intradiscal bone
cement leakage can be confirmed, which was impossible in a
previous x-ray-based study."

Superior intradiscal bone cement leakage, which is a risk fac-
tor for AVCE was frequent in the BTV group based on the data
using VBM compared with that in the UEV group, without sig-
nificant difference (UEV: 11%, BTV: 23%, p=0.056) (Table 2).
Although the BCV/VBYV, which is known as a potential risk fac-
tor for AVCE was significantly higher in the BTV group, no sta-
tistically significant difference was found in SVCF incidence be-
tween the 2 groups (SVCE AVCE, and RVCE, p <0.303, p<0.227,
and p<0.924, chi-square test) (Table 3). Therefore, to evaluate
the association between SVCF incidence and BCV and BCD
using the UEV and BTV procedures, the effects of various risk
factors for SVCF had to be reduced as much as possible.>'**
BMD is the single factor known to be the strongest risk factor
for SVCE®*'? Only patients treated using bisphosphonates alone
before and after PVP were enrolled in this study to reduce the
BMD effect on SVCE whereas those treated with receptor acti-
vator kappa B ligand (RANK-L inhibitor), SERM, and parathy-
roid hormone analogues (Teriparatide) were excluded."” Addi-
tionally, multivariate logistic regression analysis was performed
adjusting for age, sex, BMD, distribution along z-axis, and up-
per intradiscal leakage to specifically reduce the BMD effect,
which is the strongest risk factor for SVCF and other multifac-
torial risk factors.*'° The OR of SVCF incidence was 1.110 times
higher in the BTV group than in the UEV group, and the 95%
confidence interval (CI) at this time was 0.570-2.123, without
significant difference (p=0.776, Table 3). Models 2 and 3 showed
an OR and 95% CI for AVCF and RVCF occurrence of 1.314
(0.564-3.066) and 0.951 (0.425-2.130), respectively, without
significant difference (p=0.527 and p=0.904, respectively) (Ta-
ble 3). Furthermore, no statistically significant difference was
found in SVCEF incidence between the 2 groups based on this
multivariate logistic regression analysis (Table 3). The BCV/VBV
of BTV was higher than that of UEV, with a significant differ-
ence (p <0.001, t-test). Consistent with these results, postopera-
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tive vertebral height restoration rate and KA correction in the
BTP group were higher than that in the UEV group, without
significant difference (p=0.151, Mann-Whitney U-test; p=0.844,
chi-square test) (Table 4).* Although this was a retrospective
study, the number of patients in each group was similar, and there
were no criteria for choosing between UEV and BT'V. However,
the authors, as experienced surgeons in UEV, performed UEV
at a higher rate with the rationale of performing minimally in-
vasive procedures regardless of the spinal level than average ex-
perienced spine surgeons. Although it did not account for a
large number, UEV was preferred for older patients who do not
cooperate well during the procedures. This study had some lim-
itations. First, we conducted a comparative analysis of clinical
outcomes to evaluate the efficiency of 2 different PVPs.

Postoperative pain relief (preoperative VAS-postoperative
VAS) and SVCF incidence were assessed to compare the clini-
cal outcomes. Additionally, BCV/VBV and BCD, which are pro-
cedure-related risk factors for SVCE were calculated and com-
pared using VBM. As this was a retrospective study, employing
a well-known and useful outcome measure, such as the Oswes-
try Disability Index, was not possible; thus, using the postoper-
ative pain relief data was the best possible option. Second, be-
cause postoperative CT scans are not routinely performed, in-
consistency in the timing of their performance used in this study
existed, which could have been a source of bias. However, these
timings were not significantly different between UEV and BTV
(Table 1). Finally, postoperative CT scans included not only spi-
nal CTs but also 15 externally performed spinal, 28 abdomen,
and 29 chest CT scans, and these resolution differences could
have been a source of bias. Therefore, a well-designed random-
ized controlled trial using VBM based on postoperative CT scans
performed using the same device and protocol is required for
high evidence level.

CONCLUSION

UEV can inject slightly smaller but more optimal BCV than
BTV, resulting in similar clinical efficacy and complication rate.
Contrary to intuitive concerns, UEV can inject bone cement into
the fractured vertebral body spatially, symmetrically, and evenly
well-distributed without an increased rate of intradiscal leakage
and SVCF compared with BT'V. Therefore, considering the above
results proven using the VBM and the consensus that it is less in-
vasive, UEV could be a minimally invasive and superior alterna-
tive surgical method with similar clinical efficiency and safety.
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