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A novel and convenient method

to evaluate bone cement
distribution following percutaneous
vertebral augmentation

Jin Liu%%*, Jing Tang**, Hao Liu**‘, Zuchao Gu?, Yu Zhang? & Shenghui Yu?

A convenient method to evaluate bone cement distribution following vertebral augmentation is
lacking, and therefore so is our understanding of the optimal distribution. To address these questions,
we conducted a retrospective study using data from patients with a single-segment vertebral fracture
who were treated with vertebral augmentation at our two hospitals. Five evaluation methods based
on X-ray film were compared to determine the best evaluation method and the optimal cement
distribution. Of the 263 patients included, 49 (18.63%) experienced re-collapse of treated vertebrae
and 119 (45.25%) experienced new fractures during follow-up. A 12-score evaluation method (kappa
value=0.652) showed the largest area under the receiver operating characteristic curve for predicting
new fractures (0.591) or re-collapse (0.933). In linear regression with the 12-score method, the bone
cement distribution showed a negative correlation with the re-collapse of treated vertebra, but it
showed a weak correlation with new fracture. The two prediction curves intersected at a score of

10. We conclude that an X-ray-based method for evaluation of bone cement distribution can be
convenient and practical, and it can reliably predict risk of new fracture and re-collapse. The 12-score
method showed the strongest predictive power, with a score of 10 suggesting optimal bone cement
distribution.

Since Galibert and Deramond first used bone cement to treat aggressive cervical hemangiomas in 1987, this
procedure has been verified by numerous studies to be an effective minimally invasive surgery for the treatment
of osteoporotic vertebral compression fractures (OVCFs)*™. As the population continues to age, the incidence of
vertebral compression fractures caused by osteoporosis has also increased®. For the foreseeable future, vertebral
augmentation will continue to play an important role as a minimally invasive treatment of OVCFs.

Vertebral augmentation can quickly alleviate the pain caused by OVCFs only when the bone cement rapidly
halts crack propagation of the fracture and restores the height and stiffness of the fractured vertebra to meet
weight-bearing demand. In addition, cytotoxicity and heat generation of bone cement also play a role in pain
relief of patients received vertebral augmentation®™'!. The amount of bone cement used can influence risk of
various complications after vertebral augmentation'?-.. Injection of excessive bone cement tends to induce
new fractures of adjacent vertebral bodies and may increase the leakage rate'?”'*, while too little bone cement
can result in insufficient filling, which can fail to relieve the pain rapidly’>!¢ and easily induce re-collapse of the
treated vertebrae!’-1°. However, the amount of bone cement per se is unlikely to be the most reliable predictor
of whether the cement will achieve a satisfactory distribution, given differences in vertebral body size as well as
in location and degree of compression'*¢.

Many studies have shown the distribution of bone cement to be a more suitable index!>!>181922-2¢ Calculat-
ing the volume fraction of bone cement based on computed tomography may be more accurate, while computer
simulation combined with hydrodynamics can also model distribution of bone cement*?”. However, these
methods are quite complex and cannot be conducted in real time to guide intraoperative procedures'*'¢. Meth-
ods based on X-ray images have been reported to evaluate distribution of bone cement, but they differ widely
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and lack consistency or prognostic relevance'>'>**-2%, Consequently, there is no recognized, practical way to
evaluate the distribution of bone cement in vertebral augmentation and therefore predict risk of subsequent
re-collapse or new fracture.

To address this gap, we assessed different methods for analyzing the distribution of bone cement on X-ray
images after vertebral augmentation, and then predicting new symptomatic fracture or re-collapse of augmented
vertebrae. Our goal was to determine the best evaluation method and the corresponding optimal distribution
of bone cement.

Materials and methods

Patient characteristics. This study was approved by the Ethics Committee of West China Hospital of
Sichuan University. All methods and procedures were carried out in accordance with relevant guidelines and
regulations, and informed consent was obtained from all subjects. This retrospective study included data from
patients who received vertebral augmentation in our two institutions from April 2014 to March 2019. The spe-
cific inclusion criteria were: (1) the patient was aged =70 years, or the bone mineral density (BMD) measured
by dual-energy X-ray absorptiometry was T <-2.5; (2) the patient had a known history of hypochondriac pain
and/or back pain, with or without limited mobility; (3) acute, single-segment OVCF was confirmed by magnetic
resonance imaging (MRI); and (4) the patient was followed up for at least 6 months after surgery, with the most
recent X-ray examination at least 6 months postoperatively. Patients were excluded if they underwent vertebral
augmentation because of pathological fractures caused by spinal neoplasms, or if they suffered new fractures
caused by high-energy trauma during the follow-up period.

Surgical procedure. All patients were given local anesthesia, and surgery was performed under a C-arm
X-ray machine while the patient was lying in the prone position. A 3.5-mm puncture needle was used to punc-
ture the pedicle of the vertebra. During the needle insertion, the angles of introversion, extroversion, and cepha-
locaudal inclination were adjusted based on C-arm fluoroscopy, until the puncture needle reached the junction
of the middle and posterior thirds of the vertebral body. Then, if the patient chose percutaneous kyphoplasty
(PKP), the balloon was inserted into the vertebra with height reduction, followed by removal of the balloon and
rapid injection of polymethylmethacrylate. If the patient chose percutaneous vertebroplasty (PVP), direct poly-
methylmethacrylate injection was performed. The same kind of bone cement (Osteopal V, Germany) was used
in all patients regardless of procedure method.

Post-operative treatment and follow-up. After surgery, patients rested in the supine position for 3 h
and gradually resumed off-bed activities with waist support. Routine examinations of anteroposterior and lateral
X-ray films were performed to assess the distribution and leakage of bone cement. Computed tomography and
MRI were performed on patients whose pain was exacerbated or not significantly alleviated, and on patients who
had emerging nerve root pain; based on the findings, further treatment was undertaken as necessary. Patients
were routinely administered calcium and active vitamin D after surgery, and 31 patients elected additional treat-
ment with zoledronic acid.

After discharge, patients were followed-up by telephone every 3 months to enquire about their pain and
daily activities. If a patient mentioned back or hypochondriac pain that had lasted longer than 3 days or was not
relieved significantly after taking nonsteroidal anti-inflammatory drugs (NSAIDs), they were instructed to return
to hospital for an X-ray examination. If new fractures were strongly suspected, confirmatory MRI was performed.

Description of variables. Data were collected on each patient’s sex, age, body mass index (BMI), and
puncture method (unilateral or bilateral), treatment method (PVP or PKP), cause of fracture, and other imaging
data, including X-ray films before surgery and during follow-up. A spine surgeon (11 years of experience in spine
surgery) and a radiologist (7 years of experience in musculoskeletal system images) jointly evaluated the images
to determine the number of augmented vertebral bodies, whether there was a cleft in the fractured vertebra,
location of the fractured vertebra, whether the degree of compression of the fracture exceeded 50%, re-collapse
of the augmented vertebra, new fracture, and bone cement leakage. Five different evaluation methods were used
to assess the bone cement distribution. When the evaluation results differed, the two physicians discussed and
made a final decision.

Re-collapse of augmented vertebrae was diagnosed when the angle between the upper and lower endplates of
the augmented vertebra (based on images from the last follow-up) had changed by more than 10° from the angle
immediately after surgery, or when the height of the augmented vertebra was compressed by more than 15% from
the height immediately after surgery'®. New fracture was diagnosed based on hyperintensity on T2-weighted
MRI with fat suppression. A typical series of images is shown in Fig. 1.

Based on previous reports!>?, we developed and compared three new methods to evaluate anteroposterior
and lateral X-ray images. Our goal was to identify a method showing good inter-rater consistency that could
reliably predict new fracture and re-collapse. The methods differed in how vertebral quadrants were defined and
in how affected quadrants were evaluated. We named the five methods based on the number of scores that each
generated: method 1 was termed the 8-score method; method 2, 10-score; method 3, new 8-score; method 4,
9-score; and method 5, 12-score. Further details of the five methods are described in Table 1.

Statistical analyses. Measurements were expressed as mean * standard deviation. Inter-group differences
in continuous variables were assessed for significance using one-way ANOVA in the case of normally distributed
data, or the Kruskal-Wallis rank-sum test in the case of skewed data. Differences in categorical variables were
assessed using the 2 test. The kappa statistic was used to assess agreement between the two clinicians in assess-
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Figure 1. X-ray images of a 79-year-old woman. (A,B) Images taken at admission, showing vertebral
compression fracture at L1. (C,D) Anteroposterior and lateral images taken after percutaneous kyphoplasty,
showing restoration of the fracture. Bone cement distribution was scored as 7 using method 1, 8 using method
2, 6 using method 3, and 9 using methods 4 and 5. (E,F) Images taken at 6 months after surgery, showing
re-collapse of the operated vertebra.

ing bone cement distribution, while receiver operating characteristic (ROC) curves were calculated to assess
ability to predict new fracture or re-collapse of augmented vertebrae. The bone cement evaluation method that
had the largest area under the ROC curve (AUC) was used to plot the cumulative curves of new fracture and
re-collapse at each score, and linear regression was performed in each case. Statistical analyses were performed
using SPSS 23.0 (IBM, Armonk, New York, USA) at a significance level of a=0.05.

Results

Patient characteristics and rates of new fracture and re-collapse. A total of 263 patients with
single-segment OVCFs were enrolled in this study, including 43 males and 220 females, with an average age of
73.43 £ 8.34 years. Among them, 62 patients had a history of vertebral augmentation. A total of 137 new fractures
were observed in 119 (45.25%) of the 263 patients, of which 54 (45.38%) were adjacent or included adjacent ver-
tebrae. There were significant differences between patients with or without new fractures in terms of distribution
of bone cement, thoracolumbar location, age, number of augmented vertebrae, and whether clefts were present
or the cause of the fracture was known (Table 2). During follow-up, 49 of 263 (18.63%) patients suffered re-
collapse of augmented vertebrae. There were significant differences between patients with or without vertebral
re-collapse in terms of puncture method, thoracolumbar location, number of augmented vertebrae, and bone
cement distribution (Table 2). One patient died during the follow-up period.
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Method

Description Scores

Vertebra are divided into quadrants based on the anteroposterior and lateral positions.

Method 1 (8-score) Quadrants are counted if the bone cement filling exceeds one-third of the quadrant N=4+4
Based on the 8-score method described by Liu et al.”>. Quadrants are counted if the bone
Method 2 (10-score) Newly designed | cement contacts the upper or lower endplate as viewed in the lateral position. Each sign is N=4+4+2
considered to be independent effective quadrant
i *\
N ) - 1
Method 3 (new 8-score) | Newly designed Vertebra are divided into quadrants based on the anteroposterior and lateral position. Ned+4

Quadrants are counted if the bone cement filling exceeds half of the quadrant

Method 4 (9-score)

On the anteroposterior plain, a score of 3 (>75%), 2 (50%-75%), 1 (25%-50%), or 0

(<25%) is assigned based on the percentage of bone cement distribution across the width

of the vertebra No3+343
On the lateral plane, a score of 3 (>75%), 2 (50%-75%), 1 (25%-50%), or 0 (<25%) is -
assigned based on the percentage of bone cement distributed across the sagittal width and

the vertical height of the vertebra respectively |‘

Method 5 (12-score)

Newly designed

Based on the new 8-score method. If the bone cement contacts the upper or lower endplate
of the vertebra in the lateral plane, or if the bone cement crosses the midline on the anter-
oposterior or lateral plane, then each sign is considered to be an independently effective
quadrant

N=4+4+2+2

Table 1. Methods to evaluate cement distribution from X-ray images in this study.

Inter-rater consistency and ROC curves for different evaluation methods. Two physicians used
five methods to assess bone cement distribution based on X-ray images. The kappa values were as follows:
8-score, 0.716; 10-score, 0.695; new 8-score, 0.673; 9-score, 0.714; and 12-score, 0.652 (Table 3). The correspond-
ing AUC:s for predicting new fractures were 0.568, 0.579, 0.576, 0.582, and 0.591 (Fig. 2A). Except for the 8-score
method (P=0.059), all other methods showed statistical significance (P <0.05, Table 3). Respective AUCs for
predicting incidence of augmented vertebra collapse were 0.818, 0.874, 0.893, 0.807, and 0.933 (Fig. 2B), which
were all statistically significant (P <0.05, Table 3). The 12-score method showed higher AUCs for predicting new
fractures and re-collapse of augmented vertebrae (Table 3).

Predictive value of 12-score method based on linear regression. Scores for the 12-score method
concentrated in the range of 6-12, with a mean of 10.33 +1.62. The cumulative proportions of new fractures and
re-collapse corresponding to each score are shown in Table 4, and the line chart based on these data is shown in
Fig. 3. The score corresponding to the intersection point of the two lines was 10. Linear regression showed that
the distribution of bone cement was a significant predictor of re-collapse of the operated vertebra (F=237.753,
P <0.001; Table 5), with a regression coefficient of — 0.144 [95% confidence interval (CI) — 0.168 to — 0.120], and
a significant predictor of new fracture (F=13.091, P=0.015; Table 5), with a regression coefficient of 0.033 (95%
CI0.010-0.057).

Discussion
The distribution of bone cement is known to affect the outcome and complications of vertebral augmentation
but there is no recognized, convenient, effective method to assess such distribution or predict prognosis for
patients undergoing vertebral augmentation. It would be particularly helpful if the method could assess distri-
bution and predict outcome in real time to guide surgery. In the present study, we compared the ability of five
methods to assess bone cement distribution from X-ray images and predict risk of new fracture or re-collapse
of treated vertebrae. The methods here were taken directly from the literature (8-score method® and 9-score
method'®) or newly developed (new 8-score method, 9-score method and 12-score method). Among the five
methods, the newly designed 12-score method showed high inter-rater consistency and strongest ability to
predict new fracture and re-collapse of augmented vertebrae. Our results suggest that the distribution of bone
cement correlates negatively with re-collapse of augmented vertebrae and positively but weakly with new fracture.
In this scoring system, a score of 10 appears to indicate the best balance between preventing new fracture and
re-collapse of augmented vertebrae.

Bone cement injected during vertebral augmentation is commonly measured in terms of amount and mor-
phological distribution'*"'**%. However, the amount of bone cement stored in the fractured vertebrae alone is
not an ideal index because of variations in vertebral body size and OVCEF severity'*'¢. Although computed
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New fracture Re-collapse
Yes (n=119) | No (n=144) | Statistical value Yes (n=49) | No (n=214) | Statistical value | P

Age (years) 75.65+0.63 71.60+0.75 W=16,756.500" | <0.001* | 74.63+8.87 | 73.15+8.21 F=1.254 0.264
Number of
augmented 0.79+0.10 0.11+0.03 W =16,024.000 | <0.001* | 0.18+0.09 0.47+0.06 W =5614.0004 0.017*
vertebrae
BMI (kg/m?) 22.29+3.40 23.21+£4.06 F=3.384 0.051 |22.56+2.74 |22.85+4.00 F=0.229 0.633
Sex
Male 15 28 11 32

X2:2.228 0.206 X2: 1.638 0.201
Female 104 116 38 182
Zoledronate
Yes 15 16 6 25

x2>=0.140 0.708 x*=0.012 0.912
No 104 128 43 189
Fracture cause known
Yes 40 88 29 99

X2=19.720 <0.001* X2=2.665 0.103
No 79 56 20 115
PVP or PKP
PVP 80 89 27 142

X2=0.834 0.361 X2=2.198 0.138
PKP 39 55 22 72
Puncture method
Unipedicular 17 27 17 27

X2:0.932 0.334 XZ: 13.949 <0.001*
Bipedicular 102 117 32 187
Cleft sign
Yes 22 47 18 51

X2 =6.742 0.009* X2 =3.430 0.064
No 97 97 31 163
Severity of compression
<50% 102 123 40 185

XZ:O‘OOS 0.946 XZ:O.748 0.387
>50% 17 21 9 29
Thoracolumbar segments (T11-L3)
Yes 72 113 44 141

X2:10.083 0.001* Xzz 10.924 0.001*
No 47 31 5 73
Bone cement leakage
Yes 53 71 22 102

X2:0.594 0.441 X220.122 0.726
No 66 73 27 112
Bone cement distribution
Method 1 7.25+0.98 6.97+1.13 F=4.495 0.035% | 5.96+0.17 7.36£0.06 W =3130.0004 <0.001*
Method 2 9.09+1.17 8.72+1.36 F=5.460 0.020% | 7.2940.19 9.26+£0.07 W =2544.000% <0.001*
Method 3 6.88+1.12 6.56+1.21 F=5.074 0.025* | 5.22+0.96 7.04+0.94 F=147.447 <0.001*
Method 4 8.56+0.07 8.25+0.08 W =17,606.0004 0.009* | 7.45+0.15 8.61+0.05 W =3247.0004 <0.001*
Method 5 10.60+1.55 10.11+1.66 F=5.940 0.015* | 8.02+1.27 10.86+1.17 F=227.504 <0.001*

Table 2. Baseline characteristics of patients, stratified by whether they experienced new fractures or
re-collapse of the augmented vertebra. *Statistically significant. “Indicates that data were skewed, so the
Kruskal-Wallis test was used.

Consistency Re-collapse New fracture
Method Kappa value P value AUC P value AUC P value
Method 1 (8-score) 0.716 0.033 0.818 <0.001 0.568 0.059%
Method 2 (10-score) 0.695 0.033 0.874 <0.001 0.579 0.027
Method 3 (New 8-score) 0.673 0.034 0.893 <0.001 0.576 0.035
Method 4 (9-score) 0.714 0.037 0.807 <0.001 0.582 0.022
Method 5 (12-score) 0.652 0.033 0.933 <0.001 0.591 0.011

Table 3. Inter-rater consistency and ability of each bone cement evaluation method to predict new fracture
or re-collapse of augmented vertebra. AUC area under the receiver operating characteristic curve. “Not

statistically significant.
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Figure 2. Receiver operating characteristic curves to assess the ability of the various methods of bone cement
evaluation to predict (A) new fracture or (B) re-collapse of the operated vertebra.

Cumulative ber of Cumulative ber of | Cumulative propotion of | Cumulative ber of Cumulative ber of | Cumulative propotion
Score | cases of new fracture total cases new fractures cases of re-collapse total cases of re-collapse
6 1 5 0.2000 5 5 1.0000
7 6 20 0.3000 18 20 0.9000
8 18 44 0.4091 31 44 0.7045
9 23 69 0.3333 46 69 0.6667
10 46 117 0.3932 47 117 0.4017
11 73 184 0.3967 48 184 0.2609
12 119 263 0.4525 49 263 0.1863

Table 4. Cumulative numbers of new fractures and re-collapses of augmented vertebrae for each score
observed using the 12-score method.

—— Accumulative new fractures —li— Accumulative re-collapse

1.2

/
f

p

Accumulative Proportion
o
[}

<)
)
4

6 7 8 9 10 11 12

Figure 3. Cumulative proportions of new fracture and re-collapse of treated vertebra associated with each score
observed in our patient sample based on the 12-score method.

95% confidence interval

Prediction Parameter Regression coefficient | Lower limit | Upper limit | Fvalue |P
Constant 0.0540 —-0.164 0.273

New fracture 13.091 0.015*
Bone cement distribution 0.0330 0.01 0.057
Constant 1.1881 1.661 2.102

Re-collapse 237.753 <0.001*
Bone cement distribution | — 0.1440 —-0.168 -0.12

Table 5. Linear regression analysis of the 12-score method’s predictions of new fracture or re-collapse of the
treated vertebra. *Statistically significant.
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tomography is theoretically the most accurate method to calculate the ratio of bone cement volume to vertebral
volume!*~'¢, it is complex and inconvenient for intraoperative use, and it does not take into account morpho-
logical features'>'**. In contrast, methods based on X-ray images can show whether the bone cement touches
the upper and lower endplates®, whether it crosses the midline and is continuous'>*, and the amount of bone
cement deposited'>'*!>16; all these factors are related to clinical outcomes. So far, however, methods based on
X-ray images have not been assessed in terms of inter-rater consistency, sensitivity, or specificity.

All five evaluation methods for bone cement distribution based on X-ray imaging showed good consistency
in this study. Although the inter-rater consistency of the 12-score method in this study was not as good as that
of other methods, as indicated by kappa values 0.652, it had the largest AUC in predicting re-collapse of treated
vertebrae and new fractures. This method takes into account the morphological characteristics of bone cement
in all directions as well as the degree of filling, which may help explain its high prediction ability. Linear regres-
sion based on the 12-point method showed that bone cement distribution had a nearly negative correlation with
re-collapse of augmented vertebra, but a weak positive correlation with new fracture. The two curves intersected
at a score of 10, indicating that patients with this score are at lowest risk of re-collapse and new fracture. This
score may be a clinically useful target to achieve, as a complement or alternative to the target of 19.78-25% bone
cement volume fraction suggested by some studies'*"1°. The score could be determined intraoperatively using
C-arm radiography.

Our study further shows that the distribution of bone cement affects risk of re-collapse of augmented verte-
bra and new fracture. Linear regression also showed that the probability of re-collapse of augmented vertebrae
decreased by 14.4% for each quadrant increase in cement distribution. This provides strong evidence to support
the repeated needle insertion technique?® in order to prevent re-collapse; the rationale of this technique is that
repeated puncture into the unfilled area can distribute bone cement more uniformly and adequately. For new
fractures, none of the evaluation methods in the present study showed a high predictive effect. The AUC of the
12-score method was the largest, but it was only 0.591, and linear regression showed a regression coeflicient of
only 0.033. These results suggest that bone cement distribution influences risk of new fracture much less than
risk of re-collapse.

According to the literature, new fracture and re-collapse are related to a number of factors, including low
BMD and BMI, presence of a cleft sign, reduction degree, vertebral augmentation, old fracture, thoracolumbar
location, advanced age, and less bone cement'’~*2%8-33 However, which of these factors play stronger roles is
unclear. Our study found patients with or without new fracture to differ in terms of age, number of augmented
vertebrae, fracture cause, cleft sign and thoracolumbar location, while patients with or without re-collapse dif-
fered in number of augmented vertebrae, puncture method and thoracolumbar location. In this way, our analysis
on which it is based may help clarify differential risk factors—besides bone cement distribution—for the two
outcomes of re-collapse and new fracture.

There are several limitations of this study to consider. First, we applied methods based on calculation of scores
rather than precise quantitative metrics in order to ensure ease of implementation. Second, since most of our
patients experienced different degrees of pain during follow-up and therefore underwent X-ray examination,
the proportions of patients with new fracture or re-collapse in our study may be relatively high. Our findings
should be confirmed and extended in prospective studies. Third, we cannot rule out that quadrants in different
positions of the vertebral body may differently influence risk of re-collapse and new fracture, although such dif-
ferential influence should be minimal when bone cement has covered most of the quadrants of the vertebral body.
Future studies should examine the differential influence of individual quadrants, depending on their location.

Conclusion

Evaluating bone cement distribution based on X-ray images can be convenient and practical, and it can reliably
predict new fracture and re-collapse of augmented vertebrae. The 12-score evaluation method showed good
inter-rater consistency and strong ability to predict new fractures and re-collapse. A score of 10 with this method
appears to be associated with the lowest risk of re-collapse and new fracture.

Received: 19 February 2020; Accepted: 17 September 2020
Published online: 01 October 2020

References

1. Galibert, P. et al. Preliminary note on the treatment of vertebral angioma by percutaneous acrylic vertebroplasty [French]. Neu-
rochirurgie 33, 166-168 (1987).

2. Clark, W. et al. Safety and efficacy of vertebroplasty for acute painful osteoporotic fractures (VAPOUR): A multicentre, randomised,
double-blind, placebo-controlled trial. Lancet 388, 1408-1416. https://doi.org/10.1016/S0140-6736(16)31341-1 (2016).

3. Anselmetti, G. C. et al. Percutaneous vertebroplasty: Multi-centric results from EVEREST experience in large cohort of patients.
Eur. J. Radiol. 81, 4083-4086. https://doi.org/10.1016/j.ejrad.2012.07.005 (2012).

4. Lou, S. et al. Percutaneous vertebroplasty versus non-operative treatment for osteoporotic vertebral compression fractures: A
meta-analysis of randomized controlled trials. Osteoporos. Int. 30, 2369-2380. https://doi.org/10.1007/s00198-019-05101-8 (2019).

5. Zhu, R. S. et al. Which is the best treatment of osteoporotic vertebral compression fractures: Balloon kyphoplasty, percutaneous
vertebroplasty, or non-surgical treatment? A Bayesian network meta-analysis. Osteoporos. Int. 30, 287-298. https://doi.org/10.1007/
s00198-018-4804-2 (2019).

6. Du, J. P. et al. The analysis of MSTMOVCEF (Multi-segment thoracolumbar mild osteoporotic fractures surgery or conservative
treatment) based on ASTLOF (the assessment system of thoracolumbar osteoporotic fracture). Sci. Rep. 8, 8185. https://doi.
0rg/10.1038/s41598-018-26562-7 (2018).

7. Si, L. et al. Projection of osteoporosis-related fractures and costs in China: 2010-2050. Osteoporos. Int. 26, 1929-1937. https://doi.
0rg/10.1007/s00198-015-3093-2 (2015).

8. Fuggle, N. R. et al. Fracture prediction, imaging and screening in osteoporosis. Nat. Rev. Endocrinol. 15, 535-547. https://doi.
0rg/10.1038/s41574-019-0220-8 (2019).

SCIENTIFIC REPORTS |

(2020) 10:16320 | https://doi.org/10.1038/s41598-020-73513-2


https://doi.org/10.1016/S0140-6736(16)31341-1
https://doi.org/10.1016/j.ejrad.2012.07.005
https://doi.org/10.1007/s00198-019-05101-8
https://doi.org/10.1007/s00198-018-4804-2
https://doi.org/10.1007/s00198-018-4804-2
https://doi.org/10.1038/s41598-018-26562-7
https://doi.org/10.1038/s41598-018-26562-7
https://doi.org/10.1007/s00198-015-3093-2
https://doi.org/10.1007/s00198-015-3093-2
https://doi.org/10.1038/s41574-019-0220-8
https://doi.org/10.1038/s41574-019-0220-8

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Belkoff, S. M. et al. The biomechanics of vertebroplasty. The effect of cement volume on mechanical behavior. Spine 26, 1537-1541.

https://doi.org/10.1097/00007632-200107150-00007 (2001).

Balkovec, C. et al. Evaluation of an injectable hydrogel and polymethyl methacrylate in restoring mechanics to compressively
fractured spine motion segments. Spine J. 16, 1404-1412. https://doi.org/10.1016/j.spinee.2016.06.021 (2016).

Bettencourt, A. et al. In vitro release studies of methylmethacrylate liberation from acrylic cement powder. Int. J. Pharm. 197,
161-168. https://doi.org/10.1016/s0378-5173(99)00468-8 (2000).

Lin, J. et al. Bone cement distribution is a potential predictor to the reconstructive effects of unilateral percutaneous kyphoplasty
in OVCFs: A retrospective study. J. Orthop. Surg. Res. 13, 140. https://doi.org/10.1186/s13018-018-0839-5 (2018).

Tanigawa, N. ef al. Relationship between cement distribution pattern and new compression fracture after percutaneous vertebro-
plasty. Am. J. Roentgenol. 189, W348-352. https://doi.org/10.2214/AJR.07.2186 (2007).

Lin, D. et al. Effect of bone cement volume fraction on adjacent vertebral fractures after unilateral percutaneous kyphoplasty. Clin.
Spine Surg. 30, €270-e275. https://doi.org/10.1097/BSD.0000000000000204 (2017).

Sun, H. B. et al. The optimal volume fraction in percutaneous vertebroplasty evaluated by pain relief, cement dispersion, and cement
leakage: A prospective cohort study of 130 patients with painful osteoporotic vertebral compression fracture in the thoracolumbar
vertebra. World Neurosurg. 114, e677-e688. https://doi.org/10.1016/j.wneu.2018.03.050 (2018).

Nieuwenhuijse, M. J. et al. Optimal intravertebral cement volume in percutaneous vertebroplasty for painful osteoporotic vertebral
compression fractures. Spine (Phila Pa 1976) 37, 1747-1755. https://doi.org/10.1097/BRS.0b013e318254871c¢ (2012).

Li, Y. X. et al. Risk factor analysis for re-collapse of cemented vertebrae after percutaneous vertebroplasty (PVP) or percutaneous
kyphoplasty (PKP). Int. Orthop. 42, 2131-2139. https://doi.org/10.1007/s00264-018-3838-6 (2018).

Lin, W. C. et al. Refractures in cemented vertebrae after percutaneous vertebroplasty: A retrospective analysis. Eur. Spine J. 17,
592-599. https://doi.org/10.1007/s00586-007-0564-y (2008).

Yu, W. B. et al. Risk factors and score for recollapse of the augmented vertebrae after percutaneous vertebroplasty in osteoporotic
vertebral compression fractures. Osteoporos. Int. 30, 423-430. https://doi.org/10.1007/s00198-018-4754-8 (2018).

Chen, Y. . et al. Repeat needle insertion in vertebroplasty to prevent re-collapse of the treated vertebrae. Eur. J. Radiol. 81, 558-561.
https://doi.org/10.1016/j.ejrad.2011.02.034 (2012).

Gun, L. B. et al. Risk factors for newly developed osteoporotic vertebral compression fractures following treatment for osteoporotic
vertebral compression fractures. Spine J. 2, 301-305. https://doi.org/10.1016/j.spinee.2018.06.347 (2019).

Hou, Y. et al. Polymethylmethacrylate distribution is associated with recompression after vertebroplasty or kyphoplasty for osteo-
porotic vertebral compression fractures: A retrospective study. PLoS One 13, €0198407. https://doi.org/10.1371/journal.pone.01984
07 (2018).

Liu, J. et al. Percutaneous vertebral augmentation for osteoporotic vertebral compression fracture in the mid-thoracic vertebrae
(T5-T8): A retrospective study of 101 Patients with 111 fractured segments. World Neurosurg. 122, e1381-e1387. https://doi.
0rg/10.1016/j.wneu.2018.11.062 (2019).

Liu, H. et al. Distribution pattern making sense: Patients achieve rapider pain relief with confluent rather than separated bilateral
cement in percutaneous kyphoplasty for osteoporotic vertebral compression fractures. World Neurosurg. 126, e1190-e1196. https
://doi.org/10.1016/j.wneu.2019.03.063 (2019).

Bleiler, C. M. et al. Multiphasic modelling of bone-cement injection into vertebral cancellous bone. Int. ] Numer. Method Biomed.
Eng. 31, 02696. https://doi.org/10.1002/cnm.2696 (2015).

Lian, Z. et al. A biomechanical model for real-time simulation of PMMA injection with haptics. Comput. Biol. Med. 38, 304-312.
https://doi.org/10.1016/j.compbiomed.2007.10.009( (2008).

Widmer, R. P. et al. A mixed boundary representation to simulate the displacement of a biofluid by a biomaterial in porous media.
J. Biomech. Eng. 133, 051007. https://doi.org/10.1115/1.4003735 (2011).

Lee, D. G. et al. Analysis of risk factors causing new symptomatic vertebral compression fractures after percutaneous vertebroplasty
for painful osteoporotic vertebral compression fractures: A 4-year follow-up. J. Spinal Disord. Tech. 28, e578-e583. https://doi.
0rg/10.1097/BSD.0000000000000043 (2015).

Yang, W. et al. Percutaneous vertebroplasty does not increase the incidence of new fractures in adjacent and nonadjacent vertebral
bodies. Clin. Spine. Surg. 32, €99-e106. https://doi.org/10.1097/BSD.0000000000000734 (2019).

Lindsay, R. et al. Risk of new vertebral fracture in the year following a fracture. JAMA 285, 320-323. https://doi.org/10.1001/
jama.285.3.320 (2001).

Bliuc, D. et al. Risk of subsequent fractures and mortality in elderly women and men with fragility fractures with and without
osteoporotic bone density: The dubbo osteoporosis epidemiology study. J. Bone Miner Res. 30, 637-646. https://doi.org/10.1002/
jbmr.2393 (2015).

Center, J. R. et al. Risk of subsequent fracture after low-trauma fracture in men and women. JAMA 297, 387. https://doi.org/10.1001/
jama.297.4.387 (2007).

Cauley, J. A. et al. Long-term risk of incident vertebral fractures. JAMA 298, 2761. https://doi.org/10.1001/jama.298.23.2761 (2007).

Author contributions

J.L., ].T. and H.L. conceived and designed the study. J.L., ].T. and Z.G. collected the data. J.L. and J.T. analyzed
the data. J.L. performed the statistical analyses. J.L. and J.T.wrote the manuscript. J.L., J.T., H.L. ,Z.G. ,Y.Z. and
S.Y. reviewed and revised the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS |

(2020) 10:16320 | https://doi.org/10.1038/s41598-020-73513-2


https://doi.org/10.1097/00007632-200107150-00007
https://doi.org/10.1016/j.spinee.2016.06.021
https://doi.org/10.1016/s0378-5173(99)00468-8
https://doi.org/10.1186/s13018-018-0839-5
https://doi.org/10.2214/AJR.07.2186
https://doi.org/10.1097/BSD.0000000000000204
https://doi.org/10.1016/j.wneu.2018.03.050
https://doi.org/10.1097/BRS.0b013e318254871c
https://doi.org/10.1007/s00264-018-3838-6
https://doi.org/10.1007/s00586-007-0564-y
https://doi.org/10.1007/s00198-018-4754-8
https://doi.org/10.1016/j.ejrad.2011.02.034
https://doi.org/10.1016/j.spinee.2018.06.347
https://doi.org/10.1371/journal.pone.0198407
https://doi.org/10.1371/journal.pone.0198407
https://doi.org/10.1016/j.wneu.2018.11.062
https://doi.org/10.1016/j.wneu.2018.11.062
https://doi.org/10.1016/j.wneu.2019.03.063
https://doi.org/10.1016/j.wneu.2019.03.063
https://doi.org/10.1002/cnm.2696
https://doi.org/10.1016/j.compbiomed.2007.10.009(
https://doi.org/10.1115/1.4003735
https://doi.org/10.1097/BSD.0000000000000043
https://doi.org/10.1097/BSD.0000000000000043
https://doi.org/10.1097/BSD.0000000000000734
https://doi.org/10.1001/jama.285.3.320
https://doi.org/10.1001/jama.285.3.320
https://doi.org/10.1002/jbmr.2393
https://doi.org/10.1002/jbmr.2393
https://doi.org/10.1001/jama.297.4.387
https://doi.org/10.1001/jama.297.4.387
https://doi.org/10.1001/jama.298.23.2761
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020)10:16320 | https://doi.org/10.1038/s41598-020-73513-2


http://creativecommons.org/licenses/by/4.0/

	A novel and convenient method to evaluate bone cement distribution following percutaneous vertebral augmentation
	Materials and methods
	Patient characteristics. 
	Surgical procedure. 
	Post-operative treatment and follow-up. 
	Description of variables. 
	Statistical analyses. 

	Results
	Patient characteristics and rates of new fracture and re-collapse. 
	Inter-rater consistency and ROC curves for different evaluation methods. 
	Predictive value of 12-score method based on linear regression. 

	Discussion
	Conclusion
	References


