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a b s t r a c t 

Vertebroplasty and kyphoplasty are alternative augmentation techniques of osteoporotic vertebral com- 

pression fractures. However, shortly after augmentation, new vertebral compression fractures may oc- 

cur, mostly in the adjacent vertebrae. To prevent this, prophylactic cement injection can be applied to 

the neighboring vertebral bodies. Although there are many evidence-based clinical studies on the poten- 

tial hazards of vertebroplasty and kyphoplasty, there are only few studies comparing the prophylactic 

potential of the two treatments. In this matched-pair experimental biomechanical study, the two treat- 

ments were compared via destructive compressive testing of 76 non-fractured osteoporotic human lum- 

bar vertebral bodies from 24 cadavers, augmented pair-wise with vertebroplasty or kyphoplasty. Strength, 

stiffness and deformability were analyzed in terms of donor age, CT-based bone density, vertebral mor- 

phometry, and cement-endplate contacts. These were investigated in a paired analysis and also in terms 

of the number of cement-endplate contacts. Vertebroplasty resulted in significantly, but only 19% larger 

stiffness, approximately equal failure load and smaller failure displacement compared to kyphoplasty. 

Cement-endplate contacts affect augmentation differently for the two techniques, namely, strength sig- 

nificantly increased with increasing number of contacts in vertebroplasty, but decreased in kyphoplasty. 

The reasons for these contrasting behavior included the fundamentally different augmentation method, 

the resulting different construction and location of cement clouds and the different form and location 

of failure. These results indicate that both prophylactic vertebroplasty and kyphoplasty of non-fractured 

adjacent vertebrae may be advantageous to avoid subsequent fractures after post-fracture vertebroplasty 

and kyphoplasty, respectively. However, cement bridging in vertebroplasty and central cement placement 

in kyphoplasty are advantageous in prevention. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Osteoporotic vertebral compression fractures (VCF) belong to

the most frequent morbidities related to the spine, causing insta-

bility, deformity, pain and deteriorated quality of life [1,2] . Two

minimally invasive techniques, vertebroplasty (VP) and kypho-

plasty (KP) were developed for the treatment of these injuries.

In VP, bone cement is injected percutaneously in trans- or peri-

pedicular, uni- or bilateral way into the fractured vertebral [3–

8] . However, VP is limited by the potential leakage of cement

and it cannot restore the vertebral height [9–11] . Therefore, in

KP, one or two balloon tamps are first inserted into the vertebral
∗ Corresponding author. 

E-mail addresses: kurutzm@eik.bme.hu (M. Kurutz), peter.varga@aofoundation. 

org (P. Varga), gabor.jakab@bhc.hu (G. Jakab). 

[  

p

 

v  

https://doi.org/10.1016/j.medengphy.2019.01.004 

1350-4533/© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
ody and inflated to prepare place for the cement before filling

nd to expand vertebral height [12–14] . Both treatments restore

trength and stiffness of fractured vertebrae and provide clinical

enefits [15–17] . However, shortly after both treatments, new VCFs

an develop in the vicinity of the intervention, mostly in adjacent

ertebrae (AVF). The incidence of subsequent fracture shows con-

iderable variation across studies with reported values ranging

rom 8–52% following VP and from 3–29% following KP [18–27] .

eported risk factors included higher age, intravertebral clefts, tho-

acolumbar junction and shorter distance to the treated vertebrae

n VP; greater degree of height restoration of the cemented ver-

ebrae in KP; and low bone mineral density in both treatments

28–30] . The large variations in the incidences of AVFs suggest that

revention is equivalently important for both approaches. 

Despite the frequent occurrence of postsurgical fractures,

ery few studies have investigated prophylactic augmentation.

https://doi.org/10.1016/j.medengphy.2019.01.004
http://www.ScienceDirect.com
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obayashi et al. [31] performed prophylactic VP in the non-

ractured vertebra superior to the post-fracture augmented verte-

ra of 155 patients, with no prophylactic VP in a control group

f 89 patients. The three-months incidence of new, mainly adja-

ent vertebral fractures was 4.5% and 16.8%, and the one-year inci-

ence was 9.7% and 22.4% in the prophylactic and control groups,

espectively. To find the new VCF risk of multiple fractures, Ka-

ano et al. [32] monitored 116 patients with adjacent prophylactic

P above multiple fractured vertebral segments. They concluded

hat three or more preoperative fractures provoke subsequent frac-

ures even with prophylactic VP, but there was no increased risk

f subsequent fractures related to prophylactic VP. Becker et al.

33] found a refracture rate of 22% in 30 post-fracture KP patients

nd 26% in 30 post-fracture KP with prophylactic KP, concluding

hat there was no indication for prophylactic kyphoplasty. Eich-

er et al. [34] compared 19 post-fracture KP and 18 post-fracture

P with simultaneous prophylactic VP. At a mean follow-up of 16

onths, they found AVF in 50% of the prophylactic and 16% in the

P group, concluding that prophylactic VP after KP does not de-

rease the refracture risks. 

Even fewer studies have investigated prophylactic augmenta-

ion biomechanically. Unipedicular prophylactic VP with 20% ce-

ent filling was shown by Higgins et al. [35] to increase the

trength of non-fractured vertebrae by 36% on average, with a rela-

ively larger improvement occurring in specimens with lower BMD.

un and Liebschner [36] used computational modeling to investi-

ate the effect of BMD on the biomechanical efficacy of cement

ugmentation. Their predictions suggested that augmentation was

ore effective for low trabecular densities, with a bipedicular in-

ection of 20% volume fraction of PMMA being optimal for alle-

iating fracture risk. In turn, for vertebrae with densities above

.22 g/cm 

3 , prophylactic vertebroplasty was not required. Osteo-

orotic non-fractured and pre-fractured vertebrae were tested un-

er eccentric compression by Furtado et al. [37] , concluding that

rophylactic augmentation increased failure strength and main-

ained stiffness better than post-fracture VP. Fourteen 5-level tho-

acic segments divided into standard and prophylactic VP groups

ere tested cyclically by Chiang et al. [38] , demonstrating that pro-

hylactic augmentation strengthened the osteoporotic vertebrae to

revent AVF. Post-fracture and prophylactic VP was compared by

ulme et al. [39] on spinal segments under axial loading. They

ound that the deformation in the augmented endplate was sig-

ificantly reduced for both prophylactic and fracture group. Aquar-

us et al. [40] compared three cadaveric models: unfilled verte-

rae loaded axially, loaded 20 ° off-axis and filled with cement and

oaded 20 ° off-axis, representing vertebrae in non-fractured spine,

djacent to a fracture and adjacent with prophylactic VP, respec-

ively. Prophylactic augmentation resulted in 32% greater failure

oad and 27% higher stiffness than the unfilled adjacent group, and

qual failure load and 21% lower stiffness than the non-fractured

roup, concluding that prophylactic VP can decrease the fracture

isk. 

These previous investigations showed that the occurrence of

ostsurgical fractures was almost an equally important problem for

oth VP and KP, consequently, the prevention is equally important

ask for both treatments. 

To the authors’ knowledge, a comprehensive experimental

iomechanical comparative analysis of the prophylactic potential of

he two alternative augmentation methods has not been performed

o far. Therefore, the aim of this study was to fill this gap by in-

estigating and directly comparing the strengthening effect of the

wo augmentation approaches in terms of prevention. We hypoth-

sized that the two different methods of cement injection yielded

ifferent structure and location of cement clouds, leading to dif-

erent strength and stiffness with different forms and locations of

ailure in the prophylactically augmented VP and KP vertebrae. A
reliminary report has been published formerly on the results of a

ilot study with a relatively small sample set [41] . 

. Methods 

Human cadaveric spines were obtained from the Patora Health

ervice Unit of Semmelweis University and prepared in the Na-

ional Center for Spinal Disorders in Budapest, Hungary. All

xperiments were performed in the laboratory of the Biomechani-

al Research Centre of the Budapest University of Technology and

conomics in line with the Hungarian legislative requirements. 

.1. Specimen preparation 

Ninety-four non-fractured human vertebrae, 7 thoracic and 87

umbar (1 T11, 6 T12, 17 L1, 21 L2, 22 L3, 18 L4 and 9 L5) were

xtracted from the spines of 24 human donors, 10 males with age

ange of 60–89 years (65.9 ± 9.5 years) and 14 females with age

ange of 51–95 years (72.9 ± 15.5 years). Both endplates of the ver-

ebrae were embedded into polymethylmethacrylate (PMMA) resin

ith an approximate depth of 4.5 mm. The samples were divided

nto two groups by alternatively assigning adjacent vertebrae orig-

nating from the same donor and operated with either VP ( N = 48)

r KP ( N = 46) ( Fig. 1 ). The same amount of 3 + 3 ml PMMA cement

as injected bipedicularly, following the standardized surgical pro-

ocol of the National Center for Spinal Disorders. For the adjacent

airs, the distribution of vertebroplasty and kyphoplasty was equal

etween the cranial and caudal vertebra of a vertebral pair. 

.2. CT scanning and evaluation 

Each specimen was scanned with a high-resolution quantita-

ive computed tomography (QCT) system (Hitachi Presto, Hitachi

edical Corporation, Tokyo, Japan) at three time points: before

peration (pre-op), after operation (post-op, Fig. 1 ) and after the

ompressive test (post-test, Fig. 2 ). Scanning settings were 120 kVp

nergy, 150 mA current, 150 ms exposure time, 512 × 512 pixel ma-

rix, 0.47 mm in-plane pixel size, 0.75 mm slice thickness. The

ones were scanned submerged in a water-filled box to mimic

he attenuation and scattering effects of soft tissues surrounding

he spine in vivo . The Hounsfield unit voxel values (HU) were con-

erted to bone mineral density units (BMD, in mg/cm 

3 ) using a cal-

bration law evaluated for each specimen individually based on the

alibration phantom with five rods of different mineral densities

42,43] . Average volumetric BMD (vBMD) was quantified within

hree trabecular bone compartments (superior and inferior subcor-

ical levels, located 1–3 mm from the cranial and caudal endplate,

espectively; and central level at the smallest cross-sectional area)

n the pre-op QCT images [44] . Vertebrae with vBMD values be-

ween 80 and 120 mg/cm 

3 were defined to be osteopenic and be-

ow 80 mg/cm 

3 to be osteoporotic [45–47] . 

Vertebral morphometry was measured on the pre-op CT scans,

ncluding superior, inferior and central cross sectional areas; coro-

al and sagittal peripheral and central heights; coronal and sagittal

uperior, inferior and central widths. Volume of vertebrae was cal-

ulated from these measures. All geometric parameters were mea-

ured and evaluated after the compressive tests, too. All CT scans

ere analyzed by a single person and the same criteria were used

or all samples. 

Regional areas and heights of cement, superior and inferior dis-

ances between cement clouds and endplates were measured on

he post-op CT scans. The following parameters were defined and

uantified in percent: cement volume fraction (CVF) as the ratio of

ement and vertebral volumes; cement area fraction (CAF) being

he ratio of maximum cement area in any CT slice and the verte-

ral cross sectional area in the same slice; cement height fraction
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Fig. 1. Series of transverse, left sagittal, coronal and right sagittal (from left to right) post-op CT slices of the lumbar spinal vertebrae of a 58 years old man. (a) T12, VP; (b) 

L1, KP; (c) L2, VP; (d) L3, KP; (e) L4, VP; (f) L5, KP. T refers to thoracic, L to lumbar, VP to vertebroplasty and KP to kyphoplasty. 
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Fig. 2. CT slices after the compression test of the same lumbar spine segments shown in Fig. 1 . Series of transverse, left sagittal, coronal and right sagittal (from left to 

right) sections: (a) T12, VP; (b) L1, KP; (c) L2, VP; (d) L3, KP; (e) L4, VP; (f) L5, KP. T refers to thoracic, L to lumbar, VP to vertebroplasty and KP to kyphoplasty. 
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Table 1 

Donor characteristics, cement augmentation data, and embedment thickness for VP 

and KP treated specimens. Mean values with + / − SD are indicated. The stars ( ∗) 

indicate the significance P ≤ 0.05/20 = 0.0025 for donor and P ≤ 0.05/12 = 0.0042 for 

augmentation data, by considering the simultaneous 20 comparisons for donor and 

12 for augmentation and embedment data in Bonferroni correction applied sepa- 

rately for VP and KP groups. Notation ns means non-significance. The abbreviations 

are as follows: vBMD: volumetric bone mineral density, CVF: cement volume frac- 

tion, CAF: cement area fraction, CHF: cement height fraction, CDF: cement distance 

fraction. 

Vertebral properties VP KP P 

Number of pairs n = 38 n = 38 

Donor age 68.6 ± 12.9 68.6 ± 12.9 ns 

Volumetric BMD (mg/cm 

3 ) 102 ±27 103 ± 31 ns 

Area (mm 

2 ) 

Superior 1562 ± 345 1545 ± 370 ns 

Inferior 1486 ± 285 1472 ± 308 ns 

Central 1239 ± 284 1239 ± 275 ns 

Height (mm) 

Sagittal anterior 28.4 ± 2.6 28.2 ± 2.8 ns 

Sagittal posterior 28.6 ± 2.3 28.4 ± 2.2 ns 

Sagittal central 25.4 ± 1.9 25.1 ± 2.0 ns 

Mean sagittal 27.0 ± 1.9 26.7 ± 2.0 ns 

Mean coronal peripheral 28.1 ± 2.2 28.1 ± 2.6 ns 

Coronal central 25.7 ± 1.8 25.4 ± 2.1 ns 

Mean coronal 26.9 ± 1.8 26.7 ±2,2 ns 

Mean peripheral 28.3 ± 2.1 28.2 ± 2.4 ns 

Mean central 25.5 ± 1.7 25.2 ± 2.0 ns 

Mean total 26.9 ± 1.8 26.7 ± 2.1 ns 

Width (mm) 

Coronal subcortical 51.3 ± 6.0 51.0 ± 6.0 ns 

Coronal central 42.3 ± 6.0 42.5 ± 6.0 ns 

Sagittal subcortical 35.5 ± 4.3 35.8 ± 4.3 ns 

Sagittal central 32.4 ± 3.8 32.3 ± 3.7 ns 

Volume (mm 

3 ) 37,479 ±9563 37,072 ±10,043 ns 

Cement 

Volume fraction, CVF (%) 17.0 ± 4.4 17.4 ± 5.0 ns 

Maximum area (mm 

2 ) 545 ± 74 711 ± 82 ∗

Maximum area fraction, CAF (%) 46 ± 12 60 ± 12 ∗

Maximum height (mm) 23.6 ± 2.4 19.9 ± 2.4 ∗

Maximum height fraction, CHF (%) 87.7 ± 8.0 75.1 ± 10.9 ∗

Distance to superior endplate (mm) 0.5 ± 0.9 1.6 ± 1.7 ∗

Distance to inferior endplate (mm) 2.9 ± 1.9 5.2 ± 2.4 ∗

Free distance sum (mm) 3.4 ± 2.2 6.8 ± 3.2 ∗

Free distance fraction, CDF (%) 12.3 ± 8.0 24.9 ± 10.9 ∗

Superior CDF (%) 1.8 ± 3.6 5.8 ± 5.9 ∗

Inferior CDF (%) 10.5 ± 6.9 19.0 ± 8.5 ∗

Embedment, mean thickness (mm) 4.69 ± 2.20 4.74 ± 2.28 ns 
(CHF) as the ratio of the average height of the two cement clouds

and the average vertebral height; and the total, superior and infe-

rior cement-free distance fractions (CDF). The superior and inferior

CFDs were measured for both the left and the right cement clouds

and averaged. The total CDF was the sum of the superior and infe-

rior CDFs. Based on the difference of the measurements on post-op

and post-test CT scans, the plastic displacements were determined.

Contact was defined if the cement cloud reached one of the

two endplates on post-op CT scans. Considering the two separate

cement clouds in a vertebra, five cases of possible contacts were

defined: no-contact, one-, two-, three- or four-contacts. A cement

bridge formed if a cloud contacted both endplates. Each vertebra

was classified into the corresponding contact group. 

The form and extent of failure in the trabecular bone were

identified based on the comparison of post-op and post-test CT

scans ( Figs. 1 and 2 ). Failure was defined as the dark regions ap-

pearing after testing. 

2.3. Mechanical testing and evaluation 

The specimens were stored at −20 °C following CT scanning

and were thawed at room temperature 4–6 h before testing. De-

structive mechanical testing was performed by applying uniaxial

displacement-driven compressive loading on the outer surfaces of

the embedding layers by means of parallel metal plates mounted

to a servohydraulic testing device (Instron 8872 series, Instron,

Norwood, USA). Loading rate was set to 5 mm/min to ensure quasi-

static conditions, the displacement of the cross-head and the force

in the load cell were recorded. The full scale of the load cell was

25 kN (Instron Dynacell 2527). The test was stopped either at 20%

reduction in the resisting force or at 20% total deformation. 

From the 94 operated vertebrae, 10 specimens (6 VP and 4

KP) were excluded due to a priori fractures observed on the CT

images; no measurable load bearing capacity and unusable load-

displacement curves; or excessive strength causing forces which

could not be measured due to the limitation of the load cell. More-

over, 8 specimens (4 KP and 4 VP) were excluded due to more than

20% cement leakage, leaving 38 adjacent pairs (17 males and 21 fe-

males) for further analyses. 

The first peak of the force-displacement curves ( Fig. 3 a–d) de-

fined failure load and displacement ( Fig. 3 e). Elastic stiffness was

the slope of the linear portion. Proportional load and displacement

were defined by the end of the linear part. Maximum displacement

was indicated by the point where the loading process stopped.

Post-failure displacement was the difference between the maxi-

mum and failure displacements. Failure strain was derived as the

ratio of the failure displacement and the initial vertebral height. 

The total energy at failure was the area under the load-

displacement curve at failure. The corresponding recovered elastic

energy was calculated by assuming classical elastic-plastic unload-

ing process parallel to the stiffness line. The dissipated energy was

the difference between the total and the recovered energies. En-

ergy dissipation capacity was the ratio of the dissipated to the total

energy. 

2.4. Statistics 

A matched-pair study design was applied to the adjacent pairs

of VP and KP specimens [4 8,4 9] . Two-sided, paired student’s t -test

was used to calculate the P -value related to the standard error

of the difference between the means of the properties. First, we

tested the hypothesis that the two treatment groups were not dif-

ferent in terms of the donor and augmentation properties. Then,

the null hypothesis was tested that there was no difference in the

mechanical results between vertebrae treated with VP or KP. The

Bonferroni correction was applied for multiple comparisons [50] . 
In the analysis based on the number of cement-endplate con-

acts, VP and KP could not be compared pair-wise. Therefore, VP

nd KP were analyzed separately in terms of their contact condi-

ions, and the effects of contact cases on the mechanical behavior

ere compared. 

Linear regression analysis was used to determine the correla-

ion of the mechanical results with donor and augmentation fea-

ures and contact cases. The degree of association was measured

y Pearson’s correlation coefficient (R) and the strength of the re-

ation was tested for significance using the t -test. P < 0.05 was

onsidered significant. 

. Results 

.1. Comparison between VP and KP specimens – paired analysis 

esults 

Donor age, vBMD, and vertebral morphometry measures were

ot significantly different between VP and KP ( Table 1 ). Both in VP

nd KP, 50% of the samples was osteopenic and 26% was osteo-

orotic. 

Cement areas and area fractions, cement-free distances to end-

lates and distance fractions were significantly larger, cement
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Fig. 3. Experimentally obtained load-displacement curves of compression load (N) and displacement (mm): (a) vertebroplasty (VP) male, (b) VP female, (c) kyphoplasty 

(KP) male and (d) KP female specimens. The parameters extracted from the curve are illustrated on a typical load-displacement curve in (e): 1 – failure load, 2 – failure 

displacement, 3 – proportional load, 4 – proportional displacement, 5 – postfailure displacement, 6 – maximum displacement. 
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eights and height fractions were significantly smaller in KP.

ement volume fraction and embedding thickness was not signifi-

antly different between the two groups. 

Elastic stiffness was significantly larger in VP (by 19%), failure

oad and displacement were not significantly different between the

wo treatments, CT-based plastic displacement was significantly

arger in VP (by 31%, Table 2 ). Energy dissipation capacity ratio at

ailure was equally 56% in both groups. 

.2. Correlation of mechanical results with donor and augmentation 

roperties for VP and KP specimens 

Failure load and stiffness had moderate positive correlation

ith vBMD, but only in KP ( Table 3 ). In both treatment groups,

ailure load and stiffness showed moderate/strong positive corre-

ation with vertebral areas, widths and volume; and negative cor-

elations with CVF and CAF. Failure load and stiffness had positive
orrelation with maximum cement area, but only in KP group. Fail-

re load and stiffness were strongly correlated. 

In VP, failure displacement correlated positively with vertebral

reas, widths and volume, but not with heights. In turn, in KP, it

orrelated mostly with vertebral heights ( Table 3 ). Moreover, fail-

re load and displacement correlated (positively) with maximum

ement height in VP, but not in KP. Failure displacement correlated

positively) with vertebral height in KP, but not in VP. Failure load,

ailure displacement and stiffness in KP were correlated with ver-

ebral height, but not with cement height. 

.3. Correlation of mechanical results with donor and augmentation 

roperties for VP and KP – results of the contact groups 

Cement-endplate contacts were observed in 92% of VP and 63%

f KP specimens, across five and four contact groups, respectively

 Table 4 ). Both in VP and KP, the two-contact cases occurred with
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Table 2 

Main mechanical results for VP and KP treated specimens, extracted from the load- 

displacement curves (see Fig. 3 e) and from the CT scans (mean ± SD). The stars 

( ∗) indicate the significance P ≤ 0.05/10 = 0.005 by considering 10 comparisons for 

data obtained from the load-displacement curves in Bonferroni correction, applied 

separately for VP and KP groups. For values obtained from CT scans P ≤ 0.05 means 

significance. Abbreviation ns means non-significance. 

Test results VP KP P 

Number of pairs n = 38 n = 38 

From load-displacement curves 

Failure load (N) 5158 ± 1428 4925 ±1511 ns 

Failure displacement (mm) 2.70 ± 0.79 3.04 ±0.70 ns 

Failure strain (%) 10.0 ± 2.9 11.4 ± 2.4 ns 

Elastic stiffness (N/mm) 4605 ± 1580 3863 ± 1314 ∗

Proportional load (N) 3635 ± 1115 3456 ± 1101 ns 

Proportional displacement (mm) 1.61 ± 0.47 1.83 ± 0.46 ns 

Postfailure displacement (mm) 2.35 ± 1.05 2.19 ± 0.92 ns 

End displacement (mm) 5.05 ± 1.26 5.23 ± 096 ns 

Recovered energy at failure (mJ) 3110 ± 1406 3284 ± 1316 ns 

Absorbed energy at failure (mJ) 4023 ± 3093 4205 ± 3025 ns 

From CT- scans 

Plastic displacement (mm) 1.48 ± 0.79 1.13 ± 0.46 ∗
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Table 3 

Correlation of failure load, failure displacement and elastic stiffness of VP and KP trea

significance: one star: 0.01 ≤P ≤ 0.05; two stars: 0.001 ≤P < 0.01; three stars: 0.0 0 01 ≤P < 0.0

mineral density, CVF: cement volume fraction, CAF: cement area fraction, CHF: cement he

Paired analysis Failure load Failu

Number of pairs: 38 VP KP VP 

R P R P R 

Age of subjects – −0.501 ∗∗ –

Mean volumetric BMD – 0.503 ∗∗ –

Vertebral area 

Superior 0.554 ∗∗ 0.592 ∗∗ 0.33

Inferior 0.653 ∗∗∗ 0.634 ∗∗∗ 0.44

Central 0.574 ∗∗ 0.676 ∗∗∗ 0.34

Vertebral height 

Sagittal anterior 0.393 ∗ 0.435 ∗ –

Sagittal posterior – 0.359 ∗ –

Sagittal central – 0.466 ∗ –

Mean sagittal 0.333 ∗ 0.476 ∗ –

Coronal peripheral 0.453 ∗ 0.500 ∗∗ –

Coronal central – 0.387 ∗ –

Mean coronal 0.326 ∗ 0.485 ∗∗ –

Mean peripheral 0.422 ∗ 0.495 ∗∗ –

Mean central – 0.4 4 4 ∗ –

Mean total 0.340 ∗ 0.492 ∗∗ –

Vertebral width 

Sagittal superior 0.540 ∗∗ 0.555 ∗∗ 0.34

Sagittal inferior 0.588 ∗∗ 0.553 ∗∗ 0.37

Sagittal central 0.522 ∗∗ 0.558 ∗∗ –

Mean sagittal 0.559 ∗∗ 0.569 ∗∗ 0.33

Coronal superior 0.577 ∗∗ 0.594 ∗∗ 0.32

Coronal inferior 0.534 ∗∗ 0.659 ∗∗∗ 0.32

Coronal central 0.553 ∗∗ 0.599 ∗∗∗ –

Mean coronal 0.568 ∗∗ 0.642 ∗∗∗ 0.32

Vertebral volume 0.586 ∗∗ 0.657 ∗∗∗ 0.37

Cement 

Volume fraction, CVF −0.546 ∗∗ −0.660 ∗∗∗ −0.3

Max. area – 0.597 ∗∗ –

Max. area fraction, CAF −0.553 ∗∗ −0.369 ∗ −0.3

Max. height 0.609 ∗∗ – 0.51

Max. height fraction, CHF 0.451 ∗ −0.379 ∗ 0.40

total distance to endplates −0.404 ∗ 0.413 ∗ −0.3

Superior distance −0.469 ∗ – –

Inferior distance – 0.359 ∗ −0.3

Total distance fraction, CDF −0.451 ∗ 0.379 ∗ −0.4

Superior CDF −0.485 ∗ – –

Inferior CDF – – −0.3

Number of contacts 0.409 ∗ −0.488 ∗ –

Embedment – – –

Failure load 0.57

Failure displacement 0.574 ∗∗ –

Elastic stiffness 0.626 ∗∗∗ 0.800 ∗∗∗∗ –
he same endplate (mainly with the superior one), without bridg-

ng the endplates. There were two exceptions in VP and one in KP,

here one of the clouds contacted the superior, the other cloud

he inferior endplate, without forming any bridge. Both cement

louds contacted the anterior cortical wall nearly in all VP speci-

ens (37 from 38), while only in half of the KP samples. 

There was a monotonic increase of failure load with increasing

umber of cement-endplate contacts and decreasing CDF in VP, but

n KP all these trends had opposite signs ( Table 4 ). Failure load

howed significant strong correlation with the number of contacts,

ositive in VP, but negative in KP, and with total CDF, negative in

P, but positive in KP ( Tables 5 and 6 ). Stiffness correlated with

he number of contacts only in KP, strongly and negatively. 

Number of contacts showed very strong negative correlation

ith all geometric components, but only in KP ( Table 5 ). Very

trong negative correlation was found between the contact num-

ers and all parameters related to cement-endplate distances in VP,

nd partly in KP. 

Correlation of opposite sign was found for VP and KP between

ailure load and cement distances, CDFs and number of contacts
ted vertebrae with their donor, augmentation and embedding data. Notation for 

 01, four stars: P < 0.0 0 01. The abbreviations are as follows: vBMD: volumetric bone 

ight fraction, CDF: cement distance fraction. 

re displacement Elastic stiffness 

KP VP KP 

P R P R P R P 

– −0.449 ∗ −0.453 ∗∗

– – 0.436 ∗

2 ∗ – 0.455 ∗ 0.524 ∗∗

6 ∗ 0.405 ∗ 0.466 ∗∗ 0.493 ∗∗

0 ∗ – 0.508 ∗∗ 0.618 ∗∗∗

– 0.504 ∗∗ 0.364 ∗

0.464 ∗ – –

0.362 ∗ – 0.354 ∗

0.479 ∗ 0.348 ∗ 0.344 ∗

– 0.379 ∗ 0.464 ∗

0.387 ∗ – –

0.353 ∗ – 0.386 ∗

0.359 ∗ 0.386 ∗ 0.402 ∗

0.451 ∗ – –

0.423 ∗ – 0.374 ∗

2 ∗ – 0.464 ∗ 0.554 ∗∗

6 ∗ 0.369 ∗ 0.498 ∗∗ 0.480 ∗

– 0.490 ∗∗ 0.524 ∗∗

7 ∗ – 0.498 ∗∗ 0.533 ∗∗

5 ∗ – 0.491 ∗∗ 0.543 ∗∗

0 ∗ – 0.451 ∗ 0.533 ∗∗

– 0.518 ∗∗ 0.585 ∗∗

1 ∗ – 0.506 ∗∗ 0.587 ∗∗

4 ∗ – 0.489 ∗ 0.565 ∗∗

30 ∗ −0.357 ∗ −0.473 ∗ −0.550 ∗∗

— – 0.449 ∗

71 ∗ – −0.466 ∗ −0.353 ∗

2 ∗∗ – – –

5 ∗ – – –

77 ∗ – – –

– – –

31 ∗ 0.358 ∗ – –

05 ∗ – – –

– – –

60 ∗ 0.330 ∗ – –

– – –

– – –

4 ∗∗ – 0.626 ∗∗∗ 0.800 ∗∗∗∗

– –

–
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Table 4 

The effect of contact between cement clouds and endplates on the compressive strength, stiffness and deformability of VP and KP treated vertebrae. Mean values with + / −
SD are indicated. The abbreviations are as follows: vBMD: volumetric bone mineral density, CDF: cement distance fraction, CVF: cement volume fraction. 

Cement VP 

Contacts with 

endplates 

n vBMD mg/cm 

3 Superior CDF% Inferior CDF% Total CDF% CVF% Failure load N Failure displ. 

mm 

Elastic stiffness 

N/mm 

No contact 3 97 ± 29 7.7 ± 4.6 18.8 ± 5.4 26.5 ± 6.9 17.3 ± 3.1 3749 ± 775 2.09 ± 0.56 4011 ± 1960 

1 6 115 ± 44 6.1 ± 4.5 12.6 ± 7.8 18.6 ± 7.0 17.8 ± 5.1 4373 ± 1868 3.03 ± 1.18 3601 ± 912 

2 16 102 ± 22 0.8 ± 2.3 13.4 ± 4.8 14.2 ± 4.5 15.0 ± 2.2 5305 ± 996 2.49 ± 0.63 4969 ± 1660 

3 10 103 ± 27 0.2 ± 0.6 5.3 ± 2.6 5.4 ± 2.3 18.9 ± 6.1 5562 ± 1756 2.90 ± 0.75 4753 ± 1487 

4 3 78 ± 2 0 ± 0 0 ± 0 0 ± 0 20.1 ± 4.0 6013 ± 429 3.12 ± 0.79 4768 ± 2210 

Contact 35 102 ± 28 1.4 ± 3.2 9.8 ± 6.6 11.2 ± 7.2 17.0 ± 4.5 5279 ± 1412 2.75 ± 0.80 4655 ± 1567 

Total 38 102 ± 27 1.9 ± 3.6 10.5 ± 6.9 12.4 ± 8.3 17.0 ± 4.4 5158 ± 1428 2.70 ± 0.79 4605 ± 1580 

Cement KP 

Contacts with 

endplates 

n vBMD mg/cm 

3 Superior CDF% inferior CDF% Total CDF% CVF% Failure load N Failure displ. 

mm 

Elastic stiffness 

N/mm 

No contact 14 113 ± 38 11.7 ± 5.1 20.9 ± 6.1 32.7 ± 8.4 13.9 ± 2.5 5691 ± 1490 3.14 ± 0.66 4259 ± 1294 

1 8 103 ± 20 4.7 ± 1.2 23.7 ± 3.8 28.4 ± 4.0 15.0 ± 1.6 5096 ± 855 3.31 ± 0.62 3795 ± 861 

2 13 97 ± 27 0.6 ± 2.3 18.2 ± 8.6 18.8 ± 7.9 21.0 ± 4.2 4378 ± 1541 2.91 ± 0.73 3696 ± 1604 

3 3 73 ± 9 4.0 ± 3.6 1.1 ± 1.9 5.1 ± 1.8 24.9 ± 4.6 3263 ± 835 2.45 ± 0.79 2920 ± 640 

4 0 – – – – – – – –

Contact 24 96 ± 45 2.4 ± 2.9 17.9 ± 9.6 20.3 ± 9.6 19.5 ± 4.9 4478 ± 1361 2.98 ± 0.73 3632 ± 1296 

Total 38 103 ± 31 5.8 ± 5.9 19.1 ± 8.4 24.9 ± 10.8 17.4 ± 5.0 4925 ± 1511 3.04 ± 0.70 3863 ± 1314 
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oth in the paired analysis ( Table 3 ) and when re-grouping the

amples according to number of contacts ( Table 6 ). The contact-

ased analysis showed very strong positive correlation for the fail-

re load, failure displacement and stiffness with bone density in

P, but not in VP ( Table 6 ). Failure load and stiffness showed very

trong positive correlations with all morphometric parameters and

egative correlation with CVF in KP, but not in VP. Failure load cor-

elated strongly with stiffness only in KP. 

Failure occurred inferior to the cement in 55% of VP and 18% of

P specimens; superior to the cement in 8% of both VP and KP;

oth superior and inferior to the cement in 37% of VP and 74% of

P. In VP, the failure generally occurred along the width of verte-

rae, while in most samples of KP, failure was concentrated around

he cement clouds ( Fig. 2 ). 

. Discussion 

We found no significant differences in failure load between VP

nd KP (on average 5% larger in VP), stiffness was significantly

arger in VP (but only by 19%), failure displacement was non-

ignificantly smaller in VP (by 11%, Table 2 ). The post-operative

T scans revealed that, as a consequence of the method of

P-augmentation, the cement clouds were more isolated from

he bone compared to VP, indicated also by the significantly

arger inferior cement-free distances in KP compared to VP. These

uggested that the KP augmentation technique resulted in a

one-cement-bone layered structure. These were supported by

he mechanical results, i.e. the positive correlation of failure load

ith all vertebral height components and with the significantly

arger inferior cement-free distances in KP compared to VP ( Table

 ), moreover, the missing correlation with cement height in

P compared to VP in paired analysis ( Table 3 ). The same was

onfirmed by the result that in KP, the failure displacement was

roportional to the vertebral height and inferior cement-free

istance, regardless of the height of incompressible cement. 

Further analysis provided insights into relationship between the

ement-endplate distances and contacts and the mechanical prop-

rties. For the comparison with the mechanical results, we at-

empted to find a single parameter that could represent the funda-

entally different method of augmentation and position of cement

louds in both VP and KP and the influences of vertebral geometry

nd bone density. Since the cement-free distances have important
ole in the comparison of VP and KP, it could have been chosen as

he basis of the detailed analysis. However, our assessment indi-

ated that the cement-free distance measures included more un-

ertainties compared to the cement-endplate contacts. First, the

xistence of cement-endplate contacts could be observed more

learly and evaluated more correctly in the CT scans compared to

he measures of distances, mainly due to the irregular surface of

he clouds. Secondly, the vertical positions of the left and right

louds were not identical, that is, their distances from an end-

late were different. Since there was a strict correlation between

he distances and the contacts, we decided to perform the analysis

ather in terms of the contacts. Thus, we selected the number of

ement-endplate contacts as the single common indicator, which

ighlighted interesting differences between the two treatments. 

Whereas the load at failure load in VP increased, in the case of

P it decreased with increasing contact number. These results for

P are in line with the findings of the finite element simulation

tudy of Chevalier et al. [51] , who analyzed the biomechanical ef-

ect of cement-endplate contacts for VP treatment, reporting that

ement contacting one endplate yielded two times stiffer, bridg-

ng both endplates 1–8 times stiffer and 1–12 times stronger ver-

ebrae compared to the non-augmented models. They concluded

hat by establishing cement bridges between the endplates, the

ortex is unloaded and greater increase in strength and stiffness

an be achieved, while with partial filling the increase was limited

s damage localized above or below the augmentation. The biome-

hanical superiority of endplate-to-endplate filling in VP has also

een demonstrated experimentally for non-fractured vertebrae by

inzl et al. [52] . We obtained similar results for VP, but opposite

ehavior for KP. In our opinion, the reason is the fundamental dif-

erence in the injection technique between VP and KP. 

In prophylactic VP of a non-fractured vertebra, the cement has

o flow through the inter-trabecular space and results in diffuse

louds having a continuous transition between the augmented and

on-augmented bone regions. This yields smoother force transmis-

ion with smaller stress concentrations at the interface. The dom-

nant failure occurs below the cement, generally along the width

f the vertebra, in the relatively thick non-augmented bone region.

 Fig. 2 a, c, and e). This is why in VP, failure load decreases with in-

reasing cement-free distances and decreasing number of contacts.

In the case of prophylactic KP, on the other hand, the cement

loud remains concentrated in the cavity prepared by the balloon,
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Table 5 

Correlation of the contact groups of VP and KP treated vertebrae with their 

donor, augmentation and embedding data. Notation for significance: one star: 

0.01 ≤P ≤ 0.05; two stars: 0.001 ≤P < 0.01. The abbreviations are as follows: vBMD: 

volumetric bone mineral density, CVF: cement volume fraction, CAF: cement area 

fraction, CHF: cement height fraction, CDF: cement distance fraction. 

Number of contacts VP KP 

Number of contact groups n = 5 n = 4 

R P R P 

Age – –

Volumetric BMD, mean – −0.959 ∗

Vertebral area 

Superior – −0.977 ∗

Inferior – −0.990 ∗∗

Central – −0.978 ∗

Vertebral height 

Sagittal anterior – −0.939 ∗

Sagittal posterior – −0.944 ∗

Sagittal central −0.833 ∗ −0.924 ∗

Mean sagittal −0.842 ∗ −0.942 ∗

Coronal peripheral – −0.987 ∗∗

Coronal central – –

Mean coronal – −0.952 ∗

Mean peripheral – −0.978 ∗∗

Mean central – −0.906 ∗

Mean total – −0.949 ∗

Vertebral width 

Sagittal superior – −0.977 ∗

Sagittal inferior – −0.999 10 −10 

Sagittal central – −0.975 ∗

Mean sagittal – −0.988 ∗∗

Coronal superior – −0.952 ∗

Coronal inferior – −0.979 ∗

Coronal central – −0.951 ∗

Mean coronal – −0.966 ∗

Vertebral volume – −0.985 ∗∗

Cement 

Volume fraction, CVF – 0.974 ∗

Maximum area – –

Maximum area fraction, CAF – –

Maximum height 0.981 ∗∗ 0.985 ∗∗

Maximum height fraction, CHF 0.996 ∗∗∗ 0.974 ∗

Total free distance to endplates −0.993 ∗∗∗ −0.979 ∗

Distance to superior endplate −0.925 ∗ –

Distance to inferior endplate −0.961 ∗ –

Total free distance fraction, CDF −0.996 ∗∗∗ −0.974 ∗

Superior CDF −0.921 ∗ –

Inferior CDF −0.962 ∗ –

Embedment, mean thickness – –

Failure load 0.981 ∗∗ −0.989 ∗∗

Failure displacement – –

Elastic stiffness – −0.957 ∗
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not interdigitating with trabecular bone. Therefore, the load bear-

ing system of KP resembles a separated bone-cement-bone struc-

ture with stress peaks arising directly at the interface due to the

non-smooth load transition between the two different materials.

Moreover, during balloon inflation, the cancellous bone is com-

pressed and its density increases; but it may be damaged directly

at the bone-cement interface. Therefore, failure occurs predomi-

nantly in the vicinity of the stiff cement clouds ( Fig. 2 b, d, and

f). Our results indicate also that strength in KP is determined pre-

dominantly by vertebral geometry and density; and thus the num-

ber of contacts is an indirect measure representing this relation-

ship. Namely, due to the fixed volume of the inflated balloon and

injected cement, the number of contacts strongly depends on the

vertebral volume and bone density: smaller size and/or weaker

bone result in more contacts and smaller cement-free distances

( Table 5 ). Consequently, more contacts and smaller cement-free

distances are associated with lower failure strength and stiffness

( Table 6 ). That is why in KP, the failure load increases with de-

creasing number of contacts and increasing cement-free distances. 
The aim of prophylactic augmentation is to increase the

trength of intact, but weak vertebrae without excessive increase

f stiffness. We found significantly larger stiffness in VP than in KP,

ut only by 19% ( Table 2 ), and strong positive correlation between

trength and stiffness in the paired analysis ( Table 3 ). However, in

he contact-based analysis, there was no significant correlation be-

ween these properties in VP, while the positive correlation in KP

as even stronger than in the paired analysis ( Table 6 ). In KP, sim-

larly to failure load, stiffness increased with decreasing number of

ontacts and increasing total cement-free distances ( Tables 4 –6 ).

he increase was 27% in strength and 17% in stiffness in the no-

ontact cases compared to the contact cases. However, in VP, stiff-

ess showed no clear dependence on the number of contacts, al-

hough strength increased significantly ( Tables 5 and 6 ). When

ompared to specimens with no contacts, strength was 41% greater

nd stiffness was 16% greater in the contact cases ( Table 4 ). 

Besides the analysis of the cement-endplate contact, it is im-

ortant to mention that in VP the cement spread in all directions,

enerally flowed against the anterior cortical wall in sagittal direc-

ion and got in contact also with the endplates ( Fig. 1 ). Indeed, we

bserved that both cement clouds contacted the anterior cortical

all in 97% of VP, but only in 50% of KP. These contacts with the

ront cortical wall and endplates in combination may be the expla-

ation for the higher stiffness of VP-augmented vertebrae observed

n the paired analysis ( Table 2 ). The lack of correlation between

trength and stiffness in the contact-based analysis in VP ( Table 6 )

uggests that this interaction must influence the stiffness in VP. In-

eed, in no-contact and one-contact cases, mainly the reinforced

ortical wall seemed to work, while in the cases of higher contact

umbers, both the wall- and endplate-contacts appeared to have a

echanical contribution and thus the stiffness increased ( Table 4 ).

n turn, in KP, where the cement clouds did not contact the cortical

all significantly, the above effects could not be observed. 

Not all combinations of post-fracture and prophylactic aug-

entation techniques may be reasonable in clinical application.

amely, prophylactic KP is usually not applied with post-fracture

P or even with post-fracture KP, since it is expensive and there

s no need for height reconstruction in non-fractured vertebrae.

n turn, prophylactic VP with post-fracture VP is often used. In-

eed, by biomechanical comparison of post-fracture and prophy-

actic VP, Furtado et al. [37] concluded that prophylactic augmen-

ation increased failure strength, while stiffness was maintained.

obayashi et al. [31] found that prophylactic VP prevented AVF

or osteoporotic patients. Similarly, Kamano et al. [32] found for

rophylactic VP that there was no increased risk of subsequent

VF. 

Limitations of this study include the biomechanical testing

etup that produced an oversimplified loading case, which may

ot represent the physiological conditions. In particular, the ver-

ebrae were isolated, embedded in PMMA resin and loaded

nder constrained uniaxial compression, not allowing typical

edge-shape fractures to develop. The PMMA endcaps may induce

ifferent loading transmission compared to intervertebral discs and

rotect the endplate from stresses. However, these ensured re-

roducible loading conditions for all samples of both treatment

roups. Moreover, due to the parallel loading plates of the testing

evice the effect of the anterior-posterior positions of the cement

olumn could not be analyzed. Furthermore, the thickness of the

mbedment of the specimens was not perfectly equal, and the ex-

erimental boundary conditions may influence the measured val-

es, mainly for cellular structures. In our earlier study performed

n a smaller sample set [53] , the effect of embedding thickness

as analyzed for VP and KP treated vertebrae, suggesting that it

hould approximately be kept constant. This effect could be over-

ome in the present study by increasing the number of specimens.

onsequently, there was no significant correlation of strength and
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Table 6 

Correlation of failure load, failure displacement and elastic stiffness with donor, augmentation and embedding data for contact groups of VP and KP treated vertebrae. 

Notation for significance: one star: 0.01 ≤P ≤ 0.05; two stars: 0.001 ≤P < 0.01. The abbreviations are as follows: vBMD: volumetric bone mineral density, CVF: cement 

volume fraction, CAF: cement area fraction, CHF: cement height fraction, CDF: cement distance fraction. 

Cement-endplate Failure load Failure displacement Elastic stiffness 

Contact analysis VP KP VP KP VP KP 

Number of contact groups n = 5 n = 4 n = 5 n = 4 n = 5 n = 4 

R P R P R P R P R P R P 

Age – – – −0.970 ∗ – –

Volumetric BMD – 0.988 ∗∗ – 0.908 ∗ – 0.993 ∗∗

Vertebral area 

Superior – 0.948 ∗ – – – 0.873 ∗

Inferior – 0.970 ∗ – – – 0.909 ∗

Central – 0.969 ∗ – 0.897 ∗ – 0.897 ∗

Vertebral height – 0.970 ∗ −0.880 ∗ 0.970 ∗ – 0.907 ∗

Vertebral width 

Mean sagittal – 0.940 ∗ – – – 0.905 ∗

Mean coronal – 0.970 ∗ – – – 0.870 ∗

Vertebral volume – 0.973 ∗ – – – 0.906 ∗

Cement 

Volume fraction, CVF – −0.977 ∗ – −0.939 – −0.912 ∗

Max. area – – – 0.901 ∗ – –

Max. area fraction, CAF – −0.988 ∗∗ – – – −0.958 ∗

Max. height 0.990 ∗∗∗ −0.998 ∗∗∗ – −0.893 ∗ – −0.989 ∗∗

Max. height fraction, CHF 0.968 ∗∗ −0.995 ∗∗ – −0.944 ∗ – −0.966 ∗

Total distance to endplates −0.967 ∗∗ 0.995 ∗∗∗ – 0.943 ∗ – 0.958 ∗

Superior distance −0.977 ∗∗ – – – −0.869 ∗ –

Inferior distance −0.898 ∗ 0.910 ∗ – 0.982 ∗∗ – 0.894 ∗

Total distance fraction, CDF −0.968 ∗∗ 0.995 ∗∗ – 0.944 ∗ – 0.966 ∗

Superior CDF −0.974 ∗∗ – – – −0.892 ∗ –

Inferior CDF −0.896 ∗ 0.896 ∗ – 0.970 ∗ – 0.890 ∗

Number of contacts 0.981 ∗∗ −0.989 ∗∗ – – – −0.957 ∗

Embedment – – – – – –

Failure load – 0.909 ∗ – 0.978 ∗

Failure displacement – 0.909 ∗ – –

Elastic stiffness – 0.978 ∗ – –
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tiffness with the embedding thickness either in VP or in KP

roups. 

A further limitation was the quasi-static and monotonic loading

ondition. However, we wanted to investigate the monotonic reac-

ion of the cement clouds inside the vertebrae for all 76 specimens.

urther, cyclic testing of this large number of specimens would not

ave been feasible given the available resources and time for this

tudy. 

A limitation can be that the vast majority of vertebrae were

arvested from the lumbar spine whereas osteoporotic fractures

re likely to occur in the thoracic part. However, in the National

enter for Spinal Disorders in Budapest, Hungary, where the spec-

mens were prepared, approximately equal number of lumbar and

horacic vertebrae are augmented. Moreover, we did not want to

ix equal number of samples from the lumbar and thoracic ver-

ebrae since it would have led to the introduction of new vari-

bles. This was the reason for using only six thoracic specimens.

urther, the analysis of the CT scans of larger vertebrae seemed

o be more suitable for the comparison of the different structural

onstruction of the cement clouds of VP and KP, and its mechanical

onsequences. 

In conclusion, we found in pair-wise comparison that prophy-

actic VP resulted in significantly but only slightly larger vertebral

tiffness and approximately equal failure load compared to prophy-

actic KP. Strength in VP showed an increasing trend, but in KP a

ecreasing trend with increasing number of cement-endplate con-

acts. The reasons may be the fundamentally different method of

ugmentation and the resulting differences in the structure of the

one-cement construct. These results indicate that, while both pro-

hylactic techniques appear to provide similar mechanical bene-

ts, these are differently achieved due to the structural differences.
rophylactic VP with post-fracture VP seems to be advantageous

o prevent AVF in osteoporotic vertebrae, since the strength can

trongly increase with increasing contacts, but the stiffness does

ot increase significantly. Similarly, prophylactic KP with postfrac-

ure KP may also be advantageous if cement contact with the end-

lates is avoided because, in such cases, increases in strength can

e achieved with only a moderate increase in stiffness. In preven-

ive VP, bridge-like contacts, in preventive KP, central cement po-

ition with no contacts seem to be preferable. Computer models

ay help understanding the reasons behind these distinct optimal

ocations for the two augmentation approaches and could be cross-

alidated with the results of the present study. Other future work

ould investigate and directly compare the biomechanical effect of

hese different cement placements of the two techniques in mo-

ion segments to prevent adjacent vertebral fractures in the vicin-

ty of fractured and cemented vertebrae. Moreover, further studies

re required to evaluate if and how these findings can be utilized

linically. 
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