
ARTICLE IN PRESS 

JID: JJBE [m5G; December 8, 2017;9:47 ] 

Medical Engineering and Physics 0 0 0 (2017) 1–7 

Contents lists available at ScienceDirect 

Medical Engineering and Physics 

journal homepage: www.elsevier.com/locate/medengphy 

Technical note 

Inducing targeted failure in cadaveric testing of 3-segment spinal 

units with and without simulated metastases 

Karlijn H.J. Groenen 

a , ∗, Dennis Janssen 

a , Yvette M. van der Linden 

b , Jan G.M. Kooloos c , 
Jasper Homminga 

d , Nico Verdonschot a , d , Esther Tanck 

a 

a Radboud university medical center, Radboud Institute for Health Sciences, Orthopaedic Research Laboratory, P.O. Box 9101, 6500 HB Nijmegen, The 

Netherlands 
b Leiden University Medical Center, Department of Radiotherapy, P.O. Box 9600, 2300 RC Leiden, The Netherlands 
c Radboud university medical center, Department of Anatomy, P.O. Box 9101, 6500 HB Nijmegen, The Netherlands 
d University of Twente, Laboratory for Biomechanical Engineering, Department CTW, PO Box 217, 7500 AE Enschede, The Netherlands 

a r t i c l e i n f o 

Article history: 

Received 10 May 2017 

Revised 2 October 2017 

Accepted 22 November 2017 

Available online xxx 

Keywords: 

Spine 

Vertebral strength 

Mechanical testing 

Fracture 

Deformation 

Failure criterion 

Metastases 

a b s t r a c t 

We propose an experimental setup and protocol able to induce targeted failure of the middle vertebra in 

3-segment spinal units and to capture the specimens’ deformation in their post-failure state. 

Sixteen 3-segment spinal units with and without artificial metastases were destructively tested in 

axial compression using one of two failure criteria; either: 

(A) A clear drop in force ( > 10–15% of peak force) (n = 4); or 

(B) A minimum displacement of 5 mm (n = 12). 

Subsequently, the specimens were fully fixated in polymethylmethacrylate (PMMA), thereby preserving 

their post-failure state. Pre- and post-experiment computed tomography (CT) scans were acquired to 

determine the occurrence of failure in one of the vertebral bodies. 

All specimens were successfully fixated in their post-failure state. When applying failure criterion A, 

two specimens showed signs of failure. When applying failure criterion B, all specimens showed signs of 

failure; in 9 out of 12 specimens this occurred in the middle vertebrae only. 

In conclusion, this research provides an experimental setup and protocol able to induce targeted 

failure of 3-segment spinal units and to capture the specimens’ deformation in their post-failure state. 

Furthermore, this study illustrates the importance of an adequate failure criterion for successful simula- 

tion of vertebral fractures in an experimental setup. 

© 2017 IPEM. Published by Elsevier Ltd. All rights reserved. 

1. Introduction 

Spinal bone metastases compromise the structural integrity 

of vertebral bone tissue and thus negatively affect vertebral 

bone strength and increase the risk of pathological fractures. 

Pathological vertebral fractures are accompanied by severe pain 

and can lead to spinal deformations and neurological complica- 

tions such as spinal cord compression [1,2] , all of which have a 

significant and negative impact on the quality of life [3,4] . 

To study bone strength, in vitro compression experiments 

can be used. In such experiments, cadaveric vertebral bones are 

mechanically loaded until failure. In previous in vitro studies, 

vertebral strength has mostly been established via experiments 

using single vertebral bodies [5–8] , single vertebrae [9–12] , and 

functional spinal units [13] . However, the simplified loading con- 
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ditions applied to one vertebra (or just its body) are bound to 

introduce loading artifacts. A more physiological loading condition 

can be obtained by using 3-segment spinal units, consisting of 

three consecutive vertebrae and two intervertebral discs. In this 

way, the (middle) target vertebra is loaded via two intervertebral 

discs, the posterior elements including the facet joints, and the 

spinal ligaments. Although using a 3-segment spinal unit consid- 

erably improves the simulation of physiological loading conditions, 

it makes the experiment more complex compared to testing a 

single vertebra. This complexity might be the reason why only 

few studies on vertebral strength have been performed using 

3-segment spinal units with intact posterior elements [14–19] . 

It is beneficial to capture the deformation of specimens in 

their post-failure state, particularly when the experiments are 

also used to validate finite element (FE) models. For this, the 

loading of the specimens should be halted as soon as fracture 

in the target vertebrae occurs, to prevent the specimens from 

being fully destroyed. However, as it is difficult to observe actual 
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Table 1 

Overview of the tested specimens. The first set of experiments consisted of 4 specimens (A1–A4); the second set of experiments consisted of 12 specimens (B1–D4). 

Experiment Sex (M/F) Age at death [y] Weight [kg] Length [cm] BMI [kg/m 

2 ] Specimen Lesion (L) / 

Control (C) 

Successful (S) / 

Unsuccessful (U) 

experiment 

Failure load [N] 

A M 63 88 191 24.0 A1 T6-T8 C U –

A2 T9-T11 L S 3091 

A3 T12-L2 L S 2178 

A4 L3-L5 C U –

B F 80 44 157 17.9 B1 T6-T8 C S 3232 

B2 T9-T11 L S 2573 

B3 T12-L2 L S 2339 

B4 L3-L5 C S 3929 

M 92 87 187 24.9 C1 T6-T8 L S 3307 

C2 T9-T11 C U –

C3 T12-L2 C S 3294 

C4 L3-L5 L S 2474 

M 80 55 163 20.7 D1 T6-T8 C U –

D2 T9-T11 L S 1386 

D3 T12-L2 L S 1275 

D4 L3-L5 C U –

failure during the experiment, it is important to define a clear 

and reliable failure criterion. In previous studies a clear drop in 

force ( > 10–15% of peak force) has been used as failure criterion in 

3-segment spinal units, with or without intact posterior elements 

[14,20,21] . However, generally these studies did not verify whether 

a true fracture or collapse actually occurred with this criterion. 

Despite the extensive body of work, there currently are no 

experiments in which 3-segment spinal units with intact posterior 

elements are loaded only until initial failure. The objective of our 

study was to develop an experimental setup and protocol able 

to induce targeted failure of the middle vertebra in 3-segment 

spinal units and to capture the specimens’ deformation at their 

post-failure state. In this technical note, we share the lessons we 

have learned while developing this experimental setup. 

Ideally, not only should the experimental setup and protocol 

be suitable for studying ‘healthy’ vertebrae, it should also be 

applicable for e.g. testing metastatic or osteoporotic vertebrae 

and investigating effects of treatments such as vertebroplasty, 

kyphoplasty, tumor ablation, and spinal cages. Next to testing 

healthy vertebrae, we choose to simulate lytic metastatic lesions 

in half the number of spinal segments. 

Our first experimental protocol used the clear drop in force 

( > 10–15% of peak force) failure criterion, which is commonly used 

by others [14,20,21] . After evaluation of the first set of experiments 

it was shown that this failure criteria did not sufficiently result 

in targeted failure of the middle vertebrae. Therefore, we subse- 

quently introduced a new failure criterion that was applied to a 

second set of experiments. In this paper, we describe the setup 

and protocol as well as results of both experimental attempts. 

2. Methods 

2.1. Specimen preparation 

Four complete spines were obtained from fresh frozen ca- 

davers (3 men, 1 woman; aged 63–92 years). The specimens 

were obtained from the Department of Anatomy with institu- 

tional approval. An experienced orthopedic surgeon reviewed 

anteroposterior X-rays of the four spines to confirm the absence 

of fractures and collapses in the thoracic and lumbar spine, ma- 

lignancies in the vertebrae, surgery to the spine, and scoliosis. The 

spines were not screened for osteoporosis. 

With the help of an experienced anatomist, each spine was 

sectioned into four 3-segment spinal units (T6-T8, T9-T11, T12-L2, 

and L3-L5) ( Table 1 ). The specimens were cleaned from soft 

tissues, while carefully preserving the facet capsules, interver- 

Fig. 1. Size and location of the simulated metastatic lesions. 

tebral discs, and spinal ligaments. In case of thoracic units, the 

costovertebral joints were kept intact by dissecting the costae 

approximately 5 cm distally of the costovertebral joints. The ribs of 

the upper vertebrae of each specimen were completely removed, 

to allow placement in the test setup. After dissection, the spec- 

imens were hydrated, wrapped in towels, sealed in a plastic bag 

and stored at −20 °C until mechanical testing. 

2.2. Simulated lytic metastatic lesions 

Specimens were thawed prior to testing and experiments were 

performed at room temperature. The specimens were kept moist 

with saline spray mist throughout preparation and testing. In 

half of the specimens, we simulated metastatic lesions in the 

middle vertebral bodies ( Fig. 1 ). In order to minimize spinal- 

level bias, the specimens with a simulated lesion were chosen 

alternately superior and inferior with respect to those without 

a lesion ( Table 1: ‘lesion (L)’ and ‘control (C)’, respectively). The 

lesions were created through the lateral removal of a cylindrical 

core of cortical and cancellous bone in the posterior part of 

the vertebral body. With the help of experienced clinicians, this 

posterior location was chosen as it is the preferred site of initial 

tumor seeding [22, 23] . In addition, lesions in the posterior part 

of the vertebral body are believed to elevate burst fracture risk 

[24] and subsequent retropulsion of bone fragments with spinal 

cord or cauda equine compression, a common clinical finding. 

To avoid bias due to lesion size, the relative size of the lesion 

was kept constant between specimens: the depth of the lesion 

comprised 75% of the maximal vertebral body width and its diam- 

eter 55% of the maximal vertebral body height ( Fig. 1 ). The most 

posterior aspect of the lesion was aimed at 5 mm from the 

posterior vertebral body wall. The vertebrae’s dimensions were 
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