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Abstract  
 

 

This PhD project was part of a European-funded Marie Skğodowska-Curie Actions innovative training 

network called SPINNER (grant No. 766012.) gathering orthopaedical surgeons, engineers, and 

scientists to provide a complete approach of spine surgery challenges.  

The spine is a complex structure and is still partially unknown. Over 80% of the population in developed 

countries suffer or will suffer from Low Back Pain at one stage of their life. This symptom can be caused 

by several spine conditions including intervertebral disc degeneration. With the continuously increasing 

longevity, the social and economic burden of this disease is meant to raise and therefore requires the 

development of surgical techniques to treat the large numbers of patients. In that context, a minimally 

invasive technique, Percutaneous Cement Discoplasty (PCD), has been developed to treat the oldest and 

poly-morbid patients who are not suitable for an open surgery, which is currently the gold standard.  

In the literature, a series of works investigated the patient outcome in order to estimate the pain relief 

and the improved ability to perform daily activities following PCD. Changes in spine alignment were 

also assessed post operatively by Prof. Vargaôs group in Budapest, measuring the main clinical spine 

parameters in the frontal and sagittal planes of CT scan images. Moreover, in order to improve the 

surgery outcome, indications of PCD were studied by the group of Dr. Sola in Buenos Aires, resulting 

in a new classification qualifying the vacuum phenomenon (VP) advancement state in the disc which 

will help surgery planning and is intended to minimize the postoperative complications. Finally, a softer 

alternative to bone cement as a disc filler was tested in vivo and mechanically characterized in vitro by 

the group of Prof. Wu in Xingtai. However, a complete evaluation of PCD or any improvement of the 

technique would include the study of the spine biomechanical behaviour for a better assessment of 

potential failure. 

The aim of this PhD thesis is to bridge the clinical experience with in vitro methodologies to provide a 

multilateral evaluation of PCD outcome and a better understanding of its impact on the spine 

biomechanics, and of its possible contraindications. 

Firstly, the project focuses on the development of a suitable in vitro model to test the biomechanics of 

discoplasty by comparing specimens in the preoperative and postoperative conditions. In a preliminary 

study on porcine segments, the VP was mimicked performing a nucleotomy, while discoplasty was 

reproduced by filling the disc with acrylic cement. Once the model was validated, the biomechanics of 

spine segments after percutaneous cement discoplasty were investigated on cadaveric human segments. 

The main objective of discoplasty is the increase of disc height, however the surgery had been studied 
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in supine patients which is not the only loading configuration presenting a risk for the disc height. That 

is why the in vitro specimens were mechanically investigated in flexion and extension, where a DIC 

system quantified the range of motion, disc height, and strains on the disc surface. 

The second part of the thesis consists of going beyond the in vitro evaluation of the spine biomechanics 

and is providing a versatile measurement of the discoplasty impact which could be applied both to 

clinical and experimental work. For that, a 3D geometrical method was clinically developed by the 

research group to assess the foramen volumetric change caused by PCD from CT scans. In vivo, the 

measurements were performed in supine position, while measurements performed with the ex vivo 

specimens completed the spine overview by bringing results under loaded positions.  For that, the 3D 

geometry of the unloaded specimens reconstructed from CT scans (CT pose) was aligned in the loading 

configuration (experimental pose) using DIC data. This study showed the promises of such 

methodologies combining clinical know-how with experimental testing for a more complete 

investigation of discoplasty. 

In conclusion, the project highlighted the benefits of percutaneous cement discoplasty in the treatment 

of advanced cases of intervertebral disc degeneration. Furthermore, it also emphasized the importance 

of transverse dedicated methodologies and tools to improve the analysis of the surgical outcome. 

Although this project completed the understanding of PCD biomechanics, in the next years a focus 

should be brought on the assessment of the integrity of the anatomical structures of the disc following 

discoplasty to assess possible risks of complications.  This should include exploring the internal 

biomechanics of the treated disc, understanding the disc failure mechanisms, and proposing 

improvements of the surgical technique.  
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1.1 Overview of the spine 

The spine is a fundamental structure of the anatomy whose health can impact almost each part of the 

body. Composed of an alternation of vertebrae and intervertebral discs (IVD), the spine is one of the 

most complex parts of the skeleton to treat (Fig. 1.1). The whole structure is stabilized by ligaments. In 

the next sections I will not extensively describe the whole spine anatomy, but I will present the main 

elements of the lumbar part, and their biomechanical function in the spine. 

Fig. 1.1 ï Spine column structure (image from: OpenStax College, CC BY 3.0, via Wikimedia 
Commons) 

1.1.1 Anatomy of the vertebrae 

Vertebrae are irregular bones whose anatomy varies depending on their spine level, the loading, the 

pathologies, etc. Each vertebra is composed of a vertebral body and a posterior vertebral arch, consisting 

of lamina and pedicles, which surrounds the spinal cord (Fig. 1.2).  Consecutive vertebrae form an empty 

space between their pedicles called the foramen space where the nerves connected to the spinal cord 

before passing to the rest of the body. The vertebral body consists of trabecular bone surrounded by 
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cortical bone whose thickness is larger in the posterior arch. Vertebrae are the rigid part of the spine, 

while flexibility of the structure is ensured by the soft tissues (joints and ligaments). The lumbar vertebra 

functions are to protect the spinal cord and nerve roots, to support the upper body, and to distribute the 

weight during movement. 

Fig. 1.2 ï Structure of the vertebra. The nerves are passing through the neuroforamen to join the 
spinal cord. (Image from: OpenStax College, CC BY 3.0, via Wikimedia Commons) 

1.1.2 Anatomy of the disc 

Vertebral bodies are separated by intervertebral discs, fibrocartilaginous pads composed of three parts. 

Located in the centre, the nucleus pulposus (NP), a gel-like material, is surrounded by the annulus 

fibrosus (AF) in the transverse plane. The junction of the IVD with the vertebral body is made through 

the cartilaginous endplates (CEP) at both the cranial and caudal extremities of the IVD. Each of the IVD 

components fulfils  distinct functions.  

The nucleus pulposus is a highly hydrated tissue (70-90% of its weight) due to its high content of 

proteoglycans in the extracellular matrix [1]. Indeed, proteoglycan attracts and binds with water 

molecules. Its hydration level creates a hydrostatic pressure in the NP which increases under 

compression and generates tension in the surrounding tissue. NP is also made up of collagen type II 

creating a loose fibre network maintaining the unity of the nucleus [2].  Its high content in NP results in 

its incompressible gelatinous texture characterized by an effective modulus of 1.0 MPa and bulk 

modulus of 1720 MPa in confined compression [1].  

The annulus fibrosus is composed of 15 to 20 concentric layers of anisotropic tissue. Each layer contains 

oblique collagen type I fibres oriented between ±25-45° to the transverse plane. Angulation of the fibres 

is shifting from positive to negative between two consecutive layers and increases towards the nucleus. 

Lamellae are interconnected by a collagen-based network which induces shear resistance between layers 

and elastin which favours the recovery after large deformations. The AF also has a large water content 
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(65-70% of its weight). The AF greatest stiffness in tension was found along the fibre axis and 

circumferentially, with a failure strain of 0.3 in the latter direction [1].  

Finally, the cartilaginous endplates (CEP) are made of hyaline cartilage about 0.6 mm thick connecting 

the disc to the bony endplates of the vertebrae. The endplates are also highly hydrated (60% of the 

weight is water) and its dry main components are collagen type II and proteoglycans [2]. The collagen 

meshwork allows the endplates to contain the water expulsed by the NP under compression. The disc 

tissue is avascular however, the cartilaginous endplates are in contact with the capillaries in the vertebral 

body and bring nutrition to the disc cells mainly located in the nucleus. Although the CEPs do not behave 

linearly, an elastic modulus was estimated at 23.8 MPa [3].  

The disc main functions in the spine are 1/the transmission and regulation of load between the vertebrae, 

2/ the mobility of the spine, and 3/the shock absorption in case of heavy and brutal loading to protect 

the vertebrae [2]. 

1.1.3 Ligaments and facet joints 

The vertebrae are also connected by spinal ligaments (anterior longitudinal (ALL) , posterior 

longitudinal, ligamentum flavum, facet capsular ligament, intertransverse ligament, interspinous 

ligament, supraspinous ligament) (Fig. 1.3). Spinal ligaments are bands of connective tissue made of 

collagen fibres. Their role is mainly to keep the spine alignment and to avoid excessive motion by 

connecting vertebrae, although each ligament has its own specific function. 

Fig. 1.3 - Description of the principal ligaments on spine (Image from: 
http://ranzcrpart1.wikia.com/wiki/File:PicA2.jpg) 
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1.2 Degeneration of the disc disease 

With age, the spine loses its mechanical abilities due to the modification of the biological composition 

of the tissue as well as its anatomical shape (bones lose their density becoming osteoporotic, ligaments 

calcify, osteophytes appear, etc). I will not describe in detail all the changes happening in the spine due 

to aging, but I will focus on the disc degradation.  

Disc degeneration is a natural process due to ageing. When associated with low back pain (LBP) and 

leg pain (LP), it is considered a pathology : Intervertebral Disc Degeneration Disease [4]. The disease 

affects a significant part of the population of developed countries (the prevalence of disc degeneration 

grade 3 on Kellgren-Lawrence scale was estimated at 47% of the population over 45 years old across 

Europe [5]). Depending on the study, the prevalence was higher in males or females, therefore no link 

can be formally established between the disease and sex. With population ageing, the prevalence of disc 

degeneration is likely to increase [6]ï[8] as well as economic and social costs. Indeed, back pain is a 

leading cause of work incapacity and limits daily activities [9]. This imposes a social and economic 

burden at the individual, industry, and government scale, to provide patients with home care, treatments, 

and indemnities.  

Disc degeneration appears to be an endless process of degradation which involves three main actors (the 

disc cells, the extracellular matrix of the disc tissue, and the biomechanics of the disc) impacting each 

other (Fig. 1.4) [10]. 

At the cellular level, the notochordal cells present in the nucleus pulposus since embryonic development, 

progressively convert into nuclear chondrocyte cells [11]. Notochordal cells are involved in 

proteoglycan synthesis. Thus, changes at the cellular scale directly lead to a change of the tissue material 

composition. In addition to a decrease of proteoglycan content, the reduction of notochordal cells also 

induces a drop of Collagen type II expression while Collagen type I synthesis increases [12]. Thus, the 

predominant collagen type evolves with time.  

The change of extracellular matrix composition modifies the biomechanical properties of the disc tissue. 

The decrease of proteoglycan leads to a reduction of the nucleus hydrostatic pressure. The water content 

drops in the nucleus which becomes more fibrous [13]. Hence, the intradiscal pressure is reduced on the 

surrounding tissue, leading to the decrease of the disc height [14]. These changes alter the load 

distribution in the AF. In addition, Collagen type I provides resistance in tension whereas collagen type 

II mesh as in NP can withstand large compressive loadings. A potential change of the NP mechanical 

response to loading could be expected and would also disturb the stress distribution applied on the 

annulus and the endplates. 



Introduction 

13 

Fig. 1.4 ï Disc degeneration is a complex self-sustained cycle impacting the disc at all scales (cellular, 
extracellular, and tissue levels). Trends in the degeneration process: reduction (red, down arrow) and 

increase (green, up arrow). The figure was inspired from two studies [4], [10] 

In degenerated discs, axial compliance is reduced and radial bulging is increased [15]. The changes of 

biomechanical properties directly impact the integrity of the tissue surrounding the nucleus. Micro 

damages of the annulus fibrosus such as delamination, tears, etc. will result from an abnormal loading. 

Once the integrity of the AF is compromised, the nucleus is not encapsuled anymore and herniation of 

the disc is likely to happen, causing pain if the leak occurs close to the nerves. This is one mechanism 

causing low back pain since the causality between disc degeneration and LBP is complex [16]. A 

disturbed stress distribution also increases risks of endplate fracture.  

Finally, damage to the extracellular matrix also favours the degenerative process at cell level. As stated 

before, the disc is avascular however nutriments are transmitted through the vertebral endplates to the 

nucleus cells. In case of fracture but also disease of the CEPs, nutriment intake is reduced which 

compromises cell life expectancy and reduces notochordal cells proportion in NP, perpetuating the 

cycle.  
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Disc degeneration is a complex process which does not stop. Pfirrmannôs scale is a widely used 

classification of disc degeneration [17]. Five grades are defined based on the visual aspect of the disc 

on radiographies. In the most advanced stage, Vacuum Phenomenon (VP) is observed when the nucleus 

disintegrates, and the space is filled with a low-pressure gas [18].  The total disappearance of NP is 

associated with a strong loss of the disc height leading to the reduction of the cranial-caudal diameter of 

the foramen causing nerve compression. 

1.3 Why are the treatments of disc degeneration disease limited? 

Disc degeneration is a common disease which can be treated in diverse ways depending on its stage. 

Starting with physical therapy rehabilitation, spinal manipulation, and analgesics, the most desperate 

cases require a stabilization surgery (interbody fusion) in which the disc is removed and replaced by a 

cage implant with transpedicular instrumentation. The surgical procedure aims to recover disc height 

and then fuse the vertebrae to restore stability at the corresponding disc level. However, the surgery has 

a long operative time and requires general anaesthesia and a long recovery including some monitored 

time at the hospital. It therefore represents a high economic cost for both the patient and the healthcare 

system (medication, hospital stay, rehabilitation care, medical leave salary compensation, etc.) and 

brings discomfort to the patient (scar, temporary disability, rehabilitation, etc.).  Moreover, an open 

surgery is associated with high risks of excessive bleeding for the patient. All these constraints limit the 

patient population susceptible to take the surgery. Because disc degeneration worsens with age, some of 

the patients are polymorbid or elderly, not suitable for general anaesthesia or the risks associated with 

fusion surgery. 

On the other hand, Minimally Invasive Surgeries (MIS) have been developed to treat patients while 

limiting surgical risks, collateral damage to the body, and economic costs. They are also associated with 

less complications and reduced surgical morbidity due to the minimal interaction with the patient. For 

all these reasons, minimally invasive surgeries are a promising research field of spine surgery which 

needs to be consolidated [19]. In order to treat lumbar disc degeneration in patients unsuitable for 

interbody fusion surgery, a MIS called Percutaneous Cement Discoplasty (PCD) was presented by Varga 

et al, in 2015 [20] and still remains partially investigated. The MIS consists of injecting 

polymethylmethacrylate (PMMA) cement in the disc space to replace the VP. Once the cement has 

hardened, it acts as a stand-alone spacer implant, restoring the disc height to relieve the LBP. 

Investigated in clinical studies, PCD showed good results on patientsô cohorts with significant 

improvement of the pain level and of the ability to perform daily activities [20]ï[22] (more details in 

Chapter 2). Spine alignment was also measured following discoplasty [21] however spine biomechanics 

as well as the real effect on the spine anatomy has not been investigated yet. 
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1.4 Aims and outline of the project 

By integrating clinical experience and in vitro biomechanical testing, the aim of the project was to 

improve the understanding of percutaneous cement discoplasty as a treatment of disc degeneration. For 

that, the first objective was to investigate the surgically augmented spine to provide a better 

understanding of the biomechanical impact of discoplasty, such as flexibility of a two-vertebrae segment 

or the strain distribution in the disc tissue after augmentation. Then, the project aimed to bridge the 

clinical knowledge with the biomechanical evidence to propose a multidisciplinary perspective of the 

discoplasty concerns and improvements using a numerical approach. 

The thesis starts with a review of the published knowledge about PCD as a surgical treatment in the 

lumbar spine in order to identify the gaps in discoplasty knowledge (Chapter 2). It established a strong 

rationale of the operative technique, its impact on patient condition, and the other studies whose topic is 

related. The state of the art also highlighted the gaps of the research on discoplasty and the forthcoming 

investigation topics. 

The work was split into two topics of research: the in vitro biomechanical testing of the augmented spine 

and the numerical treatment of imaging data following clinical experience. Each area was divided in 

several steps to reach the thesis objectives. 

For the in vitro biomechanical testing: 

¶ To develop a reliable method to model in vitro the PCD surgery and to apply it on animal spine 

segments mechanically tested in order to measure their biomechanics. The disc height, the 

mobility of the specimens and the disc strains were measured in flexion, extension and lateral 

bending (Chapter 3). 

¶ To quantify the biomechanics of the surgically augmented human spine after PCD. The disc 

height, specimen mobility and disc strains were also investigated and the impact of discoplasty 

was related to the characteristics of the operative technique measured in vivo in terms of cement 

thickness, volume, etc. (Chapter 4). 

For the numerical investigation of clinical and biomechanical data: 

¶ To apply a clinical method developed and used in vivo by the research group to ex vivo data to 

extend the assessment of foraminal space to other critical spine alignments. Geometrical 

evidence of decompression was correlated with characteristics of the operative technique to 

highlight the mechanism behind discoplasty benefits. (Chapter 5). 

A side study was conducted in additional spine levels in order to assess the limitations arising from the 

annulus fibrosus damage performed in the in vitro discoplasty model. The biomechanics of the spine 
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segments were quantified with incremental annulus defect to determine the bias observed in Chapter 3 

and 4 (Appendix 1). 

The original published study including the in vivo measurements of the operative technique 

characteristics presented in Chapter 4 was presented in Appendix 2. Because the whole study covered 

more than these measurements and was performed by the research group, only the sections of the 

published research linked to my activities were included for completeness. 

General conclusion including the forthcoming steps in PCD investigation (Chapter 6). 
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2.1 Introduction 

The ageing of the global population due to the increase of life expectancy directly increases the 

prevalence of spine disease and in particular the lumbar Intervertebral Disc (IVD) degeneration [7]. 

With time, the IVD water content decreases which leads to tissue breakdown and the loss of the disc 

height [10]. Consequently, the foramen space between adjacent lumbar vertebrae is reduced, creating 

neural stenosis and inducing low back pain in some cases [23]. Pfirrmann et al. established a 5 levels 

classification based on spine imaging of the IVD [17]. In the most extreme levels of disc degeneration, 

a vacuum phenomenon (VP) appears instead of the nucleus and creates a large instability of the spine 

segment and an extreme compression of the nerves [24]. 

Lumbar IVD degeneration treatments range from physiological exercises to surgical procedure. 

Interbody fusion with the insertion of a cage and bone graft combined to posterior fixations restores the 

intervertebral height and stabilizes the spine. Despite being the gold standard, this surgical technique is 

a constraining long procedure requiring a general anaesthesia and a long recovery. It is also associated 

with high risks of bleeding and complications. Therefore, this surgery can be contraindicated for elderly 

and polymorbid patients. For those unsuitable patients, the absence of efficient treatment led to the 

development of minimally invasive technique called Percutaneous Cement Discoplasty (PCD) [20]. 

PCD is dedicated to treat patients with advanced disc degeneration exhibiting a VP. The procedure 

consists in the injection of an acrylic bone cement within the disc to fully fill the cavity. The cement 

mass is then acting like a stand-alone implant, restoring the disc height.   

Historically, a similar technique was implemented in the cervical spine as an alternative to interbody 

fusion cages for spine segment stabilization. Injection of bone cement in the disc was introduced by 

Roosen [25]. The technique was then replicated in vivo [26], [27] and in vitro [28]ï[30] to investigate 

the surgical outcome and biomechanical consequences of such a treatment on the cervical spine in 

comparison to cages. It was found that bone cement stabilized the spine similarly to other cages [26]ï

[28] and showed a lower subsidence in adjacent vertebrae [29], [30].  

Thus, PCD is a promising technique for spinal repair, however the knowledge around the surgery and 

its consequences on the lumbar spine is still under investigation. Studies were published on several 

aspects of PCD, from clinical cohort studies to engineering studies on biomechanics and biomaterials. 

No previous review on the topic was written yet, so there was a need to present an overview of the 

research related to PCD. 

The review aimed to present the various research areas under investigation related to PCD to provide a 

clear view of the covered topics. The review also aimed to assess the efficiency of this technique in term 
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of clinics for the patient but also in term of objective parameters such as spinal behaviours and spine 

stability. 

2.2 Methods 

2.2.1 Search strategy 

The review included papers of all types from articles to letters to the editor in peer-reviewed journals. 

No precise study design was specified since the review aimed to collect all PCD-related publications. 

No time frame was defined although first publications mentioning lumbar PCD were published in 2015. 

Only revised and published publications with an English version were considered. 

The review intended to establish a state-of-the-art about PCD. Therefore, the inclusion criteria rather 

targeted the qualificatives of PCD to ensure both quantitative and qualitative papers to be retrieved. The 

review focused on surgical practices applied on the intervertebral discs of the thoracolumbar spine and 

consisting of injecting polymethylmethacrylate within a vacuum disc. Studies about vertebroplasty were 

excluded as well as surgeries including external fixations. 

The study search was performed on the electronic databases PubMed and Scopus. Additionally, the 

references of the screened papers were reviewed to search potential related studies. Other studies the 

authors were aware of could also been added (Fig. 2.1).  

Once the studies collected from the databases, the duplicates were removed. A first screening was 

performed based on the studiesô title and abstract to identify if the spine segment or the surgery type had 

been respected. The final eligibility of the studies was performed based on the full text content to fully 

assess all criteria. This process was only performed by one author, but the results were approved by 

others. Among the eligible studies, separation was performed between qualitative studies assessing the 

characteristics of the surgery and its consequences and the studies including statistics on PCD which are 

used for a meta-analysis.  
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Fig. 2.1 - Workflow of the search strategy 
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authors to assess the quality of the studies and their content. The variables sought in all studies were: 

¶ Type of the study (cohort/retrospective/prospective/in vitro/numerical)  

¶ Presence and clarity of the inclusion criteria of specimens/patients in the study 

¶ Presence and clarity of the exclusion criteria of specimens/patients from the study 

¶ Clarity of the selection process of the participants (specimens/patients) 

¶ Presence of comparison between groups of persons/patients undergoing two different treatments 
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As the review covered various types of studies from clinical to mechanical papers or exchanged letters, 

additional variables were investigated with more specific focus on some of the types listed above: 

¶ Presence and duration of a follow-up 

¶ Period of the study 

¶ Number of persons in the cohort/specimens 

¶ Inclusion/exclusion criteria for the persons/specimens 

¶ Variables observed and corresponding parameters measured 

¶ Frequency of measurement 

¶ Nature of the parametersô outcome (index, scale, cases) 

¶ Presentation of the operative technique 

¶ Monitoring of the surgery 

¶ Surgical approach chosen 

¶ Use of preliminary medium to assess the volume of cement to inject 

¶ Volume of cement injected 

¶ Duration of the surgery 

¶ Discharge of the patients 

¶ Post-operative treatment/recommendation 

¶ Presence of case presentation 

¶ Complications/limitations 

In particular, the review investigated patient outcomes, the operative technique, and potential risks 

induced by PCD on the spine depending on the type of article collected. For that, a particular interest 

was brought to: 

¶ Patient feelings in terms of pain, mobility, etc.  

¶ Patient mobility assessed objectively 

¶ Vertebral alignment  

¶ Mechanical behaviour of spine 

¶ Disc height / foramen size changes 

¶ Complications / risks 

Risk of bias was also verified both at the study level (related to fundings for instance) and at the outcome 

levels. Among the practices recommended to decrease the risk of bias, one can mention the use of an 

independent observer or a double-blind, the repeatability of measurements, the reproducibility of the 

measurements by two operators. On the contrary, auto scaling of the patient feelings would represent 

subjective results although it is a crucial tool in clinics. This review did not intent to hierarchize some 

results over others but to make the reader aware of potential weaknesses and limitations of the data in 
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order to adapt to his own need. Each field of research has its own tools which fill the field needs and 

complete each other. 

Qualitative data were reported, gathering into groups the studies presenting similar values. For 

quantitative parameters, the mean values of the studies will be compared using the same scale. To 

quantify patientôs quality of life and pain, Oswestry Disability Index (ODI) and Visual Analogue Scale 

(VAS) scores will be graded using a scale from 0 to 100. Spine alignment and stability will be quantified 

by anatomical parameters in terms of angles and distances.  

2.3 Results 

2.3.1 Results of the literature search process  

The search on PubMed and Scopus with the keywords stated above resulted in respectively 21 and 20 

papers from all types. The first screening of the abstracts and titles provided 27 eligible papers. The full-

text reading established that 13 publications were qualified for this review on PCD, all written since 

2015. Among them, 11 were identified as journal articles covering both clinical and engineering 

investigations, and 2 as letters to the editors commenting some of the retrieved articles.  

The articles found included five prospective studies [1ï5], one case study [6], two diagnosis studies [7, 

8], one retrospective study [9], and two biomechanical studies [10, 11]. Following the case study 

presented by Sola et al., a letter to the editor was written by Wang et al. to require more details about 

the operative technique and its outcome [31]. The content of the answers from Willhuber and Sola was 

published in another letter [32]. 

Except for the case study and the diagnosis study, all papers provided quantitative data tackling the 

patient outcome and/or biomechanical parameters. All studies acknowledged their risks of bias and tried 

to limit them.  

One must note that the term Percutaneous Cement Discoplasty was not universally used in the literature 

since Yamada et al. reported the surgical technique in their two papers under the name percutaneous 

intervertebral-vacuum polymethylmethacrylate injection (PIPI). In this review, the surgery was named 

after the most common term: percutaneous cement discoplasty. 

Among the recorded 13 publications, six studies used human participants. Yamada et al. compared 

groups undergoing PCD to other treatments, whereas the others focused on a preop/postop comparison. 

For in vivo studies, the selection process of the participants was explicitly detailed in the text at 

minimum, with additional scheme to summarize in Yamada et al. and Kiss et al. studies. 

The review aimed to gather all publications linked to PCD, whether they covered the patient outcome 

or the operative technique. Data collected in vivo and in vitro were separated below. 
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2.3.2 Evaluation of the operative technique  

2.3.2.1 Presentation of the in vivo studies 

Eleven publications tackled in vivo PCD applied to patients from the surgical planification to the 

operative technique itself and the patient outcome. Historically, cement injection in the IVD was 

primarily introduced to stabilize the cervical spine [25], [28]. In 2015, Varga et al. presented the 

operative technique applied for the first time to the lumbar spine [20], followed in 2018 by Sola et al. 

[33]. Four papers included a case study presentation [20], [33]. Willhuber et al. focused one study on 

the development of a methodology to fine-tune the diagnosis of cases requiring PCD as a treatment [34]. 

Eltes et al. developed a methodology to quantitatively evaluate the impact of the surgery in patient 

anatomy using medical imaging [7]. Finally, six papers included a follow-up of the patients [20]ï[22], 

[35]ï[37]. While Kiss et al. and Varga et al. investigated PCD as treatment of disc degeneration without 

distinction, Yamada et al. applied PCD to specifically treat scoliosis resulting from disc degeneration. 

The study compared the clinical outcomes of two groups: patients treated with PCD and patients treated 

with physiologic therapy. Willhuber et al. addressed the matter by comparing the treatment outcome in 

patients with and without degenerative scoliosis [36]. Another study by Willhuber et al. compared the 

PCD outcome between three groups of patients depending on their previous spine surgical history at the 

treated level [37]. 

2.3.2.2 Surgical planning 

Generally, all studies defined the same indications for surgery. As a minimally invasive surgery, PCD 

first aims to treat patients not suitable for an open surgery. Patients must suffer from a Disc Degeneration 

Disease in an advanced stage (Pfirrmannôs grade V) resulting into a VP due to the disappearance of 

nucleus pulposus. Evidence of foraminal stenosis directly inducing back pain is also required: LBP must 

increase with standing activity and be relieved after resting.  

Pfirrmannôs scale evaluates the intervertebral disc degeneration stage however PCD principally depends 

on VP and the surrounding tissue state. For that reason, surgery planning was refined to identify patients 

having the most suitable biological condition of the disc and the endplates [34]. A new classification of 

VP, established from Computed Tomography scans, identified four levels of VP based on the rate 

air/disc tissue and two sub-levels depending on the presence of subchondral stenosis. In the study, 

Willhuber et al. suggested that PCD should be only recommended for partial or complete VP to reduce 

risks of disc protrusions during cement injection. Additionally, the presence of subchondral stenosis 

would limit risks of adjacent fractures, in particular in osteoporotic patients. 

Few contraindications were presented by Sola [33]: 

¶ Severe osteoporosis could jeopardize the integrity of the vertebral bodies after the surgery. 

Following Wangôs letter to the editor [31], Willhuber and Sola specified that no direct measure 
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of lumbar osteoporosis was used as a threshold to discriminate patients suitable for PCD [32]. 

However, patients with a bone mineral density T-score -2.5DS in hip of history of bone fracture 

were referred to endocrinologist for anti-osteoporosis treatment. In their papers, Yamada et al. 

defined a bone density threshold of 70% under which the surgery is not recommended. 

¶ Severe deformity of the spine would exclude patients from receiving PCD as this surgery does 

not aim to restore the spine alignment. Later, the authors specified in their answer to Wang et 

al. that degenerative scoliosis was not a contraindication since it was usually induced by disc 

degeneration [32]. Moreover, PCD also demonstrated a stabilizing effect on the spine.  

¶ Evidence of tumours or infections at the corresponding spine levels 

¶ Obesity is a limiting factor because it reduces the quality of the fluoroscopy monitoring 

performed during the surgery  

2.3.2.3 Operative technique 

PCD is a minimally invasive surgery whose operative technique was similarly described by two papers 

(Fig. 2.2). A radiopaque medical cement was injected to fill the vacuum through the Kambin's triangle 

[20], [21]. Yamada et al. prioritized a transpedicular approach for the injection while Sola et al. also 

recommended an entrance parallel to the superior lateral pedicle edge. Wang et al. confronted the 

difference of approaches used by Varga and Sola et al., wondering the key factor allowing a 

homogeneous cement distribution and avoiding leakages [31]. Willhuber and Sola explained that the 

cannula between middle and anterior third of intervertebral was indicated. Stopping injection when bone 

cement reaches the posterior vertebral wall would prevent leakages [32].  If Varga et al. recommended 

local anaesthesia, PCD can be conducted under general anaesthesia as reported by Willhuber, Kiss and 

Yamada et al. [21], [22], [35]ï[37]. For all studies, the volume of injected cement varied between 3-

10mL depending on the patient and spine level, since cement must entirely fill the vacuum. The surgery 

was always performed under fluoroscopic monitoring for a better guidance of the injection and to 

prevent cement leakage in the neural canals. Preliminary to cement injection, one study used a medium 

injected in the disc to assess the volume of required cement [22]. The surgery duration varied between 

studies depending on the number of treated levels, from about 25 min for one level PCD to more than 1 

hour for five level PCD. Willhuber et al. demonstrated that PCD associated with decompression surgery 

also provided promising outcome to treat elderly [37].  
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Fig. 2.2 - Operative technique of Percutaneous Cement Discoplasty. Upper row: A reduction of the 
neuroforamen space (arrow) is observed in the unstable spine in supine position resulting in nerve 
compression. Middle row: The vacuum (black) of the disc is filled by PMMA cement (white). Bottom 
row: After surgery, the cranial-caudal diameter of the foramen was increased by the cement mass. 

Red: compressed nerve, Yellow: released nerve. Adapted by permission from Springer Nature 
Customer Service Centre GmbH: Springer, Der Orthopade, Experiences with PMMA cement as a 

stand-alone intervertebral spacer: Percutaneous cement discoplasty in the case of vacuum 
phenomenon within lumbar intervertebral disc, Varga et al., 2015) [20] 

2.3.2.4 Postoperative recommendations and complications 

Patients were usually discharged within 3 days. They were encouraged to stand and walk as soon as 

possible [36]. In the case of the treatment of lumbar degenerative scoliosis, a brace was worn by patients 

for two months [22]. Willhuberôs group did not recommend a brace postoperatively, since patients 

undergoing PCD did not have risky activities. The only recommendation was to avoid excessive 

flexion/extension movements and limit more than 10 kg lifting [32].  

Kiss et al. and Yamada et al. reported cement leakages in 4% of the surgeries (respectively 3/63 patients 

and 3/80) which were treated by decompression surgery [21], [35]. In the first study, all leakages, located 

in the foramens, caused severe leg pain, and were treated by foraminal decompression during a revision 

surgery. In the second study, one leakage was localized in the intervertebral foramen, and induced a 

radicular pain which was treated with anti-inflammatory analgesics. Because of the reduced capacity of 

the disc after PCD to share the vertical stress between vertebrae, Wang et al. shared concerns about the 

increase of fracture risk [31]. In their answer, Willhuber and Sola reported one fracture over 131 treated 

discs. They explained that fractures were prevented by the degeneration of the endplates which resulted 

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=be946ed0-ce0f-447e-8a49-231345bca1c2
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in subchondral sclerosis. No endplate fracture nor cement dislodgement was reported by Yamada et al 

[22]. One deep infection and one fracture of the adjacent vertebral body were later reported by Willhuber 

et al. along with two cases of leakage in the foramen, one disc extrusion and one unexplained pain [36]. 

Overall, 16% of complications were reported in their last study, with only 5.7% (9/156) permanently 

impacting the spine [37]. Cement leakage acquainted for 3.2% and vertebral fracture for only 0.6%. 

2.3.3 Overview of the follow-ups  

Among the six studies including a follow-up, minimal follow-ups lasted six months [20], [21]. Willhuber 

et al. presented a one year follow-up [36] and a second study of two years follow-up [37]. Yamada et 

al. first study measured patient outcome for two years [22], the second study based on the same cohort 

lasted about 63.7 ± 32.4 months (mean±SD) [35]. Periods over which the recruitment and the follow-up 

of patients was performed widely varied between studies. 

2.3.3.1 Selection of patients 

The first patient outcome published studies included 47 participants with complete follow-ups out of 81 

initially  treated patients [20]. 28 participants out of 63 were included by Kiss et al. in a follow-up of six 

months (Fig. 2.3). The first study of Yamada et al. enrolled 162 participants out of 252 patients [22], 

but was extended in a second study, resulting in a shorter cohort of 80 participants [35]. Willhuber et al. 

presented a retrospective study on 54 participants separated into 2 groups: 37 participants had a 

degenerative scoliosis, and 17 participants did not present any sign of scoliosis [36]. In a second study, 

they gathered data of 156 patients from two centres that were separated into 3 groups based on their 

previous surgical history (PCD only/PCD after previous lumbar surgery /PCD+decompression) [37]. 

Fig. 2.3 ï Patients involved in the clinical follow-up studies, from the initial recruitment to the final 
group. 
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Among the patients treated by PCD in each study, the follow-up final participants were filtrated using 

exclusion criteria similar for most studies. The main exclusion criteria were:  

¶ The absence of complete datasets [21], [36]; 

¶ The simultaneous performance of any type of spine surgery even out of L1-5 [21], [36]; 

¶ The presence of any previous surgery at the same anatomical level [22], [35], [36]. 

Additionally, patients with less than 1 year [36] and 2 years [37] of follow-up were excluded from 

Willhuberôs studies.  

In order to study the impact of PCD on degenerative scoliosis, patients with a Cobb angle exceeding 

10°, a VAS score above 50 points, and Bone Marrow Edema visible on endplates were selected by 

Yamada et al. 

2.3.3.2 VAS/ODI scores 

Low back pain graded by the VAS score was reported over the two years of follow-up (Fig. 2.4). In all 

studies, the postop VAS score was significantly reduced compared to preop, and at every step of the 

follow-up. In the two longest studies, the pain level increased again with time, but remained significantly 

reduced compared to preoperative condition. Studies reported the disability to perform daily activities 

following ODI variations. Similar to VAS, all studies reported a significantly reduced ODI post-surgery 

compared to preoperative which was still present after two years.  

Fig. 2.4 ï VAS and ODI scores chronologically reported from preoperative to two years postoperative. 
Fu: follow-up 
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2.3.3.3 Radiographic parameters 

The Bone Marrow Edema (BME) score decreased after PCD and for the duration of the follow-up (>2 

years) assessing the recession of the edema in the vertebral bodies (Yamada et al.).  

The Cobbôs angle was measured by Yamada et al. and Willhuber et al. preop and followed for 2 years 

(Fig. 2.5). After the intervention, the Cobbôs angle was significantly reduced in the scoliotic group 

(p=0.0006), while the non-scoliotic group did not exhibit any change [36]. The comparison between 

patients treated with PCD and physiologic treatments during the follow-up showed the increasing 

significant effect of the surgical treatment on the Cobbôs angle, however the Cobbôs angle increased 

during the follow-up. Lumbar lordosis was not significantly impacted by PCD (p>0.05), while the 

segmental lordosis exhibited a significant increase (p<0.05) [21]. On the contrary, another study 

reported a significant increase of lumbar lordosis at one year postop (p=0.0001) in patient with lumbar 

scoliosis but no significant changes in segmental lordosis [36]. 

The pelvic incidence remained unchanged six months after PCD (p>0.05) [21]. The sacral slope 

significantly increased postop in two studies (p<0.01) and the change remained constant [21] (Fig. 2.5). 

The correction of sacral slope was positively correlated with the improvement of ODI. The pelvic tilt 

significantly decreased immediately after the intervention (p<0.05), and the drop remained constant after 

six months [21].  Lumbar lordosis was not significantly impacted by PCD (p>0.05), while the segmental 

lordosis exhibited a significant increase (p<0.05) [21]. On the contrary, another study reported a 

significant increase of lumbar lordosis at one year postop (p=0.0001) in patient with lumbar scoliosis 

but no significant changes in segmental lordosis [36]. 

Fig. 2.5 ï Impact of discoplasty on the sacral slope and Cobb angle 

Lumbar scoliosis and segmental scoliosis were significantly reduced both in segments with and without 

PCD [21]. The intervention significantly changed the scoliosis angle postop (p<0.05), but after six 

months no change from postop was observed (p>0.05).  
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In the sagittal plane, anterior and posterior disc height were significantly improved by PCD (p<0.001 

for both). The interpedicular height showed a significant increase after surgery in treated segments 

(p<0.001) and the change was constant [21].  

2.3.4 Biomechanical assessment of the effects of discoplasty 

In parallel to patient outcome investigation, in vitro and in silico studies assessed the biomechanical 

outcome of the surgery. The application of PCD on the low thoracic/lumbar spine being recent, apart 

from our studies, engineering research on the topic remained limited. Short summary of our published 

results is presented below; the detailed paper being extensively developed in Chapter 3 and Appendix 

2. 

2.3.4.1 Evaluation of the operative technique 

The first interest of the technical studies was to provide objective data to evaluate the success of the 

surgery to match the clinical expectations. Despite relieving the pain, PCD aimed to 1/ fill VP with 

acrylic cement in order to 2/ increase the disc height and 3/ achieve an increase of the foramen space.  

1/ Evaluation of the cement distribution: Postoperatively, the in vivo cement distribution was segmented 

from CT scans and characterised in term of cement mass volume and surface by Eltes et al. [38]. The 

cement axial thickness between the endplates was also measured for each disc. Cement distribution 

presented large variability of volume (3.8-13.1 ml range) and shape induced by the wide variations of 

musculoskeletal status and degeneration of each patient (Appendix 2). Improvement of the patient 

outcome was correlated to high cement thickness. 

2/ Measurement of Disc Height: Techens et al. compared ten porcine lumbar discs in intact condition, 

after nucleotomy, and after simulated PCD tested in flexion and extension. In both motions, Posterior 

Disc Height (PDH) was significantly reduced by more than 15% after nucleotomy whereas discoplasty 

significantly restored it. In extension, PDH after surgery was 105% of the intact disc height. The in vitro 

investigation confirmed the disc height increase clinically observed [39] (see Chapter 3). 

3/ Measurement of the foramen space: Eltes et al. developed an 3D volumetric method to quantify the 

preop-postop change of the foramen space from tomographic images. PCD significantly decompressed 

the spinal canal despite the wide difference of volumetric changes (mean= 2295 mm3, SD= 1181 mm3, 

n= 16). Foraminal decompression was favoured by higher volume, larger surface and lower surface-

volume ratio [38].  

2.3.4.2 Biomechanical properties of the spine after discoplasty 

Although PCD does not primarily aim to spine stabilization, it is often a concern in disc degeneration. 

Techens et al. measured the in vitro range of motion and stiffness following PCD on porcine lumbar 
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segments. No significant changes were observed despite a decrease of the ROM in flexion and an 

increase in extension compared to intact discs. Discoplasty recovered the intact ROM compared to 

nucleotomy. The strains measured on the specimen surface showed a partial recovery after discoplasty 

of the distribution in intact discs. PCD also reduced the peak strains observed after nucleotomy [39].  

2.3.5 Alternative materials for PCD  

More than the clinical outcome of PCD, research on PCD also covered improvements of the technique 

to provide a better stabilization of the spine and improvement of patientôs condition. Osteogenic 

mineralized collagen (MC) modified polymethylmethacrylate (PMMA) cement was investigated by 

Yang et al. as a substitute to PMMA for PCD. With MC particle size ranging between 300 and 400µm, 

injectability, hydrophilicity, and mechanical properties of PMMA-MC were characterised [40]. After 

implantation in goat surrogates, PMMA-MC showed a significant better osteointegration than pure 

PMMA cement in term of circumferential contact index with bone. Moreover, PMMA-MC triggered a 

limited reaction from the immune system, in comparison to PMMA which exhibited a large fibrous 

encapsulation in in vitro experiments. Due to its decreased mechanical strength (Elastic modulus of 2.4-

2.8 GPa for frequencies of 1-10Hz) reducing risk of bone fracture while keeping similar injectability 

characteristics as PMMA, MC-modified PMMA was presented as a promising alternative to pure 

PMMA cement for disc degeneration treatment with PCD.  

2.3.6 Limitations and risks of discoplasty 

PCD being a minimally invasive surgical technique, it reduces the risks of clinical complications 

compared to the alternative surgeries in the treatment of degenerative disc disease. However, it still 

implies limitations and risks reported by the previous studies. Among the rare permanent complications 

reported by clinical follow-ups, cement leakage in the intervertebral foramen and vertebral body fracture 

were the most common. Contrary to leakage in the adjacent vertebrae which are passive, cement in the 

intervertebral foramen could jeopardize the spinal cord integrity. The cases can be limited by closely 

monitoring cement injection with the use of imaging devices and by adapting the site and approach 

chosen for the injection (see 2.3.2.4).  

Vertebral fractures are naturally prevented by endplate sclerosis and by selecting patients with a certain 

bone density. Pre-operative treatments can also be implemented to strengthen the bone structures. 

Additionally, PCD allows to create a patient specific cement spacer adapted to the endplate shape which 

increases the contact surface transmitting compressive loads at the cement-endplate interface. Although 

no proper investigation of the intra-discal stress and subsidence after PCD has been conducted so far, 

an increased bearing surface is intended to reduce the pression on the endplates compared to other non-

specific devices previously used to space the vertebrae [41]. Finally, vertebral fractures could be 

prevented by replacing the injected PMMA cement with substitute fillers exhibiting reduced mechanical 
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strength. Nonetheless, no experimental study could be found testing the limits in patientôs activities 

susceptible to cause fracture. Questions such as: ñWhich load could a patient safely carry? Which 

movement could be safely achieved?ò were not investigated yet, although patients indicated for PCD 

were unlikely to carry heavy loads or ostentatiously exercise.  

Other concerns can be raised about the interface between the cement and the surrounding tissue of the 

annulus. No study could be found focusing on both the short- and long-term responses of the biological 

tissue of the disc to the presence of the injected cement. No abnormal inflammatory activity was reported 

in the follow-ups. PMMA cement being biocompatible and favouring osteointegration, long-term 

cemented discs would be expected to fuse and stabilize the treated level. Complications arising from 

long-term motion such as cement loosening or wear although they have not been studied yet, would 

therefore seem unlikely. However, substitute filler with better osteointegration would still decrease these 

risks of complications. 

Considering the profile of patients treated with PCD following the indications and contraindications 

presented before, the limitations addressed above covered only the risks linked to complications 

clinically reported. One should remember the frame of application of PCD and conduct more 

investigations in case of change of the indications of the surgery (younger, more active patients, etc.). 

2.4 Conclusions 

Disc degeneration disease has a high prevalence in the population, in particular in the elderly and is 

responsible for low back pain. In the most advanced cases, the disappearance of nucleus pulposus results 

in the presence of a VP which leads to the disc collapse, and the reduction of the clearance of the 

foramens. Because polymorbid and old patients are not suitable for an open surgery, they are treated 

with percutaneous cement discoplasty, a minimally invasive surgery. The aim of this review was to 

establish a state of the art of the publications related to PCD.  

Thirteen papers were retrieved through two databases covering clinical and engineering approaches of 

the surgery. Two studies presented the operative technique and its criteria for patient selection. PCD 

consists in filling the intradiscal space with injectable PMMA cement to replace the VP by a cemented 

spacer. Thus, the disc height is expected to be restored and the foramen space enlarged to release nerve 

compression and relive patient pain. Patients were usually discharged between one and three days after 

surgery. PCD was mainly contraindicated in case of severe osteoporosis and severe spine deformity 

although it stabilized degenerative scoliosis. Cement leakages in the vertebral bodies or the foramen 

were the most common complications but with a low prevalence (4% of the treated discs) and the pain 

was treated.  
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Six clinical studies included patient follow-ups lasting between 6 months and 2 years. All follow-ups 

concluded that PCD significantly reduced low back pain immediately after surgery and that the decrease 

lasted until the end of the follow-up. Similarly, the quality of life reported by patient clearly improved 

post-surgery and lasted until the end of the study. The disc height was restored by PCD, validating the 

main objective of surgery. PCD significantly reduced the postoperative Cobbôs angle and pelvis tilt 

while increasing the sacral slope. The changes remained constant during the follow-up except for Cobbôs 

angle which slowly restored. PCD significantly reduced the scoliosis angle which stayed stable along 

the follow-up although the surgery is not primarily recommended to treat scoliosis.  

Among the investigations on PCD, one research axis questioned the filling material and its properties. 

A variation of bone cement (PMMA-MC) exhibiting mechanical properties closer to bone tissue was 

investigated. Its ability to favour osteointegration and limit the immune system reaction compared to 

pure PMMA made it a valuable candidate for PCD.  

Despite the limited number of studies published about PCD, the clinical follow-ups lasted up to two 

years and investigated both the patientôs feelings and the spine alignment. The possibilities of 

improvements in the surgery planning as well as the injected material were also considered. From the 

reviewed papers, percutaneous cement discoplasty is an efficient surgery and has some promising further 

development axes, however apart from our research, only clinical follow-ups and one material study 

were published, exhibiting a large gap for biomechanical studies. Indeed, the spine biomechanical 

behaviour under various loadings, including spine mobility, kinematics, but also the biomechanical 

answer of each component of the spine segment were omitted. This results in a major restriction: only 

the supine and standing positions (loaded with the upper body weight) were really investigated through 

clinical studies, but axial compression is not the only challenging loading configuration for disc height 

and foramen space. Indeed, a focus on other loading configurations as well as the measurement of 

different parameters would be needed to complete a rational on the benefits and limitations of 

percutaneous cement discoplasty.
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3.1 Abstract 

Percutaneous Cement Discoplasty has recently been developed to relieve pain in highly degenerated 

intervertebral discs presenting a vacuum phenomenon in patients that cannot undergo major surgery.  

Primarily applied in cervical spine, little is currently known about the biomechanical effects of 

discoplasty in the lower spine.  This study aimed at investigating the feasibility of modelling empty 

discs and subsequent discoplasty surgery and measuring their impact over the specimen geometry and 

mechanical behaviour. Ten porcine lumbar spine segments were tested in flexion, extension, and lateral 

bending under 5.4 Nm (with a 200 N compressive force and a 27 mm offset).  Tests were performed in 

three conditions for each specimen: with intact disc, after nucleotomy and after discoplasty.  A 3D 

Digital Image Correlation system was used to measure the surface displacements and strains.  The 

posterior disc height, range of motion (ROM), and stiffness were measured at the peak load.  CT scans 

were performed to confirm that the cement distribution was acceptable.  Discoplasty recovered the 

height loss caused by nucleotomy (p=0.04) with respect to the intact condition, but it did not impact 

significantly either the ROM or the stiffness.  The strains over the disc surface increased after 

nucleotomy, while discoplasty concentrated the strains on the endplates.  In conclusion, this preliminary 

study has shown that discoplasty recovered the intervertebral posterior height, opening the 

neuroforamen as clinically observed, but it did not influence the spine mobility or stiffness. This study 

confirms that this in vitro approach can be used to investigate discoplasty. 
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3.2 Introduction 

Intervertebral Disc (IVD) degeneration is one of the main causes of low back pain, a large socio-

economic burden for society, affecting between 60% and 70% of the population in industrialized 

countries at least once during their lifetimes [9]. Interbody fusion with the insertion of an intervertebral 

spacer after performing disc fenestration is the most common surgical treatment and has been widely 

studied in the literature [42]ï[50]. It requires an invasive surgery which lasts for hours and is often 

associated with significant blood loss, long recovery, and general anaesthesia which is not suitable for 

elderly patients or those with significant comorbidities. Since this disease appears with age, finding 

minimally invasive treatments is crucial to treat the most complex cases. Percutaneous Cement 

Discoplasty (PCD), a surgical technique that minimizes the surgical morbidity and complication risks, 

is applied when a vacuum phenomenon (VP) is observed inside the IVD, resulting in the collapse of the 

adjacent vertebra and in nerve root compression. It consists of injecting an polymethylmethacrylate 

cement (PMMA) to ñcreate individually shaped ñin-siteò intervertebral spacersò in order to recover the 

disc height and decompress the spinal canal  [20]. One advantage of using PMMA to stabilize the spine 

is that ñthe load-bearing surface of the implant is fully adapted to the shape of the endplatesò. 

PCD is a technique recently applied to the lumbar spine, the authors found very little literature on the 

subject. Varga et al presented in 2015 the technique and their clinical study on 47 patients showed 

significant improvement in their quality of life, correlating with a pain factor decrease at 6 month follow-

up [20]. Another study reported the surgery of a patient treated with PCD [33]. Discoplasty was shown 

to positively affect the spinal alignment and neuro-foraminal height in 27 patients [21].  

While the impact of PCD on spine has been clinically assessed by comparing pre-operative/post-

operative scores, no indication about spine kinetics and kinematics has been found by the authors. Some 

studies investigated similar techniques on animals, performing in vitro testing of spines in intact 

condition (with a full IVD), after removal of the Nucleus Pulposus (NP), and/or after a stabilization 

surgery. Refilling of the disc with  soft materials [51] to recover intact spine mechanics was also 

investigated, however it differs from discoplasty which uses acrylic cement. Only Moissonier et al and 

Wilke et al mimicked the PCD technique, implanting a spacer within the empty disc. The first 

demonstrated that nucleotomy of canine IVD increased the Range of Motion and reduced disc height, 

whereas the presence of a hard mass inside the disc recovered the height loss but left ROM as wide as 

after nucleotomy [43]. The second showed that bone cement stabilized cervical discs, reducing the ROM 

compared to an intact spine [28]. Moreover, using animal surrogates usually limits access to naturally 

degenerated discs, consequently research has also focused on the best technique to model the VP [52], 

[53], and the mechanical consequences of that surgery [54], [55]. In conclusion, PCD surgery relies on 

a weak knowledge of the mechanics of lumbar spine treated this way.  
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This study aims at enlarging knowledge about the mechanical consequences of PCD on lumbar spine 

stability. The motivations were two-fold: first, to develop a method to artificially represent a vacuum 

disc and the surgical technique applied to in vitro specimens, and to check the efficiency of this method 

as a model of PCD. Secondly, the study aimed at developing a methodology assessing the biomechanics 

of the spine before and after discoplasty. In particular, we hypothesized that PCD would recover the 

posterior disc height, affect the mechanical behaviour of the spine and present a damage risk for the 

surrounding tissue due to cement presence.  

3.3 Methods 

3.3.1 Specimens 

Ten functional spinal units were transected between T13 and L6 from porcine (sus scrofa domesticus) 

thoracolumbar spines. The animals were young and healthy porcine (approximately 9 months old and 

100 kg) sacrificed for alimentary purposes. The specimens were cleaned using surgical tools: all soft 

tissues were carefully removed from the segment without damaging the vertebra, the facet joints and the 

intervertebral disc. In order to keep the natural kinetics of the segment while testing, the anterior, 

supraspinous and posterior ligaments were left intact. Each segment disc was horizontally aligned in the 

sagittal and frontal planes, using a six-degree-of-freedom clamp. Both segment extremities were 

embedded in acrylic bone cement, one after the other to make parallel pot planes. Specimens were stored 

frozen at -20 °C between cleaning and testing phases and between the tests which has been proven not 

to affect significantly the segment biomechanics [56]. 

3.3.2 Surgical procedure  

The purpose of the study is to develop a method to investigate the impact of PCD on the biomechanical 

behaviour of the spine by comparing IVD treated by this technique to degenerated and healthy IVDs. 

Thus, each specimen was tested in the three conditions sequentially:  

¶ intact (INT) with a healthy IVD,  

¶ after nucleotomy (NUCL) to simulate the instability of degenerated discs,  

¶ after discoplasty (DP) (Fig. 3.1). 
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Fig. 3.1 ï Experimental workflow of the study. The arrow represents the applied load and the resulting 
moment M. 

3.3.3 Nucleotomy 

Since the porcine specimens were euthanized before reaching skeletal maturation, degenerated disc 

instability has been manually simulated by reproducing the vacuum inside of the disc. The specimens 

were thawed at room temperature. A square incision was performed with a scalpel blade in the annulus 

fibrosus on the latero-posterior side of the disc. The nucleus pulposus, easily identified due to its 

softness, was completely extracted through the excision with a curette. The endplates were shaved by 

scratching off the soft tissue until the surfaces felt smooth. This did not weaken the endplates, as no 

intravertebral leakage was observed during discoplasty. The size of the incision corresponded to the disc 

height. The specimens were frozen at -20 °C until testing.   

3.3.4 Discoplasty 

After being tested in degenerated conditions, the specimens were treated with discoplasty. For that, the 

specimens were thawed at room temperature. A high-viscosity radiopaque acrylic bone cement (10% 

BaSO4) (Tecres, Italy) was injected inside the disc through the incision. The cement was prepared at 

room temperature, mixing the powder and liquid components, and waiting as recommended by the 

supplier to reach the adequate viscosity before injection. Because the empty IVD was no longer in 

tension, the segment was distracted/stretched during the injection to avoid an underestimation of the 

cement volume. After injection, the cement hardened for 30 min. The specimens were frozen at -20 °C 

until testing. In one specimen the facet joint was unintentionally damaged at the end of the last test: 

checking the test results in retrospect confirmed there was no artefact. 
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3.3.5 Mechanical testing 

All the specimens underwent the same test conditions. In order to simulate in vivo kinetics of porcine 

spines, a load with offset was applied to simulate flexion, extension, and lateral bending (the same side 

was selected for each specimen based on the possible damages made during the preparation). This 

simplified loading scenario was chosen as it allows reproducible simulation of a realistic loading 

scenario.  In quadrupeds, the choice of a side is less significant than for humans since they do not have 

a predisposed limb side. The specimens were mechanically tested with a uniaxial servo-hydraulic testing 

machine (Mod. 8032, Instron, UK) operated in displacement control. The upper pot was rigidly fixed to 

the top of the testing machine while the other was loaded through a spherical joint moving along a rail 

(Fig. 3.1). Before testing, each specimen was thawed at room temperature and pre-conditioned applying 

a sinusoidal loading at 0.5 Hz for 20 cycles to minimize viscoelastic creep effect. Specimens were loaded 

at 5.4 Nm by applying 200 N with an offset of 27 mm. The loading ramp lasted 1 s then the maximum 

loading was maintained for 0.3 s and the specimen was unloaded. The cycle was repeated 6 times (Fig. 

3.2). Three cycles were found to be sufficient for preconditioning the data in another study [57], further 

cycles being nearly identical. The same trend was observed in these tests. The loading conditions were 

selected within the range of biological conditions, applying similar moments to other past studies [47], 

[58]ï[60]. Besides, the selected load avoided specimen damage. Each test was repeated twice to prove 

the experiment repeatability. Mean of data extracted from the last cycle of both runs was derived for 

each specimen. Axial load and displacement were acquired by the Digital Image Correlation (DIC) 

system connected to a load cell (100 kN) at 15 Hz. Additionally, to have a more reliable sequence, the 

data were recorded with an independent computational unit (PXI, Labview, National Instruments, Aus. 

Texas, US) at 500 Hz. Unfortunately, some of the former records were missing for the first tests. Loads 

were either interpolated to have more data or smoothed with a median filter depending on the acquisition 

frequency. 

Fig. 3.2 ï Workflow of the applied displacement for flexion, extension, and lateral bending. 
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3.3.6 Displacement and strain with DIC 

For each test, the specimen surface has been studied using a DIC set-up in order to track its 

displacements and strains. This technique requires a high-contract speckle pattern on the region of 

interest. Thus, a white-on-black speckle pattern was prepared on both the vertebra and the intervertebral 

disc (Fig. 3.1). First, the segment was stained 3 times with a methylene blue solution to create a dark 

background without impacting the properties of the tissues [61]. The white pattern was then sprayed 

following a procedure optimized elsewhere [62]. To measure the displacements and the deformations 

over the specimen surface, a 3D-DIC system (Q400, Dantec Dynamics, Skovlunde, Denmark) and the 

associated software (Instra 4D, v.4.3.1, Dantec Dynamics) were used. Images were acquired by two 

cameras (5 Megapixels, 2440 x 2050 pixels, 8-bit) with high-quality 35 mm lenses (Apo-Xenoplan 

1.8/35, Schneider-Kreuznach, Bad-Kreuznach, Germany) inclined at an angle of 26° (white dot line on 

Fig. 3.1). The field of view covered the entire specimen (about 50mm by 30mm), which gave a pixel 

size of about 0.02mm. The specimen was lit by cold-light LEDs. Before the tests, calibration of the DIC 

system was performed using a dedicated target (Al4-BMB-9x9, Dantec Dynamics). The parameters for 

the images acquisition and the correlation analysis have been previously optimized to minimize the 

error: facet size of 35 pixels, grid spacing of 11 pixels, and local filtering with a 7x7 pixels kernel. In 

order to investigate the biomechanical behaviour of the spine, two different acquisitions were performed: 

¶ For extension and flexion: Lateral view of the segment with the cameras pointing at the 

neuroforamen 

¶ For lateral bending; Frontal view of the specimen with the cameras pointing to the selected 

bending side 

Images were taken at 15 Hz from the unloaded condition (reference frame, no load applied) to the end 

of the 6th cycle. 

3.3.7 Data analysis and statistics 

The parameters were extracted from the last load cycle of each of the two repetitions of each loading 

configuration. All  measurements were compared for each specimen between the three disc conditions: 

intact, nucleotomy, discoplasty. Peak load DIC image frame was obtained by tracking the axial 

translation of the free vertebra and synchronizing the cycles with the actuator displacements. In order to 

assess the changes in the nerve space in the neuroforamen, which is the main point in doing discoplasty, 

the posterior disc height was measured using DIC images: one point on each endplate was identified on 

the 3D profile of the disc in the back of the disc, close to the neuroforamen, where the nerve is passing. 

The points were aligned in the cranial-caudal direction. Their position was therefore tracked using DIC 

software. As a result, posterior disc height was only computed in flexion and extension, the frontal view 

not allowing height computation in lateral bending. 
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Displacements of the caudal vertebra in relation to the cranial vertebra were calculated from DIC images 

with a Matlab script. Assuming vertebra to be rigid bodies, the motions (translations and rotations) of 

each vertebra were computed based on singular value decomposition. The ROM was defined as the 

relative angle between the vertebra in the sagittal plane between the peak load and unloaded conditions.  

A pilot study of the load-displacement curves determined that, for porcine spines, the position having a 

first derivative of 30 N/mm was at the limit of the laxity zone (LZ). Stiffness was defined as the slope 

of load-displacement relationship in LZ. Although for some specimens this method underestimated the 

length of the LZ, the stiffness computation was not impacted since it was within the linear region [63]. 

All the computations were performed with dedicated Matlab scripts (MathWorks, Inc., Natick, MA, 

USA). All height and strain measurements were evaluated by two independent observers. To limit inter-

specimen variability influence, all stiffnesses, heights, and ROMs values were normalized to the intact 

condition. 

In addition to posterior disc height, ROM, and stiffness calculations, the true principal strains over the 

specimen surface (vertebra and IVD) were measured at the peak load. In particular, the disc surface area 

was manually identified and the minimum, maximum and mean of the first and second principal strains 

were extracted. Those measurements were performed in flexion and extension because the frontal view 

did not allow consideration of the neuroforamen area. 

For each parameter, outlying data were preliminarily tested and excluded using the Peirce criterion [64], 

this resulted in a 10% data exclusion at the maximum. Test parameters were computed based on the 

sixth cycle. Mean ± standard deviation of all the outcomes were calculated and presented by group. Due 

to the small specimen number, comparisons between the three conditions were made for ROM, stiffness, 

height, and the strain mean with a non-parametric test (Wilcoxonôs sign rank, with Matlab).  

3.3.8 Cement distribution   

In order to study the cement distribution inside of the disc, scans of the specimens have been performed 

after discoplasty with a clinical computed tomography scanner (Aquilion ONE, Toshiba) with 120 mA, 

135 kV and a 0.5 mm voxel. The scans of nine specimens out of ten were available due to a practical 

mistake. The shape of the cement, its capacity to fill the disc cavity, the endplates and AF contact were 

visually assessed by a spine surgeon (P.E.) from the 3D reconstruction of the PMMA geometry. 

Segmentation process was performed in Mimics® image analysis software (Mimics Research, Mimics 

Innovation Suite v21.0, Materialise, Leuven, Belgium) on the 2D CT images using thresholding 

algorithm.  
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3.4 Results 

3.4.1 Posterior disc height 

The posterior disc height was measured in the three conditions. At peak load, intact posterior disc height 

was higher in flexion than in extension. Nucleotomy significantly decreased the posterior height for 

flexion (p=0.006, Wilcoxon, after Bonferroniôs correction Ŭ=0.025). A decrease of posterior height was 

also observed in extension (p=0.049, Wilcoxon, Ŭ=0.025) (Fig. 3.3). On the contrary, discoplasty 

restored the height. Results were normalized to the initial posterior height for each specimen. In 

extension, height after discoplasty was significantly higher (105% of the intact height) than after 

nucleotomy (81%) (p= 0.04, Wilcoxon). In flexion, posterior disc height was respectively 84% and 94% 

of the intact height after nucleotomy and discoplasty but the difference between the two conditions was 

not significant (p=0.11, Wilcoxon). 

Fig. 3.3 ï Intervertebral posterior disc height recorded at the peak load in intact condition, after 
nucleotomy, and discoplasty for both motions. Mean over all specimens and standard deviation were 
represented (n=10). Normalized data showed significant differences in flexion (p=0.11) and extension 

(p=0.04) between NUCL and DP. 

3.4.2 Range of motion 

Intervertebral motions in the applied direction were one order of magnitude higher compared to the other 

directions. Only the motions in the applied direction are reported here. In flexion and lateral bending, 

nucleotomy reduced the ROM (Fig. 3.4). The ROM in extension slightly increased after nucleotomy 

and discoplasty compared to the intact condition. The results for degenerated and discoplasty discs were 

normalized by the intact ROM for each motion. ROM was not significantly different between 

nucleotomy and discoplasty in flexion (Wilcoxon sign-rank test, p=0.57), extension (p=0.43) and lateral 

bending (p=0.50, Wilcoxon).  
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Fig. 3.4 ï Range of Motion recorded at peak load for flexion, extension and lateral bending, in all disc 
conditions. Normalized data were not statistically significant (p>0.1). 

3.4.3 Stiffness  

Stiffness was computed for only 9 out of 10 specimens due to a technical problem during acquisition. 

Specimens had very different behaviours regardless of the loading configuration and spinal level. The 

majority of the tests presented a ñtoe-regionò before a stiff region. A recovery after discoplasty of the 

initial behaviour compared to after nucleotomy was also observed (Fig. 3.5). The results for nucleotomy 

and discoplasty discs were normalized by the intact stiffness for each loading configuration. Stiffness 

was not significantly different after nucleotomy and discoplasty in flexion (p=0.47, Wilcoxon), 

extension (p=0.95, Wilcoxon) and lateral bending (p=0.46, Wilcoxon) (Fig. 3.5).  

Fig. 3.5 ï Load-displacement curve of a representative specimen tested in flexion in all disc conditions 
(left) ï Stiffness results in all conditions for all loading configurations (right). Mean was done over all 

specimens. Normalized data were not statistically significant (p>0.1). 
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3.4.4 Strain distribution  

DIC correlation has been successfully performed in flexion and extension only because the frontal view 

did not allow all of the disc surface to be captured. First of all, bone strains were in a [-1.5%,1.5%] range 

on the vertebra surface whereas they reached -17% and +11% on the discs. Moreover, IVD principal 

strains presented different behaviours depending on the loading configuration (Fig. 3.6). In flexion, for 

all disc conditions, the highest values of compressive strain are located at the cranial and caudal 

extremities of the IVD, starting from the anterior and spreading toward the posterior along the endplates. 

After nucleotomy and discoplasty, the trend was more pronounced. However, cemented discs presented 

lower values in this area than empty discs. The highest values of tensile principal strain were in the 

centre of the IVD with peak >3% of strain in the posterior region. In extension, tensile strains were 

larger in the anterior of the disc while high compressive strains were located in the posterior area of the 

disc. Discoplasty reduced the strains in most of the disc, whereas for intact and nucleotomy, high strains 

were found on the whole disc.  

Nucleotomy seems to have a greater effect on the compressive strain in flexion and extension (Table 

3.1). Meanwhile, discoplasty halved the mean tensile strain of disc surface compared to nucleotomy 

condition in extension (p=0.0195, Wilcoxon) but had similar values of second principal strain. 

Regarding the peak strains, discoplasty only presented a value larger than intact condition for extension. 

Other extreme strains were observed after nucleotomy although the differences were not significant.  

Fig. 3.6 ï Showed a typical strain distribution over a specimen surface for a flexion (left) and extension 
(right) bending with first and second principal strains represented for each motion. 

 

 

о ҈

л ҈

πр ҈

CƭŜȄƛƻƴ 9ȄǘŜƴǎƛƻƴ

нʑ нʑмʑмʑ

5t

b¦/[

Lb¢



Testing the impact of discoplasty on the biomechanics of the intervertebral disc with 

simulated degeneration: an in vitro study 

44 

Published in: Medical Engineering and Physics, 2020, 84: 51ï59 

 

Table 3.1 - Principal strains recorded over the disc surface in Flexion and Extension:  The mean and 
peak (of 10 specimens) are reported for О1 and for О2.  

1ʑ Flexion Extension 

 Mean (%) Peak (%) Mean (%) Peak (%) 

Intact  1.3±0.6 7.5±2.8 2.2±1.0 11.7±6.0 

Nucleotomy  1.3±0.7 10.5±7.1 1.9±0.6 10.1±3.9 

Discoplasty  1.0±0.5 8.7±3.5 1.2±0.7 10.0±4.1 

 

2ʑ Flexion Extension 

 Mean (%) Peak (%) Mean (%) Peak (%) 

Intact -2.0±1.2 -17.2±6.1 -0.5±0.4 -8.2±7.5 

Nucleotomy -2.8±1.6 -18.7±8.9 -1.7±1.5 -12.5±10.4 

Discoplasty -1.7±0.9 -16.5±7.3 -0.7±0.8 -13.3±5.3 

3.4.5 Cement distribution 

Nine specimens have been scanned to control cement distribution within the discs. Visual assessment 

of the specimen scans focused on the position of the cement mass within the intervertebral disc in the 

sagittal and frontal planes, whether it was in contact with endplates and AF, the shape of the distribution, 

and the ratio of disc filling. The majority of specimens had a cement volume located in the posterior of 

the disc (9/9 specimens), centred in the lateral direction (8/9 specimens), in contact with the endplates 

(8/9). Only two specimens did not present contact between the cement and the AF (Fig. 3.7).  

Fig. 3.7 ï Sub optimal cement distribution. CT scans of porcine specimens in axial (A) and sagittal (B) 
planes. PMMA did not reach the annulus and the endplates (arrows), leaving vacuum. 

The NP cavity was fully filled with cement in 5 specimens, three discs were almost filled at >80% of 

the NP volume, and one at less than 80%. Among the specimens, seven were validated by a clinician as 

discoplasty models compared to cement distribution after human surgery taking porcine anatomical 

specificities into account, and two were sub-optimal (Fig. 3.8).  

! .
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Fig. 3.8 ï Ideal distribution of the PMMA in the porcine model. CT scan of the porcine specimen, A 
(axial plane) the PMMA filled out the empty space after nucleotomy, B (sagittal plane) and C (coronal 

plane) the PMMA reached the two endplates and adapted to the geometry. 

No outlier corresponded to the sub-optimal cemented specimens. All specimens presented a smaller 

cement volume than in human surgery (Table 3.2).   

Table 3.2 - Surface area and volume of the injected cement after segmentation.  

Specimen Spine level Cement surface area 
(mm2) 

Cement volume 
(mm3) 

#1 T13-L1* 257.8 282.8 
#2 L3-L4 465.8 476.7 
#3 T13-L1* 211.6 143.5 
#4 L5-L6 623.7 673.9 
#5 T13-L1* 712.3 750.3 
#6 L3-L4 552.0 608.7 
#7 L3-L4 742.2 776.5 
#8 L3-L4 557.6 505.4 
#9 T15-L1* 592.7 685.0 

Mean (SD) - 524.0 (184.2) 544.8 (215.7) 

* Porcine spines have a variable number of thoracic vertebrae (between 13 and 15). 

3.5 Discussion 

According to clinical observations [20], a loss of disc height due to disc degeneration would result in a 

reduction of the neuroforamen where the back nerves are passing, compressing them and creating pain 

for the patient.  This animal in vitro study aimed at exploring the feasibility of assessing the mechanical 

consequences on spine stability after discoplasty surgical procedure. An in vitro experiment was 

successfully conducted to establish posterior disc height, ROM, stiffness, and strains over porcine 

specimen surfaces.  

After nucleotomy a decrease of the posterior disc height of 15% was measured. This result validated 

such in vitro nucleotomy as a simulation of degenerated disc. Furthermore, nucleotomy was associated 

with a decrease of ROM (not statistically significant in our sample).  After discoplasty, the injected 

cement acted like a spacer resulting in a significant recovery of the posterior height (105% of the intact 

height in extension). This trend supported the clinical observations [20] and confirmed that PCD 

/.!
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recovered the disc height and enlarged neuroforamen space, which is the main objective of this surgery. 

ROM and stiffness did not show any significant difference between the degenerated and treated cases 

for any loading. Thus, discoplasty did not significantly impact spine flexibility in this experimental 

setup.  

To the authorsô knowledge, this was the first study addressing the consequences of discoplasty on the 

distribution of strain on the disc surface. The strain distribution measured after nucleotomy showed a 

specific pattern with intense regions, while discoplasty reduced this abnormal distribution with more 

moderate strain values.  

DIC results showing the AF principal strains can be related to the ROM and the posterior disc height. 

After nucleotomy, because of the reduced posterior height and because the annulus is no longer 

constrained from inside, the annulus fibres bulged more, leading to intense tensile strains at the apex of 

the bulging. At the same time, this more pronounced bulging at mid-height caused a more pronounced 

concavity at the disc cranial and caudal extremities, which led to larger compressive strains in this 

region. After discoplasty, the injected cement spaced the endplates, and even if the cement did not stretch 

radially the disc fibres as the NP would do, the overall bulging was more limited, and less intense tensile 

strains were measured. As the cement acts as a very stiff spacer, very small strains were visible in most 

of the disc surface, the only highly strained region in the disc was near the endplates. Strain values after 

discoplasty did not exceed what the endplates underwent in nucleotomy condition. If the specimen 

endplates presented any weakness, this could lead to long-term damages due to the load concentration. 

The peak strain values increased after nucleotomy, and decreased again after cement injection, reaching 

intact-like values. No correlation between the strain peaks on the specimen surface and the cement 

distribution assessed from the CT scans was found.  Even in the specimens where contact between the 

AF and the cement was noted, this did not result in a specific strain distribution.  

The ROM measured at peak load was in the same range as other in vitro studies on porcine lumbar 

spines [58], [65]. Others studies investigating the effect of nucleotomy demonstrated that the absence of 

NP reduced segmental rotational stability, significantly increasing the ROM [51], [55], [59].  

Discoplasty being a recent surgical technique, the authors found only one article applying a similar 

surgery, on dog cervical discs [43]: nucleotomy was also performed through an AF fenestration and a 

spacer implant was inserted. Similar to the present study, Moissonier et al found that nucleotomy 

completely disrupted spine stability, increasing significantly the ROM.  Both the spacer used in their 

study, and the cement injected in ours failed to recover disc mobility. Similarly, the cement set in the 

cervical disc by Wilke et al reduced the ROM compared to intact disc condition. However, this study 

tested bone cement to anticipate interbody fusion, and the AF was not fully intact [28]. This was the 

major difference with soft disc filler materials which are more likely to restore intact ROM as well [51].  
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Although the results were normalized with respect to the intact to integrate the specimen anatomical 

specificity, and one outlier was removed, inter-specimen variability remained large, with no correlation 

with the segment level.  Our tests differed from most of the literature [63] as the FSUs were tested 

separately in flexion and extension, therefore direct comparisons of the stiffness  are not possible. 

This study aimed to start exploring the biomechanical effects of discoplasty. Since this is a preliminary 

study, an animal model was more justifiable for ethical reasons.  The use of breed porcine rather than 

human spines was preferred as they have less inter-specimen variation of anatomy and mechanical 

properties. Indeed, porcine models are commonly used to replicate human spine surgeries [66], [67]. 

Porcine spines could be good surrogates for in vitro testing, even if they exhibit larger ROM and lower 

stiffness [68]ï[70]. Since the porcine specimens were obtained before reaching skeletal maturity, finding 

IVDs presenting a similar degenerated level with a vacuum as required for PCD was impossible. 

Nucleotomy did not aim at modelling a degenerated disc state but at creating the spine instability 

observed clinically based on the disc vacuum. Porcine results should therefore be qualitatively 

extrapolated to humans in terms of trends rather than interpreting absolute values as this study aimed at.   

Vacuum volume has not been measured in this study. The importance of this parameter is unclear in the 

clinical practice. A recent study investigating the VP impact for PCD indication concluded that the 

volume of vacuum could not be used as a proper indication for this surgery [34]. Moreover, during the 

PCD procedure, the patient position aims at enlarging the intervertebral space by reducing the segmental 

lordosis. Thus, the volume of the empty disc available during the surgery is larger than the VP computed 

on imaging. 

Usual methods to measure the disc height like Farfan or Frobin were not applied here to assess the 

intervertebral space. Indeed, these methods were conceived for clinical application considering the 

vertical height along the antero-posterior disc length on medical images, taking account of the whole 

disc and its orientation.  This study, however, focused on the nerve space within the neuroforamen. Only 

the volume where the nerve passed was critical, based on clinical observations, and the discoplasty 

surgery was applied in first approach to re-open the foramen space by achieving indirect decompression. 

That is why a comparative study has been performed selecting two points at the endplates level the 

closest from the neuroforamen, rather than relying on a more general measurement of the disc height. 

The study concentrated on parameters with meaning for the clinical purpose of the surgery. Moreover, 

the most critical case was also investigated: physiologically when the disc is loaded in extension and the 

neuroforamen is the most reduced. So, measurements at the peak load were more interesting for the 

study. 

The impact of AF fenestration during nucleotomy on the segment stability has not been assessed here, 

however Michalek et al reported alterations of IVD mechanics with disc height loss under a compressive 

load, following different types of incisions [71]. Disc lesions were also found to reduce the peak moment 
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depending on the damage shape [72]. As a consequence, our study may overestimate motion range. 

However, it was hypothesized that the lack of NP would destabilize the segment in larger proportion 

than the fenestration of AF.  

Pure moment is the gold-standard loading for in vitro spine testing in a relevant bending condition. For 

spine segments consisting of several vertebrae, bending is usually associated with a follower load 

equipment to model the in vivo kinematics, including the effect of the muscles adding a compressive 

loading [73], [74].  Similarly, a compressive preload is found in a single FSU, but in this case a follower 

load cannot be implemented. In this study, an alternative loading configuration was chosen to ensure 

that reproducible testing conditions could be applied, thus allowing the comparison of the biomechanics 

of a specimen tested at different times with each of the different disc conditions. The load applied here 

was a combination of axial compression and bending, an alternative loading to pure bending of the spine 

[61], [75]ï[78]. It has been demonstrated that without preload, in vivo stiffness of the spine segment was 

underestimated applying pure bending [79]. In our study, the combination of axial compression and 

bending allowed a more physiological spine loading with an axial component which substitutes of the 

preload.  

3.6 Conclusion 

So far, the only knowledge about PCD comes from clinical experience on few cases. This paper presents 

a feasibility study, to develop a test model and perform a preliminary investigation on the biomechanics 

of PCD. The study also aimed at analyzing and verifying if there is any clear mechanical risk associated 

with injection of cement in the cavity of a disc. No specific clinical recommendations (e.g. indication 

for specific patient groups) can be directly obtained from the present study.  This study aimed at 

developing an in vitro surrogate to test a highly degenerated disc with vacuum inside, and to assess the 

biomechanical changes related to discoplasty in porcine spines. The main conclusions could be 

summarized in key points. 

¶ The in vitro method was successfully developed to model nucleotomy.  

¶ The in vitro testing protocol applied to discoplasty allowed to measure the effect of this 

minimally invasive surgery on the spine biomechanics. 

¶ Nucleotomy decreased the posterior disc height. Discoplasty restored the height significantly, 

maintaining a gap between the vertebral bodies and re-opening the neuroforamen area as 

observed in clinical practice.  
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¶ The CT scans confirmed that the distribution of the cement had a similar distribution inside the 

disc for most specimens compared to human post-surgery observations, although the cavity after 

nucleotomy and the cement volume were smaller than in human cases. 

¶ Discoplasty did not impact the ROM nor the stiffness, which remained similar to the nucleotomy 

condition because the cement did not directly interact with the AF nor the facets. 

¶ Discoplasty concentrated the strains along the endplates, reducing the strain value on the middle 

of the disc. The mean strain over the disc was decreased after discoplasty compared to 

nucleotomy, limiting the risks of fibre tears. 

¶ The goal of this preliminary study on a limited number of porcine specimens was to establish 

trends which could justify a larger study on human specimens. 
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4.1 Abstract 

With the ageing of the population, there is an increasing need for minimally invasive spine surgeries to 

relieve pain and improve quality of life. Percutaneous Cement Discoplasty (PCD) is a minimally 

invasive technique to treat advanced disc degeneration, including vacuum phenomenon. The present 

study aimed to develop an in vitro model of PCD to investigate its consequences on the spine 

biomechanics in comparison with the degenerated condition. Human spinal segments (n=27) were tested 

at 50% body weight in flexion and extension.  Posterior disc height (PDH), Range of Motion (ROM), 

segment stiffness, and strains were measured using Digital Image Correlation.  The cement distribution 

was also studied on CT scans. As main result, PCD restored PDH by 41% for flexion and 35% for 

extension.  ROM was significantly reduced only in flexion by 27%, and stiffness increased accordingly.  

The injected cement volume was 4.56±1.78 ml (mean ± SD).  Some specimens (n=7) exhibited cement 

perforation of one endplate. The thickness of the cement mass moderately correlated with PDH and 

ROM with different trends for flexions vs. extension.  Finally, extreme strains on the discs were reduced 

by PCD, with modified patterns of the distribution. To conclude, this study supported clinical 

observations in term of recovered disc height close to the foramen, while PCD helped stabilize the spine 

in flexion and did not increase the risk of tissue damage in the annulus. 

Keywords:  

percutaneous cement discoplasty, biomechanics, spine, digital image correlation, intervertebral disc 

degeneration 
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4.2 Introduction 

The ageing of the global population due to increasing life expectancy [80] results in the changing 

epidemiology of spinal diseases and disorders [81]. In the ageing spine, the intervertebral disc 

degeneration (IDD) leads to biomechanical and structural changes of the spine [82].  The terminal disc 

degeneration is characterized by total disorganization of the intervertebral tissue, and complete 

resorption of the nucleus pulposus causing in many cases a vacuum phenomenon (VP) [24], [83], [84]. 

IDD-related structural changes lead to biomechanical malfunctions [85], such as segmental instability. 

Surgical treatment possibilities of segmental instability in elderly patients are limited [81]. Minimally 

invasive surgical (MIS) procedures are the preferred options [86]. Percutaneous cement discoplasty 

(PCD) is a MIS procedure, where the vacuum space in the intervertebral disc (IVD) is filled with 

percutaneously injected acrylic cement. The PCD procedure is expected to provide a segmental 

stabilizing effect and indirect decompression of the neuronal elements [20], [21], [33]. Initially PCD 

was biomechanically investigated on cervical discs [25], [28].  However, PCD as low-back-pain 

treatment has only been evaluated in terms of patient outcome by clinical studies [20], [21], [36]. If PCD 

appeared efficient to relieve patientôs pain, biomechanics of the spine following the surgery remains 

unknown.  

This study aims at investigating the consequences of percutaneous cement discoplasty on the 

biomechanics of the human spine with respect to the pre-operative degenerated condition. Therefore, 

the first objective was to develop a reliable in vitro model of percutaneous cement discoplasty. This was 

then used to evaluate the in vitro biomechanical behaviour of the treated segment. The core objective of 

this study was monitoring the biomechanical effects of PCD and identifying the potential links between 

PCD and the biomechanical outcomes in order to assess the benefits and detect potential detrimental 

effects. In particular, we hypothesized that PCD would increase the disc height in the posterior region 

with respect to the degenerated condition. We furthermore hypothesized that PCD would impact the 

intervertebral kinematics. Finally, we conjectured that PCD could represent a challenge for the 

surrounding tissue due to the perturbed stress distribution due the presence of a cement mass.  We also 

hypothesized that the cement volume and its distribution inside the disc would impact on the 

biomechanical behaviour of the treated functional spinal unit (FSU). 

4.3 Methods 

4.3.1 Compliance with Ethical Standards 

This study was performed in line with the principles of the Declaration of Helsinki. Approval was 

granted by the Bioethics Committee of the University of Bologna (Prot.  76497, 1 June 2018). The 

cadaveric spines were obtained through two institutions: an international donation program 
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(International Institute for the Advancement of Medicine) and the hospital of the NCSD after ethical 

approval of both entities. 

4.3.2 Overview of the study 

PCD is the ultimate treatment for polymorbid patients.  This surgery does not aim to completely restore 

the conditions of a healthy spine, but to mechanically act on the disc foramen to relieve the pain.  Thus, 

this study aimed to assess whether PCD would recover the disc height and impact the intervertebral 

kinematics in comparison with degenerated discs.  FSUs were prepared for testing (Fig. 4.1). They were 

biomechanically tested non-destructively after simulating disc degeneration. Then percutaneous cement 

discoplasty was simulated. The specimens were re-tested under the same loading conditions.  

Kinematics and strains were measured using digital image correlation (DIC). 

Fig. 4.1 - Experimental workflow of the study. The specimens were prepared with a high-contrast 
speckle pattern to allow measuring displacements and strains under load with digital image 

correlations. Each specimen underwent biomechanical testing (under the same loading conditions) 
after nucleotomy and after simulated percutaneous cement discoplasty. The cement injected was 

investigated on CT images 

4.3.3 Cadaveric specimens  

For this study, 27 FSUs were extracted from 15 Caucasian lumbar spines (9 males/6 females) aged 35 

to 86 years old. Death was unrelated to a spine disease. Based on computed tomography (CT) scan 

images, specimens with fractures or bridged osteophytes were excluded from the study by a clinician.  

Only specimens presenting intact endplates were selected. The selection did not consider the degree of 

disc degeneration. All soft tissues were carefully removed from the segment preserving the anterior, 

supraspinous and posterior ligaments, the facet joints, and the IVD to keep the natural kinematics of the 

segment [87], [88]. Each segment was aligned based on the disc orientation; both segment extremities 
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were embedded with acrylic cement. Specimens were stored at -28°C between cleaning and testing 

phases, and were thawed in physiological solution at room temperature prior to each test phase; 

hydration was granted during preparation and testing spraying the specimens [56].   

4.3.4 In vitro surgical procedure  

4.3.4.1 Nucleotomy 

PCD is recommended for advanced degeneration of the disc, when a vacuum is observed instead of the 

nucleus pulposus (NP), inducing a negative pressure within the disc [20], [33]. As donor specimens with 

a vacuum disc are complicated to obtain, a similar disc degeneration state was artificially created by 

manually emptying the disc. This degenerated disc simulation has been previously developed on animal 

specimens [39], [43] to provide the anatomical vacuum characteristics needed for PCD using a 

substitutive method. A rectangular incision as high as the disc and 5-8 mm wide was performed with a 

scalpel blade in the annulus fibrosus on the lateral side (Fig. 4.1), preferably on the side showing 

irregularities (small osteophytes, wrinkled tissues). Although it differed from the clinical posterior 

approach used for PCD, lateral fenestration was chosen in consideration of the loading directions as it 

avoided damaging the disc and ligaments in the posterior region. The nucleus pulposus was extracted 

through the excision and the cartilaginous endplates were shaved by scratching the cartilage off by a 

spine surgeon.   

As the incision of the annulus fibrosus (AF) was suspected to critically affect the biomechanics of the 

remaining annulus, a separate methodological study was performed on eight additional specimens to 

quantify the consequences of this preparation (Appendix 1). Briefly, only NP removal significantly 

impacted the PDH. AF incision did not significantly impact the posterior disc height nor the 

biomechanics. 

4.3.4.2 Cement Discoplasty 

After being tested in a simulated degenerated condition, the specimens were treated with a highly 

radiopaque acrylic cement (Mendec Spine; Tecres, Sommacampagna, Italy, containing 30% BaSo4).  

The cement was prepared as clinically recommended [33], mixing the components at room temperature, 

and waiting a few minutes to obtain the desired viscosity. It was injected inside of the disc through the 

incision performed during nucleotomy until the cement would fill the cavity (Fig. 4.1). Because the 

empty IVD was no longer stretched, the disc height was manually kept constant during the injection to 

avoid an underestimation of the cement volume. After injection, the incision was manually closed during 

the cement hardening.   
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4.3.4.3 CT scan acquisition 

In order to study the cement distribution inside of the disc, the specimens were scanned after PCD with 

a clinical computed tomography scanner (Aquilion ONE, Toshiba) with 220 mA, 120 kV, 0.3 mm slice 

thickness, 0.214 mm pixel size.   

4.3.5 Clinical cohort and CT scan acquisition 

[This section was adapted from Eltes et al. [38] and was performed by my co-authors in this paper prior 

to my participation.]  

In parallel to the in vitro study, a retrospective analysis of prospectively collected data involving 10 

consecutive patients (74 ± 7.7 years old) was performed by P. Eltesô group [38]. All patients suffered 

from low back pain and leg pain, due to advanced disc degeneration, and underwent primary single or 

multilevel PCD at a tertiary care spine referral centre (Table 4.1). 

Patients participating in the study were informed and their written consent was obtained. The study was 

approved by the National Ethics Committee of Hungary, the National Institute of Pharmacy and 

Nutrition (reference number: OGYEI/163ï4/2019). Quantitative Computed Tomography scans were 

performed pre- and postoperatively, with a Hitachi Presto CT machine using an inline calibration 

phantom, and a protocol previously defined in the MySpine study (ICT-2009.5.3 VPH, Project ID: 

269909) with an intensity of 225 mA and voltage of 120 kV [89], [90]. Images were reconstructed with 

a voxel size of 0.6x0.6x0.6 mm3. To comply with the ethical approval and the patient data protection, 

anonymization of the DICOM data was performed using the freely available Clinical Trial Processor 

software (Radiological Society of North America, https://www.rsna.org/ctp.aspx) [91]. 

Table 4.1 ï Clinical cohort 

N=10 Patient ID Age (years) Sex Treated segment 

 P01 83 M L4-L5 

 P02 59 F L2-L3 

 
  

 L3-L4 

 
 

  L4-L5 

 P03 67 M L5-S1 

 P04 78 F L3-L4 

 P05 79 M L5-S1 

 P06 76 F L1-L2 

 P07 75 F L2-L3 

    L3-L4 

 
 

  L4-L5 

 P08 66 M L3-L4 
 

 
  L4-L5 

 P09 77 F T12-L1 

    L1-L2 

 P10 82 F L1-L2 

https://www.rsna.org/ctp.aspx
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4.3.6 Cement geometry visualization and thickness measurement 

[This section includes my participation to Eltes et al. [38] in vivo study which was limited to the 

segmentation of the 3D geometries and its corresponding effect on DSI values. In order to ease the 

comprehension of the study results, the thickness measurements on in vivo data were included in the 

section even though they were not performed by me.]  

The vertebral and the cement masses were segmented with an image analysis software (Mimics 

Innovation Suite-v23.0, Materialise, Leuven, Belgium) on the CT slices using thresholding algorithm.  

Because of the extremity pots used for mechanical testing, the in vitro vertebrae were uniformly cropped 

at 3 mm from the deepest part of the endplate curvature to achieve a region of interest common to all 

specimens. (Fig. 4.2). All segmentations were performed by two independent operators (C.T and F.B).  

Segmentation repeatability was measured with Dice Similarity Index (DSI) [92].  

The segmented masks were automatically converted into 3D surface meshes, and smoothed (iterations: 

6, smooth factor: 0.7, with shrinkage compensation). The geometries were imported and measured (3-

Matic 14.0, Mimics Innovation Suite v23.0). The vertebrae and bone cement geometries were first 

uniformly re-meshed (target triangle edge length: 0.3 mm, surface contour preservation, bad edges 

removing, split edge factor: 0.2). The endplate surfaces were manually selected. The cement thickness 

was defined between the two endplate surface planes, and was measured with the Midplane Thickness 

Analysis module of 3-Matic. Only thickness measurements of the in vitro cement mass were performed 

by me, the in vivo measurements were conducted by my co-authors in Eltes et al. 

 
Fig. 4.2 - Workflow for the detection of the bony endplates and cement mass to visualize and assess 

the distribution of the cement in the intervertebral space, and to measure the cement thickness.   
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4.3.7 Biomechanical testing 

The scope of our work was to test if discoplasty can provide relief by increasing the foramen space with 

respect to the degenerated conditions.  In vivo, one of the most concerning loading scenarios for nerve 

compression within the foramen is related to a combination of an axial load and motions in a sagittal 

plane.  For this reason, the specimens were mechanically tested in flexion and extension using a uniaxial 

testing machine (Mod.  8032, Instron, UK). For these motions, spinal specimens are usually tested under 

pure moments, even if it was a simplifier condition compared to the axial loading for modelling damaged 

or treated segments in extension [93]. Thus, one pot was rigidly fixed to the top of the testing machine.  

In order not to constrain the relative motion of the two vertebrae and avoid buckling, the caudal vertebra 

was loaded through a spherical joint moving along a low-friction rail (Fig. 4.3). This set-up allowed to 

reach the full load in a relatively fast loading, comparable to the speed one can expect in living subjects 

(file wp4_130109_1_17 from database OrthoLoad [94]).   

Fig. 4.3 - Testing protocol with the experimental setup of the test in flexion and composition of the test 
sequence. Two cameras (A) targeted the specimen, which was illuminated by high-intensity LEDs (B). 
The force applied by the testing machine (C) was delivered with an offset, resulting in a combination of 

a force and a moment 

A force of 50% of the Body Weight (BW), representing the upper body above the lumbar vertebrae, was 

applied with an anterior (posterior) offset, generating a combination of compression and flexion 

(extension) (Table 4.1). To have an anatomical definition of the offsets, the lever arms were measured 

with respect to the centre of the disc on CT images. As the segments are more flexible in flexion, the 

assigned offset was smaller (35% of the antero-posterior length of the disc) compared to extension (70% 
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