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Abstract

This PhD projectwas part of a EuropednndedMa r i e S k-QuoiedAatiorsiknavativetraining
network called SPINNER dgrant No. 766012. gathering orthopaedical surgeons, engineers, and

scientists to provide a complete approach of spine surgery challenges.

The spinas a complex structure and is still partially unkno@ner 80% of thgpopulation indeveloped
countiessuffer or will suffer from Low Back Pain at one stage of their life. This symptom can be caused

by several spine conditioigcludingintervertebral disc degeneration. With the continuously increasing
longevity, the social and economic burden of thisalieels meant to raise atitereforerequires the
development of surgicaéchniquedo treat thdarge numbes of patientslin that context, a minimally

invasive technique, Percutaneous Cement Discoplasty (PCD), has been developed to treat the oldest and
poly-morbid patients whare not suitable faanopen surgerywhich is currently the gold standard

In the literature, a series of workssestigated the patient outcome in order to estimate thergladf

and themprovedability to perform daily actities following PCD.Changes ingne alignment wre

also assessed post operativiejyPoof. Var ga 6 s g r o uneasiuringheBmait alipicalspine
parameters in the frontal and sagittal plaoB€T scan imagedMoreover, in order to improve the
surgery outcome, indications of PCD were studigtthe group of DrSola in Buenos Airegesulting

in a new classificatiogualifying the vacuum phenomendWP) advancement state in the dishich

will help surgery planning and is intended to minimize the postoperative complic&ioaly, a softer
alternative to bone cement as a disc filler was teéstetvo and mechanically characterizedvitro by

the group of Raf. Wu in Xingtai However, a complete evaluation of P@Dany 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 to bridge the clinical experience with vitro methodologieso provide a
multilateral evaluation of PCD outcomend a better understanding of its impact on the spine

biomechanicsand of its possible contraindications

Firstly, the project focieson the development ofsuitablein vitro modelto test the biomechanics of
discoplastyby comparingspecimens ithe preoperative and postoperative conditidnsa preliminary
study on porcine segments, thi® was mimicked performing a nucleotomy, while discoplasty was
reproduced by filling thelisc with acrylic cement. Once the modelsvalidated, the biomechanics of
spine segments after percutaneous cement discoplastymestigatedn cadaveric human segments

The main objective of discoplasiythe increase of disc height, however tbegery had been studied



in supinepatients whichs not the onlyloading configuratiorpresenting aisk for thedisc height That
is why tein vitro specimens were mechanically investigated in flexdod extensionwherea DIC

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

The second part of the thesis corssidtgoing beyond th@ vitro evaluation of the spingiomechanics
andis providing aversatie measurement of the discoplastypact which could be appd both to
clinical and experimental work. For that, a §@ometrcal method was clinically developdyy the
research groupo assess the foramen volumetric change caused by PCD from CT laceins, the
measurements wengerformed insupineposition, while measurements performedh the ex vivo
specimes completed the spine overview by bringing results ulusetedpositiors. For thatthe 3D
geometryof theunloadedspecimenseconstructed from C3cans (CT pose) was aligned in the loading
configuration (experimental pose) using DIC data. Tkigdy showed the promises of such
methodologies combining clinicaknowhow with experimental testingfior a more complete

investigation of discoplasty.

In corclusion,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 transversededicatedmethodologies and tools improve the analysis of theurgical 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 toassess possiblasks of complications This should includeexploring the internal
biomechanics of thereated disc, understanding the disc failure mechanisms, and proposing

improvements of the surgical technique.
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Chapter 1

Introduction



Introduction

1.1 Overview of the spine

The spine is a fundamental structure of @ain@atomywhose health can impact almost each pathef

body. Composed of an alternation of vertebrae and intervertebral discs (IVD), the spine is one of the
most complexpartsof the skeleton to tregFig. 1.1). The whole structures stabilized by ligaments. In

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

elements of the lumbar part, and their biomechanical function in the spine.
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Fig. 1.1 7 Spine column structure (image from: OpenStax College, CC BY 3.0, via Wikimedia

Commons)

1.1.1 Anatomy of the vertebrae
Vertebra areirregular bones whose anatomy varies depending on their spine level, the loading, the

pathologis, etc.Each vertebra isomposed o& vertebral body and a posterior vertebral azohsisting
of lamina and pedicles, which surrourtids spinal cor@Fig. 1.2) Consecutive vertebrae form an empty
space between their pedicles called the foramen space where the nerves connected to the spinal cord

beforepassing tahe rest of the bodyl he vertebral body consists of trabecular bone@unded by
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cortical bonewhose thickness igrger in the posterior arcWertebraeare the rigid part ofhe spine,
while flexibility of the structurds ensured by the soft tissues (joints and ligamets.lumbar vertebra
functions are to protect the spinal camt nerve rootdo support the upper bodgndto distribute the

weight during movement.
Anterior Posterior
Posterior

Spinal cord : i =& ———— Spinal cord

: v— n ."‘ = \
Vertebral Sr%cg:: Transverse \ —— 1 Facet of superior
foramen | P process ‘ . 4 articular process

Intervetebral disc \\ .L \~—

.1 e T — \ F?ccét for head

superior o= \ Lamina } \ =

articular ‘ Pedicle ‘\ L
\ :

Facet of Vertebral arch:

process \

B \
Inferior articular

;‘acet ol oy Spinal nerve exiting
tagotm Anterior through intervertebral FOes
foramen ‘\ ~——— Spinous process
\"\‘ )
Superior view Left posterolateral view

of articulated vertebrae

Fig. 1.2'7 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 areeparatedby intervertebral dis¢dibrocartilaginous padsomposedaf three parts
Located in the centréghe nucleus pulposus (NP), a gide material, is surrounded by the annulus
fibrosus (AF) in the transverse plane. The junctiotheiVD with the vertebral body is made through
the cartilaginous endplates (CEP) at both the cranial and caudal extremities of tEat¥idfthe IVD

componentdulfils distinct functions.

The nucleus pulposus is khighly hydrated tissu€70-90% of its wejht) due to its high content of
proteoglycansin the extracellular matrif1l]. Indeed, poteoglycanattracts andoinds with water
molecules Its hydration level creates a hydrostatic pressuréh@éNP which increases under
compression and generates tension in the surrounding tissue. NP nisadisaip 6 collagentype |l
creating a loose fibre network maintaining the unityhenucleud?2]. Its high content in NP results in
its incompressiblegelatinous texture characterized g effective modulus of 1.0 MPa and bulk
modulus of 1720 MPa in confined compresqibn

Theannulus fibrosus is composefl15to 20 concentricdyers of anisotropic tissue. Each layer contains
oblique collagenype Ifibres orienteetweernt25-45°to the transverse plangngulation of the fibres

is shifting from positive to negative between two consecutive layetsncreases towards the nucleus

Lamellae are interconnected by a collagpased network whicinducesshear resistance between layers

and elastin which favours the recovery after large deformafidressAF alschasa large water content

10
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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 thétéa direction[1].

Finally, the cartilaginousendplate CEP)aremade othyaline cartilagebout 0.6 mm thickonnecting

the disc to the bony endplates of the vertebfde endplates are also highly hydrated (60% of the
weight is water) and its dry main components are collagen type pratebglycan$2]. The collagen
meshwork allows the endplates to contain the water expulsed by the NP under comprassiisc
tissueis avascular howevethecartilaginousndplaésare in contact with theapillariesin the vertebral
body andbring nutrition to the discells mainly located in the nucleudthough heCEPs do nabehave
linearly, an elastic modulus was estimated at 23.8 [dPa

The disamain functions in the spirerel/the transmission and regulationleddbetweerthe vertebrae,
2/ the mobility of the spine, andtBé shock absorptioim case of heavy and brutal loaditwprotect
the vertebra¢?].

1.1.3 Ligaments and facet joints

The vertebme are also connected by spinal ligaments (anterior longitudlal), posterior
longitudinal, ligamentum flavum, facet capsular ligament, intertransverse ligament, interspinous
ligament, supraspinous ligameiBig. 1.3) Spinal ligaments arkands ofconnective tissue made of
collagen fibresTheir role is mainly to keep the spine alignmantto avoid excessive motioby

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

Ligamentum Flavum

tertransverse
Ligament

Supraspinous Anterior
Ligament longitudinal
ligament

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

With age, the spine losé&s mechanicahbilities due to thenodification of the biological composition
of the tissue as well ats anatomical shape (bositvse their density becoming osteoporaotic, ligaments
calcify, osteophytes appear, etewill not describe in detail all the changes happening in the spine due

to aging, but | will focus on the disc degiation.

Disc degeneration is a natural process due émggWhen associated with low back pain (LBP) and
leg pain (LP), itis considered pathology intervertebral Disc Degeneration Disedék The disease
affects a significant part of the population of developed countries (the prevalkdise degeneration
grade 3 on Kellgrehawrence scalevasestimatedat 47% ofthe population ove45 yeass old across
Europe[5]). Depending on the study, the prevalence was higher in mafemates, therefore no link
can be formally establi®d between the disease and ¥¥ith population ageingheprevalencef disc
degeneratiors likely to increasg6]i [8] as well assconomicandsocial cost. Indeed, back paiis a
leading cause of worlncapacityandlimits daily activities[9]. This imposes a social and economic
burden at the individual, industry, and government scale, to provide patientowithcaretreatments,

andindemnities

Disc degeneratioappears to be andlesgprocess of degradation which involtasee 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 presemih@nucleus pulposus since embryonic development,
progressively convert into nuclear chondrocyte c¢lld]. Notochordal cells are involved in
proteoglycan synthesis. Thus, changakexdtellular 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 Il expression while Collagen type | synthesis inddggsa$us, the

predominant collagen type evolves with time.

The change of extracellular matrix composition modifies the biomechanical properties of tissdesc

The decrease of proteoglycan leads to a reduction of the nucleus hydrostatic pressure. The water content
drops in the nucleus which becomes more fibf@8% Hence, the intradiscal pressure is reduced on the
surrounding tissue, leading to the decrease of the disc hdightThese changes alter the load
distribution in the AF. In addition, Collagen type | provides resistance in tension whereas collagen type

I mesh as in NP can withstand large compressive loadings. A potential change of the NP mechanical
response to loading coulik expected and would also disturb the stress distribution applied on the

annulus and the endplates.

12
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Fig. 1.4 7 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 complianceeduced and radial bulging is increa$g8l]. The changes of
biomechanical properties directly jpact the integrity of theéissue surrounding the nucleus. Micro
damages of thannulus fibrosusuch as delamination, tears, etdl result from an abnormal loading
Once the integrity of the Als compromisedthe nucleus is not encapsuled anymore ardiation of
the discis likely to happen, causing pain if the leak occurs close to the nérlissis one mechanism
causing low back pain since the causality between disc degeneration and LBP is dagipléx
disturbed stress distributi@iso increases risks ehdplatdracture.

Finally, damagéeo theextracellular matrialso favours the degenerative process at cell level. As stated
before,the disc is gascularhowever nutriments are transmitted through the vertebral endplates to the
nucleus cellsIn case of fracture but also diseadethe CEPsnutriment intake is rasted which
compromises cellife expectancy andeducesnotochordal cellgproportion in NP perpetuatinghe

cycle.
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Disc cegenerationis a complex process which does not stBfirrmamé scaleis a widely used
classification of disc degenerati¢l/]. Five grades are defined based on the visual aspect of the disc
on radiographies. In the mosheanced stag&/acuum PhenomendiWP) is observedvhen thenucleus
disintegratesandthe space is filled witha low-pressuregas [18]. The total disappearance of NP is
associated with a strong loss of the disc height leaditigeteeduction of the craniahudal diametewf

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 withphysical therapy rehabilitation, spinalanipulation,and analgesicsthe mostdesperate

cases require a stabilization surg@ngerbody fusia) in which the disc is removed and replaced by a
cage implantith transpediculamstrumentation The surgical proceduraims to recover disc height

and then fuse the vertebrae to restore stability at the correspaistifgyel. However the surgeryhas

a long operative time angquires general anaestheai@a long recovery including some monitored

time at the hospitalt therefore represents a highonomiccost for both the patient and the healthcare
system (medication, hospital stay, rehabilitation care, medical leave salary compensation, etc.) and
brings discomfort to the patiensqar,temporary disability, rehabilitation, efc. Moreover,an open

surgey is associated with high risks of excessive bleeding for the patithiese constraints limit the

patient population susceptible to take the surgery. Bechsisdegeneratioworsens with agesomeof

the patientarepolymorbid or elderly, not sudble for general anaesthesia or the risks associated with

fusion surgery.

On the othethand Minimally Invasive Surgeries (MIS)ave been developed to treat patients while
limiting surgical risks, collateral damagethe bodyandeconomiccosts.They arealso associated with

less complicationand reduced surgical morbiditiue to the minimal interaction with the patiefftr

all these reasons, minimally invasive surgeries gueomisingresearch fieldf spine surgeryvhich

needs to be consolidat¢ti9]. In order to treat lundr disc degeneration in patients unsuitable for
interbody fusion surgerya MIS called Percutaneous Cement Discoplasty (PCD) was presented by Varga
et al in 2015 [20] and still remains partially investigatedhe MIS consistsof injecting
polymethylmethacrylat¢PMMA) cement in the disc space to replace the VP. Once the cement has
hardened, it acts as a stamdne spacer implantestoring the disc height to relieve the LBP.
Investigated in clinical studies, PCD showed good results on pmatieohorts with signitant
improvement of the pain level and of the ability to perform daily activi2eé$ [22] (more details in
Chapter 2). Spine alignment was also measured following discofa$tyowever 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 clinicalexperience anéh vitro biomechanical testing, the aim of the project was to
improvethe understanding gbercutaneous cement discoplasty &eatment of disc degeneratidfor

that, the first objective was$o investigate the surgically augmented spineptovide a better
understanding of the biomechanical impact of discoplasigh as flexibility of a twawertebrae segment

or the strain distribution in the disc tissue after augmentatiban, the project aimed to bridge the
clinical knowledge with the biomechanical evidence to propose a multidisciplinary perspective of the

discoplasty concerns and improvemaugsg a numerical approach

The thesis starts with a review of thablished kowledgeabout PCDas a surgical treatment in the
lumbar spine in order to identify the gaps in discoplasty knowledge (Chaptee&pbtisleda strong
rationale othe operative technique, its impact on patient condition, and the other studies wimise to
related The state of the art also highlighted the gaps of the research on discoplasty and the forthcoming

investigation topics.

The work was split intbwo topics of research: the vitro biomechanical testing of the augmented spine
and the numecal treatment of imaging data following clinical experierieach area was divided in
several steps to reach the thesis objectives.

For thein vitro biomechanical testing

1 To develop a reliable methdd modelin vitro the PCD surgery arnt apply iton animal spine
segmentamechanically tested in order to measure their biomechahies disc height, the
mobility of the specimens and the disc strains were measufkakion, extension and lateral
bending(Chapter 3)

1 To quantify the biomechanics ofi¢ surgically augmentdaumanspine aftefPCD. The disc
height, specimen mobility and disc strains were also investigated and the impact of discoplasty
was related to the characteristics of the operative techmgasuredh vivoin terms of cement

thickness, volume, et¢Chapter 4)
For the numericahvestigationof clinical andbiomechanicatiata:

1 To gply aclinical method developed and usedvivo by the research group ex vivodata to
extend the assessment of foraminal spacether critical spne alignments Geometrical
evidence of decompression was correlated with characteristics of the operative technique to

highlight the mechanism behind discoplasty bengfthapters).

A side study was conductéd additional spine level® order to assess the limitatearising from the

annulus fibrosus damage performed in ith@itro discoplasty modelThe biomechanics of the spine
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segments were quantified with incremental annulus defect to determinestabbéved in Chapter 3
and 4 (Appendiq).

The original published study including thén vivo measurements of the operative technique
characteristicpresentedn Chapter 4 was presented in AppendiB&cause the whole studpvered
more than these measments and was performed by the research granlp the sections of the
published researdmkedto my activities weréncluded for completeness.

General conclusion including the forthcoming steps in R@Bstigation(Chaptero).
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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 particuladuh#ar Intervertebral DisdlV D) degeneratiorj7].

With time, thelVD water content decreases which leads to tissue breakdown and the loss of the disc
height[10]. Consequently, the foramen space between adjhambiarvertebra is reduced, creating
neural stenosis and inducing low back paisome caseR3]. Pfirrmannet al. established a 5 levels
classification based on spine imaging of ti®1[17]. In the most extreme levedd disc degeneration,
avacuum phenomenoiVP) appears instead of the nucleus and creates a large instability of the spine
segment and an extreme compression of the ng2dés

Lumbar IVD degeneration treatments range from physiological exercises to surgical ymaced
Interbody fusion with the insertion of a cage and bgnadt 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 reqa@ia general anaestheaiada 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 thosesuitable patients, the absence of efficieaitment led to the

development of minimally invasive technique called Percutaneous Cement DiscoplastyZ@|CD)

PCD is dedicated to treat patients with advandisd degeneratioexhibiting a VP. The procedure
consists in the injection ofneacrylic bonecement within the disc to fully fill the cavity. The cement

mass is then acting like a staalbne implant, restoring the disc height.

Historically, a similar techniguezasimplemented in the cervical spine as an alternativiateybody
fusion cages fo spine segment stabilization. Injection of bone cement in the disc was introduced by
Roosen25]. The technique was then replicatadrivo[26], [27] andin vitro [28]i[30] to investigate

the surgical outcome anbdiomechantal consequencesf such a treatmertn the cervicakpinein
comparison ta@ageslt was foundthat bone cement stabilized the spine similarly to other d26éis

[28] andshowed a lower subsidence in adjacent vertel2@je [30].

Thus,PCD is a promising technique for spinal repair, however the knowledge around the surgery and
its congquences on thieimbar spine is still under investigation. Studiegre published on several
aspecds of PCD, from clinical cohort studies to engineering studies on biomechanics and biomaterials.
No previous review on the topigaswritten yet, so theravas a need to present an overview of the
researchelated toPCD.

The reviewaimed topresent the various reseai@teasunder investigation related to PCD to provide a

clear view of the covered topics. The reviago aimed t@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 articlesettets to the editor in peeeviewed journals.

No precise study design was specified since the review aimed to collect allel@$2l publications.

No time frame was defined although first publications mentiolhimdparPCD were published in 2015.
Only revised and published publications with an English version were considered.

The review intended to establish a staf¢he-art about PCD. Therefore, the inclusion criteria rather
targeted the qualificatives of PCD to ensure both quantitative and qualppaiers 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 asurgeries including external fixations.

The study search was performed on the electronic databaske®@nd Scopus. Additionally, the
references of the screened papers were reviewed to search potential related studies. Other studies the

authors were awa of could also been addée€ig. 2.1)

Once the studies collected from the databases, the degligate removed. A first screening was
performed based on the studiesd title anddabstr a
been respcted. 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 peddibetween qualitative studies assessing the
characteristics of the surgery and its consequences and the studies including statistics on PCD which are

used for a metanalysis.
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Fig. 2.1 - Workflow of the search strategy

2.2.2 Data collection process
Qualitative and quantitative data were then extracted from the studies using a form established by the

authors to assess the quality of the studies and their content. The variables sought in all studies were:

Type of the study (cadrt/retrospective/prospective/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 tparticipants (specimens/patients)

=A =4 =4 =4 =9

Presence of comparison between groups of persons/patients undergoing two different treatments

20



Critical review of the statefahe art on Percutaneous Cement Discoplasty

As the review covered various types of studies from clinical to mechanical papers or exchanged letters,

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

=A =4 =4 =4 =4 4 4 -4 -4 4 -4 -4 4 4 -4 -4 I

Presence and duration of a follayp

Period of the study

Number of persons in the cohort/specimens
Inclusion/exclusion criteria for the persons/specimens
Variables observed and cesponding parameters measured
Frequency of measurement

Nature of the parametersd outcome
Presentation of the operative technique

Monitoring of the surgery

Surgical approach chosen

Use of preliminary medium to assess the volumeeaient to inject
Volume of cement injected

Duration of the surgery

Discharge of the patients

Postoperative treatment/recommendation

Presence of case presentation

Complications/limitations

(i ndex,

In particular, the review investigatgatient outcomes, the opevat technique, and potential risks

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

wasbrought to:

=A =4 =4 4 4 =4

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

S

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

levels. Among the practices recommentiediecrease the risk of bias, one can mention the use of an

independent observer or a doublad, the repeatability of measurements, the reproducibility of the

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

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. Edigd 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
guantitative parameters, timeeanvalues of the studies will be compdrusing the same scale. To
guanti fy pati ent 0 sswesyBisabilityyndes(ODl)andfMsualAnaldgueScale n, O
(VAS) scores will be graded using a scale from 0 to 100. Spine alignment and stability will be quantified
by anatomical paraeters in terms of angles and distances.

2.3 Results

2.3.1 Results of the literature search process

The search oRPubMedand Scopus with the keywords stated above resulted in respeivahd 20
papers from all types. The first screening of the abstracts and titles proVidigit@le papers. The full

text reading established tha® fiublications were qualified for thigview on PCD, all written since
2015. Among theml1 were identified as journal articles covering both clinical and engineering
investigations, and 2 as letters to the editors commenting somerefribeedarticles.

The articlefoundincluded five pospective studies {5], one case study [6], two diagnosis studies [7,
8], one retrospective study [9], and two biomechanical studies [10,Fblibwing the case study
presented by Solet al, a letter to the editor was written by Wagigal to requiremore details about
the operative technique aitd outcome[31]. The content of the answers from Willhuber and Sola was
published in another lett§82].

Exceptfor the case study and the diagnosis gt papers provideduantitative data tackling the
patient outcome anor biomechanical parameters. All studies acknowledged their risks of bias and tried
to limit them.

One must note that the term Percutaneous Cement Discopkisshotuniversally used in thiterature
since Yamadaet al reported the surgical technique in their two papers under the hame percutaneous
intervertebralvacuum polymethylmethacrylate injection (PIPI). In this review, the surgasnpamed

after the most common term: percutaneous cement distpplas

Among the recorded3lpublications,six studies usediwumanparticipants. Yamadat 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 pipaicts was explicitly detailed in the text at

minimum, with additional scheme to summarize in Yametdal and Kisset al studies.

The review aimed to gather all publications linked to PCD, whether theyezhiher patient outcome

or the operative technique. Data colledtedivoandin vitro wereseparated 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 tackledn vivo PCD applied to patient§om the surgical planification to the
operative technique itself and the patient outcoHfistorically, cement injection in the IVD was
primarily introduced to stabilize the cervical spif#b], [28]. In 2015, Vargaet al presentedhe
operative technique applied for the fitshe to the lumbar sping0], followed in 2018 by Solat al

[33]. Four papers included a case study presentf@jn[33]. Willhuber et al. focused one study on

the development of a methodology to finme the diagnosis of cases requiring PCD as a treafg#nt
Elteset al developed a methodology to quantitatively evaluate the impact of the surgery in patient
anatomy usig medical imaging [7]Finally, six papers included a followp of the patientf20]i[22],
[35]i[37]. While Kisset al andVargaet al. investigated PCD as treatment of disc degeneration without
distinction, Yamadat al applied PCD to specifically treat scoliosis resulting from disc degeneration.
The study compared the clinical outcomes of two groupsmatireategvith PCD and patients treated

with physiologic therapy. Willhubest al. addressed the matter by comparing the treatment outcome in
patients with and without degenerative scoli¢38. Another study by Willhubeet al compared the

PCD outcome between three groups of patients depending on their previous spine surgical history at the
treatedevel [37].

2.3.2.2 Surgical planning

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

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

Di sease in an advanced st ageVPdgefto therdiveppeardngt gr ad e
nucleus pulposus. Evidence of foraminal stenosis directly inducing back pain is also required: LBP must

increase with standing activity and be relieved after resting.

Pfirr mannds theinterdertebra dise tiegeadratsimge however PCDipcipally 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 end[8dje# new classification of

VP, established from Computed Tomography scans, identified four levels of VP based on the rate
air/disc tissue and two stévels 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 duringementinjection. Addiionally, the presence of subchondral stenosis

would limit risks of adjacent fractures, in particular in osteoporotic patients.
Few contraindications were presented by $&%&
1 Severe osteoporosis could jeopardize the integrity of the vertebral bodies after the surgery.

Foll owi ng Wango §1],/Wsllhubeeand Sola spécifieel tha doiditect measure
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of lumbar osteoporosis was used as a threshold to discriminate patients suitable {82 PCD
However, patients with a bone mineral densitycbre-2.5DS in hip of history of bone fcture
were referred to endocrinologist for an8teoporosis treatment. In their papers, Yanwdd
defined a bone density threshold of 70% under which the surgery is not recommended.

1 Severe deformity of the spine would exclude patients freeriving PCD as thsurgery does
not aim to restore the spine alignment. Later, the authors specified in their answer tetWang
al. that degenerative scoliosis was not a contraindication since it was usually induced by disc
degeneratiofi32]. 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 dting the surgery

2.3.2.3 Operative technique

PCD is a minimally invasive surgery whose operative techniggesimilarly described by two papers
(Fig. 2.2). A radiopaque medical cement was injected to fill the vacuum through the Kambin's triangle
[20], [21]. Yamadaet al prioritized a transpedicular approach for the injection while 8okl also
recommended an entrance parallel to the superior lateral pedigle Wanget al confronted the
difference of approaches used by Varga and ®o¢lal, wondering the key factor allowing a
homogeneous cement distribution and avoiding leakigjgs Willhuber and Solaxplained that the
cannula between middle and anterior third of intervertebral was indi&abgghing injection when bone
cement reaches the posterior veraéélrall would prevent leakagg82]. If Vargaet al recommended

local anaesthesia, PCD can be conducted under general anaesthesia as reported by, Wigkaiter
Yamadaet al [21], [22], [35]i [37]. For all studies, the volume of injected cement varied between 3
10mL depending on the patiearid spine levekince cement must entirefiy 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 ass®the volume of required cemé¢lR]. The surgery duration varied between
studies depending ohé number of treated levels, from about 25 min for one level PCD to more than 1
hour for five level PCD. Willhubegt al. demonstrated that PCD associated with decompression surgery

also provided promising outcome to treat eldgsIgj.
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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
possibld36]. In the case of the treatment of lumbar degenerativliosis, a brace was worn by patients

for two months[22]. Wil l huber 8s g r @a lracedpostoperatively, sineecpatiantse n
undergoing PCD did not have risky activities. The only recommendation was to avoid excessive

flexion/extension movements and limit more than 10 kg liffB&].

Kisset al. and Yamadat al. reported cement leakages in 4% of the surgeries (respectively 3/63 patients
and 3/80) which were treated by decompression sufgg&fy{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, orleakage was localized in the intervertebral foransen induced a
radicular pain which was trestwith antrinflammatory analgesics. Because of the reduced capacity of

the disc after PCD to share the vertical stress between vegtémaget al sharedconcerns about the
increase of fracture rigB1]. In their answer, Willhuber and Sola reporteefracture over 131 treated

discs. They explained that fracturesreprevented by the degeneration of the endplates whichedsult
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in subchondral sclerosis. No endplate fractuwecement dislodgement was reported by Yaneidd

[22]. One deep infection and one fractuf¢he adjacent vertebral body were later reported by Willhuber
et al. along with two cases of leakage in the foramen, one disc extrusion and one unexplaif&g].pain
Overall, 16% of complications were reported in their last study, with only 5.7% (9/156) permanently

impacting the spinf87]. Cement leakage acquainted for 3.2% and vertebral fracture for only 0.6%.

2.3.3 Overview of the follow-ups

Among thesix studies including a follovup, minimal followups lasted six montti20], [21]. Willhuber

et al presented a one year follewp [36] and a second study of two yedoow-up [37]. Yamadaet

al. first study measured patient outcome for two y§22$, the second study based on the same cohort
lastedabout63.7 + 32.4 month@neak:SD)[35]. Periods over which the recruitment and the follgw

of patients was performed widely variedweén studies.

2.3.3.1 Selection of patients

The firstpatient outcomeublishedstudiesincluded 47 participantsith completefollow-ups out of 81

initially treated patientR0]. 28 farticipantsout of63 were included by Kisat al. in a follow-up of six

months (Fig. ). The first study of Yamadet al enrolled 162 participantsut of 252 patient§22],

but was extended in a second study, resulting in a shorter cohort of 80 parti@phMéllhuberet al

presented a retrospective study on 54 participants separated into 2 groups: 37 participants had a
degenerative scoliosis, and 17 participants did not present angfsigoliosis[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 histgr(PCD only/PCD after previous lumbar surgery /PCD+decompreqd&8idh)
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Fig. 2.3 7 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 fallpinal participants were filtrated using

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

1 The absence of complete data$2ig, [36];
1 The simultaneous performance of any type of spine surgery even outdPIL], [36];

1 The presence of any previous surgery at the same anatdeviel[22], [35], [36].

Additionally, patients with less than 1 yg@6] and 2 yearg37] of follow-up were excluded from
Wil l huberdéds 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

Yamadaet al

2.3.3.2 VAS/ODI scores

Low back pairgraded by the VAS score was reported over the two years of fafofiFig.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 agidi 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 ODspogéry
comparedo preoperative which was still present after two years.

VAS low back (%) ODI (%)

100 100

920 mvarga, 2015 90 lvfatrga, 2015
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Fig. 2.4 7 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 B and for the duration of the follewp (>2

years) assessing the recession of the edema in the vertebral bodies (¥tatada

The Cobbds angl e weatal amdéNdlbubarekall prelop/andvf@lowaddfa 2 years

(Fig. 2.5 . After the intervention, the Cobbés angl e
(p=0.0006) while the nonscoliotic group did not exhibit any chanf6]. The comparison between

patients treated with PCD and physiologic treatments during the folloshowed the increasing
significant effect of the surgical tr massee nt on
during the followup. Lumbar lordosis was not significantly impacted by PCD (p>0.0bjile the

segmental lordosis exhibited a significant increase (p<(J&H) On the contrary, another study

reported a significant increase of lumbar lordosisretyear postop (p=0.0001) in patient with lumbar

scoliosis but no significant changes in segmental lord86]s

The pelvic incidence remained unchangsaxl months after PCD (p>0.09R1]. The sacral slope
significantly increased postop in two studies (p<0.01) and the change remained ¢ahk{&ig. 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
sixmonths[21]. Lumbar lordosis was not significantly impacted by PCD (p>0@8)lethe segmental
lordosis exhibited a significant increase (p<0.(&)]. On the contrary, another study reported a
significant increase of lumbar lordosisateyear postop (p=0.0001) in patient with lumbar scoliosis

but no significant changes in segmental ¢®id[36].

Sacral Slop€) Cobb angl€)
40 40
30 30
20 20
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& o"} S K\ & S & & 2 >
R N & > TN & Y S
kiss willhuber willhuber W yamada

Fig. 2.57 Impact of discoplasty on the sacral slope and Cobb angle

Lumbar scoliosis and segmental scoliosis were significantly redaatbith segmentsvith and without
PCD [21]. The intervention significantly changed the scoliosis angle postop (p<0.05), busiafter

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 consfah.

2.3.4 Biomechanical assessment of the effects of discoplasty

In parallel to patient outcome investigatiam,vitro andin silico studies assessed the biomechanical
outcome of tk surgery. The application of PCD on the low thoracic/lumbar spine being recent, apart
from our studies, engineering research on the topic remained lirfShed summary of our pukled
resultsis presented below; the detailed paper being extensivegia®ed in Chapte8 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

acryliccement in order to 2/ increase the disightand 3/achieve an increase of tfrmamen space.

1/ Evaluation of the cement distributidRostoperatively, thie vivocement distribution was segmented
from CT scans and characterised in term of cement mass volume and byrEteset al [38]. The
cement axial thickness between the endplates was also measured foiseaClemhent distribution
presented large variability of volume (318.1 ml range) and shape induced by the wide variations of
musculoskeletal status and degeneration of each p@fependix 2) Improvement of the patient

outcome was correlated to highngent thickness

2/ Measurenentof Disc Height Techenset al. compared ten porcine lumbar discs in intact condition,
after nucleotomy, and after simulated PCD tested in fleaimhextension. In both motions, Posterior
Disc Height (PDH) was significantigeduced by more than 15% after nucleotomy whereas discoplasty
significantly restored it. In extension, PDH after surgery was 105% of the intact disc heightyifioe

investigation confirmed the disc height increase clinically obsdB&dsee Chaptes).

3/ Measurenentof the foramen spacélteset al developed an 3D volumetric method to quantify the
preoppostop change of the foramen space from tomographic images. PCD significantly decompressed
the spinal canal despite the wide difference of volumetric changes (me@hm2?, SD= 1181Imm?,

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 concelisdrdegeneration

Techenset al measured then vitro range of motion and stiffness following PCD on porcine lumbar
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segments. No significant changes were observed despitereade of the ROM in flexion and an
increase in extension compared to intact discs. Discoplasty recovered the intact ROM compared to
nucleotomy.The straingneasurean the specimen surfasbowed a partial recovery after discoplasty

of the distribution irintact discsPCD also reduced the peak strains observed after nucle{@diny

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
mineralized collagen (MC) modified polymethylmethacrylat®{PA) cement was investigated by
Yanget al as a substitute to PMMA for PCD. With MC patrticle size ranging between 300 and 400um,
injectability, hydrophilicity, and mechanical properties of PMNIKC were characterisefd0]. After
implantation in goat surrogates, PMIMMC showed a gnificant better osteointegration than pure
PMMA cement in term of circumferential contact index with bone. Moreover, PMAMAtriggered a

limited reaction from the immune system, in comparison to PMMA which exhibited a large fibrous
encapsulation iim vitro experiments. Due to its decreased mechanical strength (Elastic modulus of 2.4
2.8 GPa for frequencies of1DHz) reducing risk of bone fracture while keeping similar injectability
characteristics as PMMA, M@odified PMMA was presented as a promisintgralative to pure

PMMA cement fordisc degeneratiomeatment 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 diseaseer, it still

implies limitations and riskeeported by the previous studi@snong therarepermanentomplications

reported by clinical followups cement leakagaithe intervertebral foramemd 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 casbs limited by claely
monitoring cement injection with the use iofagingdevicesand 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. Preoperative treatmentsan 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 surfacnsmitting compressive loadt the cemenendplate interface. Although

no proper investigation of the intdhscal streseind subsidencafter PCD has been conducted so far,
anincreasedearingsurface is intended to reduce the pression on the endptetgrmred to otheron

specific devices previously used to space the verte4dg¢ Finally, vertebral fractures could be

prevented by replacing the agted PMMA cement with substitute fillers exhibiting reduced mechanical
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strength.Nonetheless, no experimental study could be found testing the linmts pat i ent 6 s ac
susceptible to cause fracture. Questions sucliVkich load could a patient sd§ carry?Which
movement could be safely achieved®re not investigateget, although patients indicated for PCD

were unlikely to carry heavy loads or ostentatiously exercise.

Other concerns can be raised about the interface between the cementsamobthrling tissue of the
annulus. No study could be found focusing on both the shiadtlongterm responses of the biological
tissue of the disc to the presence of the injected cement. No abnormal inflammatory activity was reported
in the followrups. PMMA cementbeing biocompatible and favouring osteointegration,
cemented discould beexpected to fuse and stabilize the treated le®emplications arising from
long-term motion such as cement loosening or wear although they have not beed gaidiwould
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
presentedbefore, the limitations addressed above covered only the risks linked to complications
clinically reported. Oneshould remembethe frame of application of PClnd conduct more

investigations in case of change of the indications of the surgery (yourayeraative patients, etc.).

2.4 Conclusions

Disc degeneration disease has a high prevalentiee jpopulation in particular inthe elderly and is
responsible for low back pain. In the most advanced cases, the disappearance of nucleus pulposus results
in the presence of ¥P which leads to the disc collapse, and the reduction otlgerance of the
foramens Because polymorbid and ofgatients 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.

Thirteenpapers were retried throughtwo 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 repecVVP 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 mainlyoatraindicated 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 complicatsout with a low prevalence (4% of the treatéstcd) and the pain

was treated.
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Six clinical studies included patient folleups lasting between 6 months and 2 ye@$.follow-ups

concluded that PCD significantly reduced low back pain immediately after surgery and that the decrease
lasted until the red of thefollow-up. Similarly, the quality of life reported by patient clearly improved
postsurgery and lasted until the end of the study. The disc height was restored by PCD, validating the
main objective of surgery. PCD significantly reduced postogratveCob b 6s angl e and p
while increasing the sacral slope. The changes remained constantkleffioitpwupe x c e pt f or Cob
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 (PMMMC) exhibiting mechanical properties closer to bone tissue was
investigated. Its ability to favour osteointegration #imdt the immune system reaction compared to
pure PMMA made it a valuable candidate for PCD.

Despite the limited number of studies published about PCDxlithieal follow-upslasted upto two
yearsandi nvestigated bot h ttheespinp alignmemThepsssibilites 6fi ngs &
improvements in the surgery planniag well as the injected materimkre also considereérrom the
reviewed papers, percutaneaasent discoplasty is an efficient surgery hag some promising further
development axes, howevapart fromour researchpnly clinical follow-ups and one material study
were published, exhibiting a large gap for biomechanical studies. Indeed, thebigpieehanical
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 restrigtion:
thesupine andtandingpositiors (loaded with the upper body weighterereally 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 loaginfigurationsas well as ta measurement of
different parameters would be needed to complete a rational on the benefits and limitations of

percutaneous cement discoplasty.
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Testing the impact of discoplasty on the biomechanics of the intervertebral disc with
simulated degeneration: an vitro study

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 spineittle is currently kown about the biomechanical effects of
discoplastyin 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
mechanicabehaviour. 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 nuclgosord 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 confirthat 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 surfeczsed 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, kutid not influence the spine mobility or stiffness. This study

confirms that thisn vitro approach can be used to investigate discoplasty.

Keywords:

Percutaneous Cement Discoplasty, Spine, Biomechanical testing, Strain
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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 lifetini@p Interbody fusion with the insertion of an intervertebral

spacer after performing disc fenestration is the mostnmmmsurgical treatment and has been widely

studied in the literatur@2]i [50]. It requires arinvasive 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 agg, find
minimally invasive treatments is crucial to treat the most complex cases. Percutaneous Cement
Discoplasty (PCD), a surgical technigue that minimizes the surgical morbidity and complication risks,

is applied when sacuum phenomenoWP) is observed iride the IVD, resulting in the collapse of the

adjacent vertebra and in nerve root compression. It consists of injecting an polymethylmethacrylate
cement (PMMA) to Acreatetedonidnvedveati gbsahlapepgaden
disc héght and decompress the spinal caf#0]. One advantage of using PMMA to stabilize the spine

i s thatbeiarhiend osadr f ace of the implant is fully a

PCD is a techniqueecently applied to the lumbar spjribe authors fowhvery little literature on the
subject. Vargeet 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[BgDDiscoplasty was shown

to positively affect the spinal alignment and netm@minal height in 27 patienf21].

While the impact of PCD on spine has been clinically assessed by compariogepative/post
operative scores, no indication about spine kinetics and kinematics has been found htheSarne
studies investigated similar techniqgues on animals, perforiningtro 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 aterials[51] to recover intact spine mechanics was also
investigated, however it differs from discoplasty which uses acrylic cementMadgonieret aland

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 iritkelélisc recovered the height loss but left ROM as wide as
after nucleotomy43]. The secondhowed that bone cement stabilized cervical discs, reducing the ROM
compared to an intact spif28]. Moreover, using animal surrogates usually limits access to naturally
degenerated discs, consequently research has also focused on the best technique toViRo&]the
[53], and the mechanical consequences of that sufgé}y[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 twlold: first, to cevelop a method to artificially represent a vacuum

disc and the surgical technique applieéhtaitro 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 p@emedfofa domesticus
thoracolumbar spines. The animals were young and healthy poagipeximately 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 discin order to keep the natural kinetics of the segment while testing, the anterior,
supraspinous and posterior ligaments were left intact. Each sedis@mashorizontallyalignedin the

sagittal and frontal planesising a sixdegreeof-freedom clamp. Bth segment extremities were
embedded iacrylic bone cemenbne after the other to make parafiet planes Specimens were stored

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

to affect significanyf the segment biomechanif&s].

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 I1VDs.
Thus, each specimen was tested in the three condstsapentially:

9 intact (INT) with a healthy IVD,

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

1 after discoplasty (DP) (Fig.1).
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Fig. 3.1 17 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 wésrped with a scalpel blade in the annulus
fibrosus on the laterposterior 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
scratchingoff 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 frozen24i °C until testig.

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-Wiggtosity radiopague acrylic bone cement (10%
BaSO4) (Tecres, Italy) was injed inside the disc through the incisidme 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 injecBexause the empty IVD was no longer

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 fra@etCat

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

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

37
Published in: Medical Engineering and Physics, 2020, 84: 517 59



Testing the impact of discoplasty on the biomechanics of the intervertebral disc with
simulated degeneration: an vitro study

3.3.5 Mechanical testing

All the specimens underwent the same test conditions. In order to sirimuéte 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 allowsagucible 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 uniaxibyskeautic 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 tlthateoom temperature and grenditioned 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 anothefsstlydyrther

cycles being early identical. The same trend was observed in these tests. The loading conditions were
selected within the range of biological conditioagplying similar moment® other past studidg7],

[58]i[60]. Besides, the selected load avoided specimen damage. Each test was repeated twice to prove
the experiment repeatabilittean ofdata extracted from the last cycle of both ruresderivedfor

each specimen. Axial load and displacement were acquired byigital Dmage Correlation (DIC)

system connected to a load cell (100 k¥ 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 tlestrstdads

were either interpolated to have more data or smoothed with a median filter depertimgaguisition

frequency.
Hn 3G

displacement

displacement

{DRSR@AS {dRSR@AS

Fig. 3.2 7 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 usM@ aetup in order to track its
displacements and strains. This technique requires acbigfinact speckle pattern on the region of
interest. Thus, a whiten-black speckle pattern was prepd 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 tis§égs The white pattern was then sprayed
following a procedure optimized elsewhg¢é2]. To measure the disglaments and the deformations

over the specimen surface, a-BIC 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 208@els, 8bit) with high-quality 35 mm lenses (Ap¥enoplan

1.8/35, SchneideKreuznach, Ba&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 gavé a pixe
size of about 0.02mm. The specimen was lit by-tigltt LEDs. Before the tests, calibration of the DIC
system was performed using a dedicated targetRMB-9x9, Dantec Dynamics). The parameters for

the images acquisition and the correlation analysigebeen 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 weregaerform

1 For extension and flexion: Lateral view of the segment with the cameras pointing at the
neuroforamen
91 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 unloadmatition (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 compafedeach specimen between the three disc conditions:
intact, nucleotomy, discoplastyeak loadDIC image frame was obtained by tracking the axial
translation of the free vertebra and synchronizing the cycles wititcthatodisplacemers 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 blaof the disc, close to the neuroforamen, where the nerve is passing.
The points were aligned in the crantaludal direction. Theposition was therefore tracked using DIC
software As a result, posterior disc height was only computed in flexion aetigrh, 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 moticarss(ations 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 loadlisplacement 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 loaddisplacement relationship in LZ. Although for some specimesaiethod underestimated the
length of the LZ, the stiffness computation was not impacted since it was within the linea{@8gion

All the computations were performed with dedicated Matlab scriyahiVorks Inc., Natick, MA,
USA). All height and strain measurements were evaluated by two independent observers. To imit inter
specimen variability influence, all stiffnesses, heights, and ROMs values were normalized to the intact

condition.

In addition b 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 arehnof 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 temtelcexcluded using the Peirce criteri64],

this resulted in a 10% data exclusion at the maximum. Test patamwetre 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 stnameanwithanorpar ametri ¢ test (Wilcoxonébés sign

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 tomodnagcanner (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 §addkhatry.
Segmentation process was performed in Mimics® image analysis software (Mimics Research, Mimics
Innovation Suite v21.0, Materialise, Leuven, Belgium) on the 2D CTgasausing 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. Nucleotosignificantly decreased the posterior height for

flexion (p=0.006, Wilcoxon af t er Bonf er r o)nAidécease af posteiar heiglit was U= 0 . 0
also observed imextension (p=0.049, Wilcoxon U =) (Fi@ 2.3. On the contrary, discoplasty

restor@ 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 dis@mht was respectively 84% and 94%

not significant (p=0.11, Wilcoxon).

C LOnd n c

of the intact height after nucleotomy and discoplasty but the difference between the two conditions was
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Fig. 3.3 71 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.
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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 ROMfFig. 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 sigmk test, p=0.57), extension (p=0.43) and lateral
bending (p=0.50, Wilcoxon).
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Fig. 3.4 7 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).
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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 configuaticspinal level. The
majority of theregsobaopbesenced atiifderegion.
initial behaviour compared to after nucleotomy was also observe®(®)grhe results for nucleotomy

and discoplasty disagere 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) 85y.
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Fig. 3.57 Load-displacement curve of a representative specimen tested in flexion in all disc conditions
(left) 1 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 beemiscessfully 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 weré.BP4,[L.5%] range

on the vertebra surface whereas they reaehé® and +11% on the dis. Moreover, VD principal

strains presented different behaviours depending on the loading configuratiad @i flexion, for

all disc conditions, the highest values of compressive strain are located at the cranial and caudal
extremities of the IVDstarting 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 oetpristtipal 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. Discoplaty 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 hatd themeantensile 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 condixtam$éion.

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

AN N s

oEBy/ARy

M

Fig. 3.6 T 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.
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Table 3.1 - Principal strains recorded over the disc surface in Flexion and Extension: The mean and
peak (of 10 speci meiasid doe ©Oeported for

2y 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
% Flexion Extension

Mean (%) Peak(%) Mean (%) Peak (%)
Intact -2.0£1.2 -17.246.1 -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 -1.74£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 cantéth 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 esittipifades

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

Fig. 3.7 7 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 modelsompared to cement distribution after human surgery taking porcine anatomical

specificities into account, and two were sagiimal (Fig.3.8).
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Fig. 3.8 1 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 saptimal 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  Cement volume
(mm?) (mmd)
#1 T13L1* 257.8 282.8
#2 L3L4 465.8 476.7
#3 T13L1* 211.6 143.5
#4 L5L6 623.7 673.9
#5 T13L1* 712.3 750.3
#6 L3L4 552.0 608.7
#7 L3L4 742.2 776.5
#8 L3L4 557.6 505.4
#9 T15L1* 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 observatiorf20], a loss of disc height due to disc degeneration would result in a
reduction of the neoforamen where the back nerves are passing, compressing them and creating pain
for the patient. This animai vitro study aimed at exploring the feasibility of assessing the mechanical
conseguences on spine stability after discoplasty surgical procesturi;v 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
suchin 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 recovehggfosterior height (105% of the intact
height in extension). This trend supported the clinical observaffijsand 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 didat 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 authorsd knowl edge, toséqaencesaosdistoplasty dnithe st st
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 strainalues.

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 bulgende, leading to intense tensile strains at the apex of

the bulging. At the same time, this more pronounced bulging aheight 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 cemets 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 corflitien.specimen
endplates presented any weakness, this could lead tadonglamages due to the load concentration.

The peak strain values increased after nucleotomy, and decreased again after cement injection, reaching
intactlike values. No correlatio 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 asimthieno studies on porcine lumbar
spineg58], [65]. Others studies investigating the effect of nucleotomy demonstrated that the absence of

NP reduced segmental rotational stability, significantly increasing the ROM55], [59].

Discoplasty being a recent surgical technique, the authors found only one article applying a similar
surgey, on dog cervical disdgl3]: nucleotomy was also performed through an AF fenestration and a
spacer implant was inserted. Similar to the present study, Moisssn@ifound that nucleotomy
completely disrupted spine stability, increasing significantly the ROM. Both therspsed in their

study, and the cement injected in ours failed to recover disc mobility. Similarly, the cement set in the
cervical disc by Wilkeet al reduced the ROM compared to intact disc condition. However, this study
tested bone cement to anticipatéerbody fusion, and the AF was not fully intg28]. This was the

major difference with soft disc filler materials which are more likely to restore intact ROM g& el

46
Published in: Medical Engineering and Physics, 2020, 84: 517 59



Testing the impact of discoplasty on the biomechanics of the intervertebral disc with
simulated degeneration: an vitro study

Although the results were normalized with respect to the intact to integrate the specimen anatomical
specificity, and one outlier was removed, irgpecimen variability maained large, with no correlation

with the segment level. Our tests differed from most of the literg@djeas 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 léssSpecimen variation of anatomy and mechanical
properties. Indeed, porcine models are commonly used to replicate human spine Jé&jeli&s].

Porcine spines could be good surrogatesnferitro teging, even if they exhibit larger ROM and lower
stiffnesq68]i [70]. Since the porcine specimens wer&aited 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 clircally 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 impodhtids 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 s{Bggrivioreover, during the

PCD procedure, the patient position aims at enlarging the intervertebral spacechngrdtRisegmental
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 spacdndeed, these methods were conceived for clinical application considering the
vertical height along the antepmsterior disc length on medical images, taking account of the whole
disc and its orientation. This study, however, focused on the nervevd@fi@nghe neuroforamen. Only

the volume where the nerve passed was critical, based on clinical observations, and the discoplasty
surgery was applied in first approach teopen the foramen space by achieving indirect decompression.
That is why a compariae 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 purpgbsesofgery. 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 fengtration during nucleotomy on the segment stability has not been assessed here,
however Michalelet alreported alterations of IVD mechanics with disc height loss under a compressive
load, following different types of incisiorigl]. Disc lesions were also found to reduce the peak moment
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depending on the damage shdpg]. As a consequence, our study may overestimate motion range.
However, it washypothesized that the lack of NP would destabilize the segment in larger proportion

than the fenestration of AF.

Pure moment is the goektandard loading fdn vitro spine testing in a relevant bending condition. For
spine segments consisting of severaitebrae, bending is usually associated with a follower load
equipment to model thia vivo kinematics, including the effect of the muscles adding a compressive
loading[73], [74]. Similarly, a compressive preload is found in a sin@& Fout 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 tedeat 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]i [78]. It has been demonstrated that without preladyostiffness of the spine segment was
underestimat@ applying pure bendinfy9]. 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 B€omes 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 rneathisk 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 arin vitro surrogateo test a highly degenerated disc with vacuum inside, and to assess the
biomechanical changes related to discoplasty in porcine splies.main conclusions could be

summarized in key points.
9 Thein vitro method was successfully developed to model numheypt

1 Thein vitro testing protocol applied to discoplasty allowed to measure the effect of this

minimally invasive surgery on the spine biomechanics.

1 Nucleotomy decreased the posterior disc height. Discoplasty restored the height significantly,
maintainirg a gap between the vertebral bodies andpening the neuroforamen area as

observed in clinical practice.
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1 The CT scans confirmed that the distribution of the cement had a similar distribution inside the
disc for most specimens compared to humangagery observations, although the cavity after

nucleotomy and the cement volume were smaller than in human cases.

9 Discoplasty did not impact the ROM nor the stiffness, which remained similar to the nucleotomy

condition because the cement did not directlgratt with the AF nor the facets.

1 Discoplasty concentrated the strains along the endplates, reducing the strain value on the middle
of the disc. Themeanstrain over the disc was decreased after discoplasty compared to
nucleotomy, limiting the risks of file tears.

1 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 deg#ion, including vacuum phenomenon. The present
study aimed to develop aim vitro model of PCD to investigate its consequences on the spine
biomechanics in comparison with the degenerated condiioman spinal segments (n=2vgre tested

at 50% body wight 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/byo4 Tlexion and 35% for
extension. ROM was significantly reduced only in flexion by 27%, and stiffness increased accordingly.
The injected cement volume was 4.56+1.78mtdént SD). Smespecimengn=7) exhibited cement
perforation of one endplate h& 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 seppaiinical
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, spigital image correlation, intervertebral disc

degeneration
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4.2 Introduction

The ageing of the global population due to increasing life expec{@@¢yresults in the changing
epidemiology ofspinal disease and disorderd81]. In the ageing spine, the intertebral disc
degeneration (IDD) leads to biomechanical and structural changes of th¢8&pin€he terminal disc
degeneration is characterized by total disorganization of the intervertebral tissue, and complete
resorption of the nucleus pulposus causing in many casesuam phenomenon (VIR4], [83], [84].
IDD-related structural changes lead to biomechanical malfundB&hssuch as segmental instability.
Surgical treatment possibilities of segmental instability in elderly patients are lif@itedvinimally

invasive surgical (MIS) procedures are the preferred op{@®is Percutaneous cement discoplasty
(PCD) is a MIS procedure, where the vacuysace in the intervertebral digtvD) is filled with
percutaneously injected acrylic cement. The PCD procedure is expected to provide a segmental
stabilizing effect and indirect decompression of the neuronal elerf2}fq21], [33]. Initially PCD

was biomechanically irestigated on cervical disd25], [28]. However, PCD as lowackpain
treatment has only been evaluated in terms of patient outcome by clinical 2QHigAl], [36]. If PCD
appeared efficient to relieve patientodos pain,

unknown.

This study aims at investigating the consequences of percutaneous cement discoplasty on the
biomechanics of the human spine with respect to th@peeative degenerated condition. Therefore,

the first objective was to develop a relialvievitro model ofpercutaneous cement discoplasty. This was

then used to evaluate threvitro 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 anl 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 conditidfe furthermorenypothesized 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 thathe 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: rd@arniational 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 sudmeg 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 omparison with degenerated dis€sSUswere prepared for testing (Figl). They were
biomechanically tested natestructively after simulating disc degeneration. Then percutaneous cement
discoplasty was simulated. The specimens wertested under thesame loading conditions.
Kinematics and strains were measured using digital image correlation (DIC).
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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 yearsold. Death was unrelated to a spine disease. Based on computed tomography (CT) scan
images, specimengith 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 fromethpment preserving the anterior,
supraspinous and posterior ligaments, the facet joints, and the IVD to keep the natural kinematics of the

segmen{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 stor@8%& between cleaning and testing
phases, andvere thawed in physiological solution at room temperaturer id each test phase;

hydration was granted during preparation and testing spraying the speféiens

4.3.4 In vitro surgical procedure
4.3.4.1 Nucleotomy

PCD is recormended for advanced degeneration of the disc, when a vacuum is observed instead of the
nucleus pulposus (NP), inducing a negative pressure within thR2@8]sg33]. 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
specimeng39], [43] to provide the anatomicalacuum characteristics needed for PQIing a
substitutive methadA rectangular incision as high as the disc aif8drdm wide was performed with a
scalpel blade in the annulus fibrosus on the lateral side 4HiYy. preferably on the side showing
irregulariies (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 posterimm.eghe 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 biomediahis
remaining annulus, a separate methodological study was performed on eight additional specimens to
quantify the consequences of this preparatidppéndix 1). Briefly, only NP removal significantly
impacted the PDHAF incision did not significantlyimpact 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, ltalyingpr@d% BaSo4).

The cementvas prepared as clinically recommengigg], mixing the componestat room temperature,

and waitinga few minutes to obtain the desired viscosityvads injected insidef the disc through the
incision performed during nucleotomy until the cement would fill the cavity @&ij. 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 frdaiteset al [38] and was performed hyy ceauthors in this paper prior
to my participatior.

In parallel to thdan vitro study, aretrospective analysis of prospectively collected datalving 10
consecutivepaients (74 * 7.7 years oldyvas performed by FE | t geosipj38]. All patients suUtred
from low back pain and leg pain, dueadvanced disc degeneration, amdlerwenfprimary single or

multilevel PCD at a tertiary care spine referral ce(iable4.1).

Patientgarticipating in the study were informed and their written consentltaged. The study was
approved by the National Ethics Committee Hiingary, the National Institute of Pharmacy and
Nutrition (referencenumber: OGYEI/16B4/2019).Quantitative Computed Tomography scans were
performedpre- and postoperatively, with a Hitachi Presto CT machine using an irdaldération
phantom, and a protocol previously defined in iigSpine study (IC12009.5.3 VPH, Project ID:
269909) with an intensitgf 225 mA and voltage of 120 kj9], [90]. Images were reconstructedth

a voxel size of 0.6x0.6x0.6 nfmro comply with the ethical approvahd the patient data protection,
anonymization of the DICOM data wasformed using the freely available Clinical Trial Processor

software(RadiologicalSociety of North Americahttps://www.rsna.org/ctp.aspfol].

Table 4.1 7 Clinical cohort

N=10 PatientID Age (years) Sex Treated segment

PO1 83 M L4L5
P02 59 F L2L3
L3L4
L4L5
P03 67 M L5S1
P04 78 F L3L4
P05 79 M L5S1
P06 76 F L:L2
PO7 75 F L2L3
L3 L4
L4L5
P08 66 M L3 L4
L4L5
P09 77 F T12L1
L:L2
P10 82 F L:L2
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4.3.6 Cement geometry visualization and thickness measurement

[This section includes my participation to Eltes al. [38] in vivo study which was limited to the
segmentation of thBD geometries and its corresponding effect on DSI values. In order to ease the
comprehension of the study results, the thickness measurementsiwmdata were included in the
section even though theere not performed by nje.

The vertebrhand the cement masswere segmentedvith an image analysis software (Mimics
Innovation Suitev23.0, Materialise, Leuven, Belgium) on the CT slices using thresholding algorithm.
Because of the extrengipots used fomechanical testinghein vitro vertebrae weraniformly cropped

at 3 mm from the deepest part of the endplate curvatuaehieve 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 (B&])

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 hnovation Suite v23.0). The vertebrand bone cement geometries were first
uniformly remeshed (target triangle edge length: 0.3 mm, surface contour preservation, bad edges
removing, split edge factor: 0.2). The endplate surfaces were manually seléaexnient thickness

was defined between the two endplate surface planes, and was measured with the Midplane Thickness
Analysis module of 3atic. Only thickness measurements of thevitro cement mass were performed

by me, than vivomeasurements werermtuded by my ceauthors in Eltegt al
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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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Biomechanical consequences of cement discoplasiy: vitro study on thoracéumbar
human spines

4.3.7 Biomechanical testing

The scope of our work was to testigcbplasty can provide relief by increasing the foramen space with
respect to the degenerated conditiolsyvivo, one ofthe most concerning loadirsgenariogor nerve
compression withithe forameris related to a combination of an axial load and nmstim a sagittal
plane. For this reason, the specimens were mechanically tested in flexion and extension using a uniaxial
testing machine (Mod. 8032, Instron, UKpr these motionspinal specimens are usually tested under
pure momentsven if it wasa simplifier condition compared to the axial loading for modeliagnaged

or treatedsegmentsn extensior{93]. Thus, me pot was rigidly fixed to the top of the testing machine.
In order noto constrain the relative motion of the two vertetaae avoid bucklingthe caudal vertebra
was loaded through a spherical joint moving along aflostion rail (Fig. 4.3). This setup allowed to
reach the full load in a relatively fast loading, compéedo the speed one can expect in living subjects
(file wp4_130109_1 17 from database OrtholL {gd]).
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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 eeitelsra
applied with an anterior (posterior) offset, generating a combination of compressiotexiod f
(extension) (Tabld.1). To have an anatomical definition of the offsets, the lever arms were measured
with respect to the centre of the disc on CT imagssthe segments are more flexible in flexion, the

assigned offset was smaller (35% of theeemposterior length of the disc) compared to extension (70%
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