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ABSTRACT

The onsetand development ofhe synovial jointsis due to
different genetichbiochemical, and mechanical factolsstarts at the
limb buds which have an uninterruptemass of mesenchymal cells
within its core also known askeletal blastemd/ostof theseblastemal
cells differentiate into chondrocytes; however, soofghesecells
remainundifferentiatedat the site of the future joir{interzong. The
separation othe rudimentsoccurs with cavitatioprocesswithin the
interzone After the joint cleavage(cavitation) joint morphogenesis
occurs,andthe bonstaketheirfinal shapeOnce the embryonic period
has finished, the synovial joint and its interstatictueshas developed
completely.Though once the synovial joints afermed,they might
suffer several pathologies, such as the osteoarthritis. (O#gre are
severatreatments that have been proposedetgeneratehe articular
cartilage,amongwhich scafblds without cellular sourcdsave shown
great results

Understand the processes that the joint tissue goes thapeigh
importantto develop new direct and effeadi treatmentsfor joint
related pathologie€omputational modelseem a good alternative too
to complement the study of the joint proces3éreforejt was of our
interest to studythrough computational models, the biochemical
interactionfor the interzoneonsef the cavitationand morphogenesis
processeduring the joint developmentVe an&yzed these phenomena
within the development of an interphadggaljoint ard the patellaonset
Moreover, we were also interested on analyzing, through a
compusational model, the processes happening when a defect in the
articular cartilage is treated witthe implantation of a polymeric
scaffold.

All the computational modelsesteloped in this study applied
theories about tissue behavior under mechanical and dyrochl
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stimuli. The obtained resulta/ere compared to experimental works
found in the literatureall of them showed promisirautcomes. Hence,

we consider that the procedures and considerations taken for each
proposed computational model are not far fravhat is really
happening on the analyzed biological phenomena. Moreover, we were
able to evalua mechanical and biochemical conditidhe biological
phenomena, that would be hard to test through experimental
approaches. We hope that these models becsefaluo medical and
biological researches, helping in the design of prevention and therapy
straegies for joint related diseases.

Thisthesis is structured ieight partsincluding an introduction
which triesto aware the importance of the study anddhgctives of
the thesis Afterwards on the second panive exposesome general
concepts relatkto thetopics and methods employed to develop the
researchThen, the third part describes a computational maaglosed
to explain joint development fromehnterzone onset to the cavitation
process. The fourth part is focus on the joint morphogeasssirt of
the joint development procesSubsequently the fifth section is
dedicated to explaining the sesamoid bones development through a
comparison of thee theories of the patella onset, evaluated via
computational models. The seventh part of thaskws a computational
modelproposedo understand the processes that surround the cartilage
regeneration when a polymeric scaffold is implanted in the articular
cartilageIn the last partwe concluded the achievements and discdisse
the main conclusionsf the thesis, as well as the recoemded future
work and perspectives. As an additional chapter, we added a general
overview of the thesis in English and in Valencian.
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RESUMEN

El desarrollo de las articulaciones sinoviales se debe a diferentes
factoresgenéticos, bioquimicos y mecanicos. Comienzal émote de
las extremidades, que tienen una masa ininterrumpida de células
mesenquimales dentro de su nucleo, el blastema escoeléa
mayoria de estas células blastemales se diferencian en condsgigitos;
embargo, algunas destas célulapermanecensin diferenciargen el
sitio de la futura articulacién (interzonala separacionde los
rudimentosocurre con el proceso de cadion dentro de la interzona.
Después de lgavitacion, se produce la morfaesis articular y el
hueso toma su forma findlina vez finalizado el periodo embrionario,
la articulacion sinovial y sus estructuras internas se han desarrollado
completamente. #nque una vez que se forman las articulaciones
sinoviales, pueden sufrialo largo de la vida, distintapatologias,
como la osteoartritis (OA)Hay varios tratamientos que se han
propuesto paraegenerarel cartilago articular, ¢re los cualeslos
andamiajes 6caffold$ sin fuentes celulares han mostrado grandes
resultados.

Comprender los procesos por los que pasa el tejido articular es
importante para desarrollar nuevos tratamientos directos y efectivos
para las patologias relacionadas con las asiiohes.Los modelos
computacionales parecen ser una buena herramienta para
complementar el estudio de los procemtisularesPor lo tanto, fue de
nuestro interés estudiar, a través de modelos computacionales, la
interaccion bioquimica de la aparicioa ld interzona, la cavitacion y
la morfogénesis durante el desarralle ariculaciones Analizamos
estos fendmenos en el desarrollo de una articulauiérialangicay el
desarrollode la rotula. Ademas, también estdbamos interesawos
analizar, mediante un modelo computacional, los procesos que ocurren

xvii |[Page



cuando un defecto en ehrtilago articular se trata con la implantacion
de un andaimje polimérico.

Todos los modelos computacides desarrollados en este
estudio aplicaron teorias sobre el comportamiento de los tejidos bajo
estimulos mecanicos y bioquimicass resultados obhidos,fueron
comparadoscon los trabajos experimentales encontrados en la
literatura, todo$os modelognostraron resultados prometedoiesr lo
tanto, consideramos que los procedimientos gugesicionetomadas
para cada modelo computacional propoe® estan lejos de lo que
realmente estd sucediendo en los fendbmenos biologicos analizados.
Ademas, pudims evaluar las condiciones mecanicas y bioquimicas de
los fendbmenos biologicos analizados, dificiles de probar a través de
enfoques experimentalessjieramos que estos modelos sean utiles para
las investigaciones médicas y bioldgicas, ayudando en el disefio
estrategias de prevencion y terapia para enfermedades relacionadas con
las articulaciones.

Esta tesis estd estructuesa@n ocho partes, incluidauna
introduccidén que trata dexponerla importancia del estudio y los
objetivos de la tesid?osteriormerd, en la segunda parte exponemos
algunos conceptos generales relacionados comnetoasy métodos
empleados para desarrollar la investigacion. Luémdercera parte
describe un modelo computaciopabpuestgara explicar el desarrollo
de articulacioneslesde el inicio de la interzona hasta el proceso de
cavitacion. La cuarta parte se centra en la morfogénesis de las
articulaciones como parte del peso de desarrollo de lasismas
Posteriormente, la quinta seccion esta dedicada a explicar el desarrollo
de los huesos sesamoideos a través de una comparacion de tres teorias
del desarrollo de la rétula, evaluadas mediante modelos
computacionales. La styma parte de este trabajo es un modelo
computacionapropuestopara comprender los procesos que rodean la
regeneracion del cartilago cuando se implanta un aaggpoiimérico
en el cartilago articular. En la tltima parte, se concluyen los logros y se
andizan las principales conclusiones de la tesis, asi como el trabajo
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futuro recomendad y las perspectivasComo capitulo adicional,
agregamos una descripcidén general de la tesis en inglés y en valenciano.
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RESUM

El desenvolupament de les articulacionsogials es deu a
diferents factors genetics, bioquimics i mecan@smenca en el brot
de les extremitats, que tenen una massa ininterrompuda de cel-lules
mesenquimals dins del seu nucli, el blastema esqueletic. La majoria
d'aguestes cel-lules blastemales diferencien en condrocits; pero,
algunes d'aquestes cél-lulesse deferenciarpmanen en el lloc de la
futura articulacié (interzona). La separacié dels rudiments passa amb el
procés de cavitacio dins de la interzona. Després de la cavitacio, es
produeix la morfogénesi articular i I'os pren la seva forma final. &yn c
finalitzat el periode embrionari, l'articulacié sinovial i les seves
estructures internes s'han desenvolupat completament. Encara que, una
vegada que es formen les articulacions sineyjabden patir diverses
patologies, com l'osteoartritis (OA). Hi lthversos tractaments que
s'han proposat peegenerarel cartilag articular, entre els quals, les
bastides sense fonts cél-lules han mostrat grans resultats.

Comprendre els processos pglsls passa el teixit articular és
important per desenvolupar nauactaments directes i efectius per a les
patologies relacionades amb les articulacions. Els models
computacionals semblen ser una bona eina per complementar I'estudi
dels processos artiars. Per tant, va ser del nostre interés estudiar, a
través de mods computacionals, la interaccio bioquimica de I'aparicio
de la interzona, la cavitacio i la morfogenesi durant el desenvolupament
d'articulacions. Analitzem aquests fenomens en el desgramkent
d'una articulacio interfalamcp i el desenvolupament de tatula. A
més, també estavem interessats en analitzar, mitjancant un model
computacional, els processos que ocorren quan un defecte en el cartilag
articular es tracta amb la implantaciarii bastida poliméric.

Tots els models computacionals desenvolupataquest estudi
van aplicar teories sobre el comportament dels teixits sota estimuls
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mecanics i bioquimics. Els resultats obtinguts, en comparacio amb els
treballs experimentals trobats éa literatura, tots ells van mostrar
resultats prometedors. Pant, considerem que els procediments i les
consideracions preses per a cada model computacional proposat no
estan lluny del que realment esta succeint en els fenomens biologics
analitzats.A meés, vam poder avaluar les condicions mecaniques i
bioquimiques dls fenomens biologics analitzats, que serien dificils de
provar a través d'enfocaments experimentals. Esperem que aquests
models siguin utils per a les investigacions mediques i biologique
ajudant en el disseny d'estratégies de prevencié i terapiardaléies
relacionades amb les articulacions.

Aquesta tesi esta estructurat en vuit parts, inclosa una
introduccié que tracta de coneixer la importancia de l'estudi i els
objectius de ladsi. Posteriorment, a la segona part exposem alguns
conceptes genals relacionats amb els temes i metodes emprats per a
desenvolupar la investigacio. Després, la tercera part descriu un model
computacional proposat per explicar el desenvolupament
d'articdacions des de l'inici de la interzona fins al procés de cavitacio.
La quarta part se centra en la morfogénesi de les articulacions com a
part del procés de desenvolupament de les articulacions. Posteriorment,
la cinquena seccio esta dedicada a explicatesenvolupament dels
0ss0s sesamoideos a través d'una comparacidred teories del
desenvolupament de la rotula, avaluades mitjancant models
computacionals. La setena part d'aguest treball és un model
computacional proposat per comprendre els procegsognvolten la
regeneracié del cartilag quan s'implanta una bagi@imeric en el
cartilag articular. En I'Gltima part, es conclouen els éxits i s'analitzen les
principals conclusions de la tesi, aixi com el treball futures recomanades
i les perspectiv@ Com capitol addicional, afegim una descripcid
general de la tegin angles i en valencia
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GENERAL INTRODUCTIONAND
AIM

Imagine how different human beings would be without the
flexibility of movementshattheirbodies owe to the joints. What would
hawe happened itheir wrist would nothave evolved to the complex
joint that it is now? Or what if the movemethe hip hadnot been as
wide ranged as it is now? Would we have been able to walk erect?
Certainly,we would have been different, weould notbewhat we are
now. The liberty that our joints give us is priceless, they allow us to

move freely, to bend, to jump, to grab, to walk, to express ouwesel

Now, wonder what would happen if you lasebility of one of
your joints Surely you would adap however, one can bet that at the
beginning you would feel like your freedom is betugback from then
on, your | i f e wButuwhadihydu were borntwhthea s a m
malformation on one of your jointsYou might be used to the
limitation; after 8, you have been living with it sindarth. However,
on both mentioned caseshen compared to other human beingsu
would feel behind on your capacities, and depending on the
malformationor joint pathology you would have to bear with other
health isuessuch as the degradation of articular cartilage of the joint,
or pain in other parts gfour body due to a badosture or movement.

Consequently, any joint diseasengs a substantial drap the quality
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General Introduction and Aim
of life. Therefore, it shoulbeof high interst o study with all available

tools,how to prevent and treat joineélated diseases.

In general, joints are described as the site where two or more
bones meet and can be classified according to their structure (how they
are connected) and their functigrow the movement betweés bones
is) -on ConceptualBackgroundthese classifications are described
Within these classifications, the synovial joints, which also are
classified agliarthrosis joints, offethewider range of motio between
boneslt is because of its range of moti@md its structuréhatsynovial
joints are susceptible to articular diseases su€v¥a\lso, because of
the complexityof the processes involvenh its development, synovial
joints are susceptible tdevelopmental diseasesdamalformations,
such as developmental dysplasia of the hip.

Synovial pint developmenis a complex process that initiates
on the fetal stages difie prenatal development. Arouride weeks of
developmentlimb buds are noticeadl Initially, these limlbuds have
an uninterrupted core of mesenchymal cells, skeletal blastema, covered
by a layer of ectoderm (future skijfterwards, these blastemal cells
differentiate into chondrocytes, except on the site of the future joints
This area is known atheinterzone wherethe cavitation process takes
place allowing the separation of the bone rudiments. Thiea two
opposing cartilaginous rudiments acquire their reciprocal interlocking
shapes through the process known as morphogertdisere are
abnormal conditions during fetal development, joints can develop

incomplete or abnormal, or even they might dexelop at all.
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General Introduction and Aim
By the end of the embryonic period,there were not any
abnormal conditionsthe synovial joint has developedmpletely as
well as its internal structures, articular cartilage, ligaments and synovial
capsule. Moreover, the primary ancceedary ossification centers of

the bone appeavhichlet the bone grow and ossify until adulthood.

Once the joint is developethere might be some pathologies
that still might impair the normal function of the joint. Amotigm,
the OA, in which the aricular cartilage that covers the bone
degenerates. There are many causes, from idiopathic to related to
trauma, that mightend in this disease. Moreover, morphologic
abnormalitiegdevelopmentatliseasesmay causegoint incongruties,
which modify the loa transmission through the cartilaggnerating
overloackd points that trigger early degeneration of joint®ifferent
treatmentshave been proposed ranging from symptomatic, with
analgesics and artiffammatorymedicationsto more invasive ones
such asndochondral transplantation; being the last resort arthrodesis
treatments, or total replacement of the joiheverthelessit is
preferable to preserve the original function of the joint through the

regeneration of the articular cartilagspecially in young patients.

Among the cartilageegeneration treatmenare included the
osteochondral graftsvhichcan be considered #s most effectivene
[1,2]. However, these graftve smedisadvantages: patients must go
through two surgeries, they create new defects, they are not appropriate
for large defects, they become unstable with time, and normally the new
tissue is fibrocartilage but not hyaline cartila¢ges the articular

cartilage)[1]. Recently,n the last 2 decadesartilage regeneration $ia
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General Introduction and Aim

been based on the use of scaffolds, whilkbw rapid filling of joint
defects, prowing a substrate where cells can anchor while maintaining
mechanical integrity{3]. With scaffolds/celifree implants, hyaline
(articular) cartilage is generated in the upper part of the scafibite

it displacesnto the subchondral bor4].

Thanks to the growing literature regarding material properties
and mechanics of the human body, the use of computational models in
the fied of bhomechanics isexpandingrapidly. This has made
computational models a useful tool to understand the biomechanical
biochemical interactiorthattissues gohroughduring the regeneration
and development processes. Computational models contribtite to
evaluation of difficult to reach aspects for experimentablgis[5]. In
this way, computational models provide a quantitasimd qualitative
evaluation of mechabiological interactions while being fed with

clinical or experimental parametdf.

The biological computational models have been very useful to
simulatebiological processedione regeneratiofr], bone growtH8],
pattern formation[9i 15], and embryonic developmen{l6]. For
cartilage,severalcomputatimal models have been develogédl7i
19]. However, there are none, to our knowledge, related to cartilage
regeneration. Regarding joint development, only teonputatimal
studies have been develop#uk first one was done by Heegaatdl.,

[20], in which they explored how motion affected joint morphogenesis
and a second one developed by Giat al., [21], who analyzed the
effect ofmovement range with different initial shapes of the joint.
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Computational models might hesefulto understandritical
factoisthat must be considerdor the aesign of strategies for the early
diagnosis and prevention of joint developmental diseasks, it
would helpto recogniz factors that might influence how a joint can be
repaired.Moreover computational models might help identify which
proceses areinvolved in joint regeneratigrand therefore, they can
help with the development of effective and direct treatments for treating

degenerative joint diseases, all in behalf of imprgVife quality.

Therefore,the main aim of this workis to compuationally
modelthe mechanical and biological aspects during the development of
synovial joints This main objective is divided in three specific anes
First to formulate the mathematical description of the
mechanobiologicgbhenomeafor the developmentf synoval joints.
Second, to computationalgvaluate the behavior of the maosir the
interzone onst Third, to computationallyevaluate the behavidor the

cavitation and morphogenesis of synovial jaints

This work is organized io five parts The first pat (Joint
Onse} describes a computational model for the first stages of the joint
onset It is explaired,computationallythe appearance of the interzone
ard cavitationprocesses an interphalangeal joint. On treecondoart
(Joint Morphogenesjsa computational model for the last step of joint
formation, the morphogesis process @&n interphalangeal joint from
the sagittal viewis exposedThe third part (Patella Onsétexplores
three different theories that may explain tevelopmenof the patella
bone (a sesamoid bone) through computational rsobfethe fourth

part(Cartilage regenerationacomputational model of the regeneration
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of the articularcartilage when employing a polymeric scaffdkl
described Finally, thefifth part General onclusion$ contains the
conclusions extracted from the currestudy Each m@rt of the
developed work (Chapter 2 to Chapterabg strutured as follows: an
introduction on the chapter's subjects, a description of the employed

methods and the obtained results, and a discussion of the results.

Additionally, prior to the description of the work developed here
was added a chapte€gnceptuaBackground in which we expose a
brief portrayal of the fetal development, synovial joint structures

articular cartilage and the finite element method (FEM)

Statement In this thesisthe Chapter 2 (Joint Onse} and
Chapter 4 Patella Onsét are from already published worksf my
authorship Permissimswereobtained from the journals to include the
pre-print articlesin this thesiqAppendixET J o u r panhissiéng
The articles are the following

Chapter 2- JointOnset

K.M. MarquezFlérez, J.R. Mondwan, S.J. Shefelbine, A.
RamirezMartinez, D.A. Garzéf\lvarado,A conputational model for
the joint onset and developmedt Theor. Biol. 454 (2018) 34856.
doi:10.1016/j.jthi.2018.04.015.

Chapter 4- PatellaOnset

K. MarquezFlorez, S. Shefelbine, A. Ramirdfartinez, D.
GarzénAlvarado, Computational model for the patella ons@ioS
One. 13 (2018)@07770. doi:10.1371/journal.pone.0207770.
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Chapter 1.CONCEPTUAL

BACKGROUND

1.1.PRENATAL DEVELOPMENT

Prenatal development can be divided into three s{&igd-1):
1- Early cell division (first two weeks) 2- Embryonic periodfrom the
3 to the8™" weeR); 3- Fetal period(from the 9" weekto birth) [22].
The first stageearlycell division, is when the blastocyst develops and
sinks into the mucosal lining of the uterus. During the embryonic
period, most of the organ systems develop andethbryo takes a
human appearanderom the 3rd month to the enéigestation, the fetus

and the already existing organs grow.

1st 2nd 3rd 4th 5th 6th 7th 8th Months
GEEE | | ey
Early Fetal stage
cell division
Embryo stage

Fig. 1-1 Timeline of the human prenatal development

On the first stage of developmetiere is a high chance of
lethality, however, the susceptibyl to Teratogenesigcongenital
malformations)s very low[23]. In the first week, after the penetration

of the spermatozoid into the oocyte, the cleavage process takes place.
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Conceptual Background

This process is a series of mitodivisions resulting in an increase
numberof smaller cells, blastomerga3] (Fig. 1-2). These blastomeres
become acompacted ball of cells, and they group to forriGecell
morula[23]. When the morula goes into the uterus, a cavity begins to
appear (blastocystavity). Then the inner mass within the blastocyst
becomes thembryoblast(former norula), and the outer mass of the
blastocyst will form the trophobla§fig. 1-2).

At the beginning of the second week, the blastocysaitally
embedded in the uterine stroma. By the end of the second theek
embryoblast has divided into two layettse epiblast and the hypoblast
forming the bilaninar disc(Fig. 1-3) [23]. The trophoblastlivides into
two tissues: the cytotrophoblast and the syiotygphoblastFig. 1-3).
The extraembryonic mesodeappearsandit is formed bytwo layers
the somatic and the splanchnic lay@ng. 1-3). Additionally, two new
cavities appear, the amniotic ame yolk cavities[23] (Fig. 1-3).

By the end of the third week, the gastrulation event has
occurred, resulting in the rise of the germs layers of the embryo: the
ectodermthe mesoderm, anthe endodermThese layers formllahe
tissuesand organs of the fetus. In faas gastrulatiotakes place, some
tissue and organ differentiation has begun in a cephalocaudal direction
(head to tail)[23]. The ectodermal layer gives rise to organs and
structures that have contact to the exterior such as the central and
peripheral nersus systems, the sensory epithelium of the ear, nose and
eyes, the skin, hair, nails, enamel of teeth, and the pituitary, mammary
and sweat glands. On the other hand, the endodermal germ layer is in

charge of the development of the gastrointestinal armragsry tract,
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Prenatal Development
the urinary bladder, the liver, the pancreas and the epithelial lining of
the tympanic cavity and auditory tuld@n its part, the mesoderm is in
charge of the formation of all the supporting tissues of the body. The
mesoderm is divided int® layers, the paraxial, intermediate and lateral
plate. The paraxial mesoderm forms the somitomeres, which forms the
mesenchyme of the head. These mesenchymal cells organize into
somites, from which comes the myotomes (muscular tissue), the
sclerotome (adilage and bone), and the dermatome (dermis of the skin)
[23].

Two-cell stage Four-cell stage Morula

Fig. 1-2 Schenatic representation of embryo development from the tweell state to blastocyst.

On top, the development of theembryo from the two-cell stage to the morula stageOn the bottom is
shown a shematicrepresentation of a human blastogst showing the blastocgt cavity, theinner cell
massor embryoblast and the rophoblast.
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Amniotic Cavity Conecting stalk

Epiblast [ —

S
7

Yolk cavity

Skl

“aenhﬂud%‘no&

(/ 00000
\\

\

\

\./

Hipoblast

Splancnic Mesoderm
Cytotrophoblast

Somatic Mesoderm Syncytiotrophoblast

Fig. 1-3 Schematic representation of the iman blastocystcomponents at secondweek

Finally, the last stage, fetal stage, is characterized by rapid
growth of the fetus and the organ systems. Atds,worthmentioning
that during the fifth month of pregnancy, the fetus movements are

recognizable by the mothE3].

1.1.1.LiMmBS

At the end of the fourth week, limb budse aroticeable Kig.
1-4-A). The forelimbs onseatccurs fist and the hindimbs two days
later. Initially, these limb buds are conformed by a core of mesenchymal
cells covered by myer of ectodern(Fig. 1-4-D).
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Prenatal Development

A B C
¢
< Sl
& \33\ JQ/\V

Umbilical cord

Limb buds . .
Proliferating
Mesenchyme
D AER

Mesenchymal
condensation

Fig. 1-4 Schematic representation of the dvelopment of the limb.
A: limb buds at 5weeks B: limb buds at 6 weeks. C at 8 weeksthe hind limbs are completely
developed.

The etoderm at the distaloder of the limb thickenand forms
the apical ectodermal ridge (AERIFig. 1-4-D), thatinfluences the
adjacent mesenchymal cells, causing them to remain undifferentiated
and with a rapid proliferation. As limbs grow, cdlieaed at a greater
distancerom the AER differentiate into cartilagtherefore, the lias

develop in a proximodistal direction

At six weeks (embryos), the distal part of the limb buds flattens
in order to form the hands aneld (Fig. 1-4-B). Finges and toes start
to appeaaround theseventhweek(at48 day$, when cell death in the
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Conceptual Background

AER separates the ridgd-i§. 1-5-A). The finges and toes keep
forming due taheir continued outgrowtbnder the influece of AER,

the condensation of the mesenchgintells thatform cartilaginous
digital rays(future bones)and the death dhetissue between the rays
(Fig. 1-5-B). At eight weeks the main parts of the extremities can be
recognizale (Fig. 1-5-C).

A
Mesenchymal condensations
OD Areas of cell apoptosis
(-]
<S
B
Humerus Radius
O@HAYSHS of cell apoptosis
©
o=
i
o
>
Ulna
Carpal anlagen
C

Metacarpals 4

/"

Humerus
Radlus

t'—“’t':;ql. Phalanges
Carpal dnldgen

Ulna’

Fig. 1-5 Scheme of human hand development.

A: at 48 days, apoptosis in the AER initiates the digit separation and bone development begins with
the condensation ofmesenchyme, which later differentiates into chondroytes. B: at 51 days,
apoptosis in the interdigital spaces allows the fingers to separate. C: at 56 days, the main parts of the
extremities can be recognizable and almost all joints are formed.
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Prenatal Development
While thelimb bud is shaping, the mesenchymal cells withen th
buds begin to condense and differentiate into chondrocytesix
weeks, the shadowing of the first bone anfagen be see(Fig. 1-5-
A). Later, these boneanlagesseparateforming the joints between
them(Fig. 1-5-B andFig. 1-5-C).

1.1.2.MUSCLES AND TENDONS

A B C
Back muscles
Neural tube
Sclerotome
Myotome
Body wall muscles
Dermatome

Extensor muscles
of the limb

1
[
I
[
i
i
[
[
i
i
I
1

Flexor muscles
of the limb

\
Mesenchymal condensations
from the myoblast

Fig. 1-6 Schematic representation of thenuscledevelopmentin a 7-weekembryo.

A: seventh week, a condensation of mesenchymal cells from the myoblast is located near the base of
the limb buds. B: the myotome cells contribute to muscles, the dermatome cells form the dermis of
the back, and the sclerotome forms the tendons. €ross setion through half the embryo, the muscles

of the limbs start as a segmented structure that splits into the extensor and flexor muscles as the limb
grows.

During development, precursor cells from the myoblast fuse and
form long multinucleated muote fibers. By the end of the third month,
myofibrils appear and organize in cressations[23]. On the limbs,
the first sheds of muscles can digservedafter theseventh week as a
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condensation of mesenchymal cells near the base of the limlfFagds
1-6). The muscles staris a segmeed structurdhat splits intothe
extensor (dorsal) and flexor (ventrahusclesas the limb growFig.
1-6); afterwardsadditionalsplitting and fusios occur so thaa single
muscle could be formed with several angj segmats. On the other
hand, tendons are formed by sclerotome cells. Thele are lying
adjacent to the myotomes.

1.1.3.BONEDEVELOPMENT

By the end of the embryonic peridtie primary and secondary
ossification centerOC and SOC)vhichlet the bongrow andossify
gradually until adulthood appear. Around the & week, the
endochondral ossification process staglowing the bone anlage
(condensed chondrocyte cells) the diaphysis(shaft)to ossify (Fig.
1-7-B). The POC appearsbetween the '8 and 9" week when the
perichondrium differentiates into periosteu(fig. 1-7-C). Then,
around the 10 week, the cartilage in the center of the diaphysis
becomes calcified while blood vessels invade thea aallowirg
osteoblast to deposit bone on the remaining cartilage sp{Eutpd-7-

C). Bone replaces the cartilage, extending the ossification towards each
end of the diaphysisThereafter, the same process is repeated in the
epphyses, ing rise to the SOCFig. 1-7-C). Bone fills the epiphyses
from the SOMut, except for the articular cartilage and the growth plate
(cartilage structure between the epiphyses and the diaphysis). At birth,
the diaphys of the lones generallyareossfied, and in some case¢he

epiphyses are stikentirely cartilaginous,whereasin other caseshe
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PrenataDevelopment
SOChasalready arise (Fig. 1-7-C). The growth plates allow the bone

to grow in length until ibas reackd its full extent. In adulthood, these

plates disappear and ossify fusing with the diaphysis of the bone.
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Fig. 1-7 Schematic representation of the endochondral ossification of long bones

A: chondrocytes faming a cartilage mold of the bone(anlage) B: 8 weeks, the chondrocytes in the
shaft of the bone(diaphysis) hypertrophy and the periosteum starts to oret C: 9 weeks, blood vessels
invade the diaphysis bringing osteoblast, and the chondrocytemdergo hypertrophy and apoptosis,
mineralizing the diaphysis; then the osteoblast bund to the mineralized atrix and deposit bone
matrices. D: at birth, blood vessels invade the epiphyses rising the secondary ossification center;
growth is maintained dueto the proliferation of the chondrocytes in the growth plate.

1.1.4 RELEVANT TIME-LINE

To summarizein the following figure fig. 1-8) is shown the
relevant timeline for limb development in which the relevant processes

are exposed.
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g
= One week

g Ovulation, fertilization, and formation of the morula and blastocyst
o

&

7 Two weeks

g‘ Implantation completed, division of the embryoblast, the yolk cavity form

and the placenta begins to develop
= Three weeks
Gastrulation. Rise of the germ layers: ectoderm, mesoderm, endoderm
Four weeks - one month g
Limb buds are recognizable ~ ~ '\
A

- >

3

3

<

<}

a

&0

'] Six weeks y

¢ Distal end of the limbs flatenned g\(‘

:‘
Seven weeks ) . .
The separation of the fingers is noticeable. Condensation of mesenchymal

cells from the myotome

— Eight weeks - two months ,%t:{,

Limb structures are recognizable. Onset of the POC.

Individual muscles develops ' =
¢, D
= i
Ten weeks ﬁ’i— E

POC expands in the diaphysis.

3rd month

|_ 8th month

Fig. 1-8 Relevant timeline for humanlimb development.
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Joints

1.2.JOINTS

Joints are the anatomical sites where two or more bones meet,
and their function is to allow a relative movement between bones
without losing the sthility of the skeletorf24]. There are about 206
bones in the adult human body, and almost all of them are in contact
with at least one other bone. Therefore, the total number of joints can
be hundreds.

Joints are classified depding on boh its structwe and
function. Structural classification of joints is related to how the bones
are connectedyhile functional classification is used to describe the

relative movement between bones.

There are three main classes of joints whessii@d baed on
their dructure the fibrous joins unite adjacent bones by fibrous
connective tissyethe cartilaginous jointconnectsbones through
hyaline cartilage or fibrocartilageand the synovialjoints do not
completely connect articulating boneise., the articulating bony
surfaces are not in continuity as in the other types of jdmggead, in
the synovial joints, the articulating surfaces are covered by hyaline
cartilage with limited contact betwa them and a very low coefficient
of friction, makingthe relative movement between them quite easy.
Additionally, in the synovial jointsthere is a fibrous capsule that
surrounds the linkd bones, the synovial capsulbatis filled with a
lubricant fuid, the synovial fluidthat helps to smooh the reléve

movement between the bones.
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On the other hand, joints are functionally classified as
synarthrosis (low mobility), amphiarthrosis (slight mobility) and
diarthrosis (free mobility). Fibrous and caginous joints can be
classified to eithesynarthros or amphiarthrosis, whereas synovial

joints are always classified as diarthrosis.

The main function of the synarthroses is to provide a strong
union between the articulating bones, hence, this kinpbints are
mostly located in places whel®nes shdd protect internal organs
[24]. Among examples of this type of joints are included the bones of
the skull (fibrous joints), and the manubriosternal joint (cartilaginous

joint).

In amphiarthrosesthe bones are connecteq lkither a
interosseous ligament (fibrous joint) or by a disk of fibrocartilage
(cartilaginous joint)[24]. The function of these jointss iboth for
protecton and to bring slight mobility between the involved bones.
Examples of tkse jointsare the intervertebral joints (cartilaginous
joint), the pubic symphysis of the pelvis (cartilaginous joint), the joints
between ribs and sternu(oartilaginous joint) and the syndesmosis

joints (fibrous joints).

Diarthrogsjoints are highly novable jonts in which the shapes
of the opposing cartilaginous surfaces are relatively congraiett
encircled within a synovial capsule filled with synovial fludll
synovial joints) Examples of thesearaincluded the hip, knee, shoulder,

elbow, amongthers.
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1.2.1.SYNOVIAL JOINTS

Most synovial or diarthrotic jointsare in the appendicular
skeleton (limbs), therefore they give the limbs a large range of motion.
Moreover, depending otihe axe of motion of eadgoint (degrees of
freedom) joints can be clasied intothreecategories: uniaxial, biaxial
and multiaxial.A uniaxial joint allows the relative motion between
bones only around one axis, such as the elBohiaxial joint allows
motion in two planes or around two axes such as Hhe
metacarpophalangeand findly, joints such as the shouldertbehip
are considered as multiaxial, since they allow movement in several
directions (posterieanterior, lateramedial andaround their long

axis).

Further classification of the synovial joints is relatedheir
articulating surfaces shapes. There are six types of joint within this
classification: pivot, hinge, condyloid, saddle, plane, and {aat:

socketjoints.

Pivot jointsallow one bone to rate on its axissuch asthe
proximal radioulnar jointwhere the hed of the radius is largely
encircled by a ligament as it articulates with the radial notch of the ulna
Functionally, this type of joint is classified as uniaxial joint.

The hinge jointonly allows two kinds of motion (bending and
straightenin) along a sigle axis such as minterphalangeal joint

Thus hinge joints are functionally classified as uniaxial joints.

The condyloid or ellipsoidgbints havea shallow depression at

the end obneof thebones thatarticulate with a rounded structdrem
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adja@nt bonesTheycan be found between the radius and carpal bones
or between the distal end of a metacarpal bone and the proximal
phalanx Functionally, condyloid joints are biaxiglints that allow for

two planes of movement.

In saddle jointsthe articuating surfacepresent saddle shape
like a seat on a horse, but convex on one bone and concave in the other.
Theycan be found ine articulation between the trapezium carpaldo
and the first metacarpal bo(tease of the thumbproviding the thumb
with the ability to move in two plandparalleland perpendicular to the
palm). This movement of the joint is what gives the humans their
characteristicopposable thumb§24]. These joints are functionally

classified as laixial joirts.

In plane joints, tharticulating surfaces are flabthe bones can
slide against each othd?lane jointscan be foundetween the carpal
bones (intercarpal joints) of the wrist tire tarsal bones (intertarsal
joints) of the foot, betweethe clavite and acromion of the scapula
(acromioclavicular joint), and between the superior and inferior
articular processes of ad@t vertebrae (zygapophysial joints).
Regarding their functionality classification, because of their shape
these joints @n be destbed as multiaxial joints. However, depending

on the ligaments and neighbor bones, their movement could be limited.

Finally, the ballandsocke joints are the jointthatpresent the
highestrange of motion.Their main feature ishat one bondas a
rounded head (ball) that fits into a concave articulation (socket) of the

other boneThe only ballandsocket joints of the ity are thehip and
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the glenohumeral (shouldefBall-andsocket joints ardunctionally

classified as multiaxial joints.

1.2.2.SYNOVIAL JOINTS STRUCTURE

Although different structures can be found in synovial joints,
they all present four common featu(€sg. 1-9): theenclosed articular
capsule containing synovial fluigubricant) the articulating catilage
suifaces, whichslide against each othgihesynovialmembranewhich
covers the inner sidef the capsule and the ligaments, tendon and

muscleswhich provide stability to the joint

—>»Bone

Joint cavity filled §il ~ ) )
with synovial fluid B /Artlcular cartilage

., . —Synovial capsule
Synovial membrane ynoviat cap

—»Bone

Fig. 1-9 Schenatic representation of theparts of a synovial joint.
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1.2.3.ARTICULAR CARTILAGE

The cartilage is specialized form of connective tissue, made
up bychondrocytesThe chondrocytearecellsisolated in small spaces
of the extracellular matrige CM), composed byype 1l collagen fibers
embedded within groundsubstancei.e., colloidd gel full of water.
The cartilage is a newascularized tissusothe cells get nutrients from
thegroundsubstanceand its seHrepairing capabilities aneery limited

[25]. There are three types of cartilagéastic, fibrousand hyaline

The elasticcartilage as the name describes, is the most elastic
of the threelt can be found in the epiglottis, in the external ear and in
the walls of the ear conduct and thestachian tubedts extracellular

matrix is rich in both elastic fibers andllagen ype Il fibers.

The fbrous cartilage can be seen as a transition between dense
connective tissue and hyaline cartilage since it is mageof a
combination of dense collagen fibers (type 1) and chondroagyiteg
lacunae surrounded by hyalineatx [25]. This type of cartilage can
be found in the intervertebral & the merscus andsometimes, in

the ligaments and tendons insertion sites.

The hyaline cartilages the most abundant in the human hody
It covers the articulating bone enas synovial joints forming the
articular cartilage, a surfadbat hel to the force mnsmissionand
distribution The thickness of the articular cartilage varies from joint to
joint, but in humans is usually betweed thm[26]. It can be described
as a poroelastictissue, in which cells (chondraeg) are embedded

within an ECM compaed by a network of collagen fibers and
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proteoglycans aggregates and some glycoproiairabundantwater
[27]. The biomechanical properties of the articular cartildgeal{ne)
depend on itsECM. Approximately 15% of the wet weight of the
hyalinecartilage is collagen fibermostly collagen type IThese fibers
form a 3dimensional fibrilar network of ropdike molecular
aggregates which are arranged depending ordéipeh of he zone
within the cartilage Kig. 1-10). These ollagen fibers stabilize the
network of proteoglyans aggregates (macromolecules of
glycosaminoglycansgbymers, mainlychondroitinsulfate and keratin
sulfate)that branb from certral protein cores that themselves branch

from even largeglycosaminoglycandyaluronic acidFig. 1-10) [26].

Articular surface

D
. Collagen type I

\ .
Subchondral bone Hyaluromc Acid
Glycosaminoglycans

Core protein

Fig. 1-10 3D schematic representatiorof the hyaline (articular ) cartilage.

A: hyaline cartilage from the anterior region of the lateral femoral condyle of a young adult human
female. The changes in size and spatidistribution of the chondrocytes through the cartilage can be
appreciated in this 3D digital volumetric fluorescence inaging of serially sectioned, eosiY and
acridine orange-stained tissue, which was modified fron28). B: collagenfibers orientation through
the depth of the hyaline cartilage are perpendicular to the subchondral bonie the dee zone and
tangentially oriented on the articular surface. C: chondrocytes distribution within the articular
cartilage. D: macromolecular composition of the extracellular matrix of the articular cartilage.
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Thehyalinecartilage is maintained byé¢ chondroytes which
are in charge of the production of t&E€M material,so they oversee
the growth and repair of cartilage tissue. Moreover, the volume of the
chondrocytes in cartilage is less than 10% of the total catialyme,

and this percentageduces Wwh age[27].

1.2.4.CARTILAGE DISEASES

There are more than 100 pathologies of synovial joints,
specifically for the articular cartilage. Whanwre discouraging is that
all these pdtologies do not share common pathways, and furthermore,
some of them are still ndully understood26]. Nevertheless, each
arthritic disease usualbargetsa group of jointsso itcan be related to
a joint function or articularstructure.Among all the pathologies the
most commondiseases ar®A, rheumatoid arthritigRA) and gout
[26].

OA is a degenerative joint diseasaused by the wearing and
degenerationf the hyaline cartilage due to multiple injuries to jibiat
suiface aging, repeated trauma, surgery, obesity, and hormonal
disordersThis degeneration might cause the eventualddssportion
of the articularcartilage orthe entire joint surface, whiak worsened
by the poorability of selfregeneratio of the lyaline cartilageln fact,
sometimes this cartilage degeneration caukat bones rub against
each other, generating pg#tv]. Then, the bones thicken and from bony
spurs whichcan break off into the joint irritating soft tissupspducing
joint stiffness. Moreover, the synovial capsule becomes inflamed

causing more pain apdue to the inflammation, it generates cytokines
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and enzymes that may damage the cartieganmore Usually, the
cartilage tends to remodel itself through the replacement of worn
cartilage by a tougher tissue (fibrous cartilagghneratingan uneven

articular surfacewhich caralso cause paimand joint stiffnes$26].

OA progressse throughfour stage$28]. In Grade I, the surface
and sibsurface damage is minor, only small fissures and pits at points
of high stress of the joint. In Grade Il, more damage can be seen at the
surface of the cartilage, however, still confined at the areas of high
stres. In Grae lll, there is a complete los$ cartilage at the zones of
high stress, and probably theage formatiors of bony spurs. At this
stage is when the patient starts to feel pain. In Grade IV large areas of

bone might be exposed and the articulaface beomes irregular.

Currently, OA annot be fully healed. Howevenvhen
diagnosed on the first stages, a modification in the life§iydéght loss,
nutritional supplements, physical therapy, and other strategés)
reduce the disease advance vjoand réive pain.The problem is that
it is difficult to diagnose OA anearly stage because the joint pain and
stiffness usually appear in the later stages (Grade 11l anavhén can
be too lateWhen nothing else works, surgejgi(it replacementis the
last approach for treating OA. Ta joint replacement (TJR) or
arthroplasty is a surgical procedure that removes affected parts (both
articular surface} of the jointand replacegshem with an artificial
equivalent. In the partial joint replacentenonly ore of thearticular
surfaces iseplaced with a replica.

Onthe other handRA is an autoimmune disorder in which the

immune system attask mistakenly, the healthy synovium.
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Consequently, the production of synovial fluid is retarded and therefore
there isan inflammation of thgoint cavity and neighbor tissue, which
eventually may contribute to damage joint tissue, including the
cartilage. The common symptoms, which can come and go, include
chronic pain, and joint stiffness and swelling. In castrto OA,RA

affects small joirg symmetrically.

Goutis a metabolism disorder in which final metabolite, uric
acid, crystallizes and precipitaten the synovial joint and neighbor
tissues. The high concentration of uric acid within the joint increases
the inflamnatory response of themmune system. Among the

symptoms of gout are includa red, tender and swollen joint with pain.

1.2.5SUBCHONDRAL BONE

The subchondral bone is the layer of bone just under the
cartilage; chondral refers to cartilage, while thefig sub means
beneath.The subchondral bone remains connected to the articular
cartilage through the calcified cartilage and varissiithitectire and
physiology by regiorj29]. The subchondral bone is composed by two
layers the subchondral bone plate, under the Batticartilage, and the
subchondral trabecular bonghich is closer to the medullary cavity
[29,30] The subchondral bone plate has similar characteristics of the
compact (corticalbone and its thickness ranges from 1®to 3mm
[29,30] The subchondral bone is formed via endochondral ossification
of the of the cartilaginous structure on the epiphyses dbdahe[30].

The function of thesubchondral bonés that of shock absorbeby

attenuatng forcesgeneratedy locomotion The compact subchondral
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bone platgrovidessypport and the subchondral trabecular component

provideselasticity for shock absorptid29].

The subchondralbone matrix isa biphasic material which
includes organic and inorganmoatrices Up to 88% of the organic
matrix is collagen type |, the other 12% is made of the dry weight of
osteocalcin,osteonectin, phosphoproteins, lipids and proteoglycans
[30]. The inorganic component of the subchondral bone is mainly
hydroxyapé#ite crystals, which supply rigidity{29]. This unique
composition of the subchondral bone is designed to help with the

dispesion of loads across the joif29].

The subbondral trabecular bone and the inner side of the
subchondral bone plate are coee by osteoblasts and osteoclasts
which allows thesubchondral bone to adapt its morphology in cesge
to stressed his adaptation followgvo | f f 6 s Law, wbi ch
will adapt in response to the loading under which it is subj¢28ed1].

The osteoblasts and osteoclasts facilitagadaptive response through

appositionandresorptionactivities, respectivel{29].

The rich vascularization and innervation of subchondral bone
facilitatesthelocal response to both physiologic and patholegients
[29]. Physiologicallythe subchondral trabecular bone migtayide an
additional source of cartilage nutrition in addition to the synowiadi fl
[30]. On the other handhe bone marrow d@he subchondral trabecular
bone maintains a heterogenous population of rApoltent
mesenchymal cksl which provide progenitor cells for differentiation of

osteochondral or gother cell lineagg30].
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The subchondral boris also affected by the OA, although it is
yet unclear if the pathological charsgwithin the subchondral bone
precede the changes in the articular cartilage, or if the subchbodel
changes are consequence of the bone adaptation that follows the
alterdions in the biochemical and mechanical properties of the cartilage
[32]. In early stages of OAt can be notied an increase thickness of
the subchondral bone plate as wellbAshe underlying trabeculae. In
later stages, the subchondral bone goes through réingp@eocesses,
especially in areas where the overlaying articular cartilage has suffered
advanced destructiof82]. In advanced stages @A, besides the
extensive bone sclerosis, thenkeacan also suffer necrosis, and in areas
of total cartilage destruction, the synovial fluid gatsesgo the bone
marrow inducing changes of the mesenchymal &8k This leads to
cartilagenodules within the subchondral bone. These changes in the
subchondral bone are responsible for the osteoarthritic join{3i2jin

1.3FINITE ELEMENT METHOD (FEM)

In general, everphenomenon in nature can be described with
the aid of physics through equations relating quantities of interest. That
way, mathematics becomes aidto understand and quartifany
physical phenomena such as structural or fluid behavior, stress
distribution in complex structures, thermal transport, aerodynamic
loads, the concentration of molecules, pollutants and other substances,
wave propagation, the growth of biological sgWeather predictions,
etc. Engineers and scientists have two major tasks wielyirsg a

physical phenomenon: first, the mathematical formulation of the
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physical process; and second, numerical analysis. For the development
of the mathematical model ofmocess some assumptions related to
how the process work neetb be made. It nght be possible that the
formulation of the mathematical model is not that difficult; however,
the solution, numerical analysis, within a domain is a gigantic task. It is
herewhere approximate methods of analysis are valuable todlsd
approximate saitions to the mathematical model of our interest.

Most processs in nature can be described by usipaytial
differential equations (PDEs). However, to solve these equatiamesf
arbitrary shape through classical methods is nearly impossible.
Therefore,computational technics to solve large equations system
have been developed in the last decadespng whichthe most
prominent and used is the FEM.

FEM is a numerical tool &d to obtain approximated solutions
of a problem, which can be interpreted asredjtion of how the
process will develop under given conditidB8]. The base of FEM is

fiDvi de and conquer!o

In FEM, the area of studfthe domain of interestas to be
divided into small finite elements, which can be just called elements,
connected byodes. That way a finite element mesh of the analyzed
structure is obtaine(Fig. 1-11). Thereafter, the PDEs are calculated in
every single elemen{33]. These calculations are done through
polynomial approximations, which are in fact intdgimns over the
element. This denotes that the exact values at specific pathts the
element are deulated, but notvithin the entire elementhese specific

points are the abovementioned nodes (also called nodal pevhish
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often are at the bodary of the element and shared with neighbor
elementsAll the individual elemeral results arghen comhbned to
obtain the final result of the entire domain of interest.

The accuracy with which the variable is calculated depends on
the type of approximain (interpolation) thats used, which can be
linear, quadratic, cubic, etc. Mmwver, the accuracy of the solution can
also be improved if the number of elements, and therefore nodes,
increase$33]. However, the computational cost can escaddte with
the number of elememtand the complexity of the considered
approximations. The results are usually presented as contour plots
giving information of how the variable is digtuted at any given time
(Fig. 1-11).

Node

T TTITIT

Y
Element

Fig. 1-11 Schematic representation of dinite element mesh

Left: finite elements of a domain of interest.Center: Zoom of a part of the mesh wiere an element
and surrounding nodes are specified. Right: the contour plot of th result of a variable within the
domain of interest.
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Chapter 2.JOINT ONSET

2.1.INTRODUCTION

As previously mentioned, theipt formation occurs in the
embryonic stages of life and isitecal to allow movement between
bones. The appendicular skeletdormation initiates with the
appearance of the limb bud, whibhs within itan uninterrupted and
uniform condensation of mesgrymal cell{skeletal blastemd34,35]
(Fig. 2-1-A). Most blastemal cells differentiate into chondrocytes;
however, some of thblastemal cells remaimdifferentiatedat the ge

of the future joint known as interzoneig. 2-1-B).

The definitive separation difie futurebones of thgoint occurs
with cavitation, which creates a space kesiw chondrocw rudiments,
that later will be occupied by synovial flui#ify. 2-1-C). Some studies
(in rats and avian embryos) have shown that cells in the moddie
interzone display necrotic features which induce the separation of the
chondrocyte rudiment§36i 38]. After cleavage, joint morphogenesis
occurs as cells proliferate on either side of thatj andit takesits
shapefig. 2-1-D) [34,39] This shape is influenced by movements and
muscle contractions that occur during limbvelepment[21,40], as
well as by locabnd systemic biochemical factqB].

Experimental modeldn vivo andin vitro, have explored the
conditions in which abnormal environments affdte embryo

development and have provided insgabout the molecules that play
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critical roles in joint formatio34,41 47]. In the initial stages of joint
developmety Wntis expressed to maintain the mesenchymal nature of
cells at the interzone [34,46,48,49] Simultaneously, Growth
Differential Factot5 (GDF-5) is also expressed playing a pivotal role
in joint development by marking theterzane site[50i 52]. The @F-

5 antagonists, chordin and noggin, are expressed in chondrocytes in the
developing rudiment. BX genes may also play a role in defining
boundaries and thiemb patterns in developmef6]. After the onset

of the interzom, other molecules take lead of bone development; for
instance,Indian hedgehogignaling molecule(lhh) and Parathyroid
Hormonerelated ProteifPTHrP control growth and differentiation to

regulate ossification and the final shape of the bf®&s

Results fromn vivoexperiments studying joint onset conditions
during embryo development are complemented by computational
studies. Computational models havalgned the effect of muscle load
on the shape of the developing joint, both in D] and 3D[21].
However, these models do ndescribe the initial stages of joint
development (interzone onset and cavitgtitdoreover, canputational
modelscan also be used to understand the biochemical and molecular
behavior ofthe biological phenomenonf developmentFor instance,
the interaabns of Ihh, PTHrP andascular Endothelial Growth Factor
(VEGF) in endochondrabssification have been studied 1 finite
element model for the humalistatfemoral growth platg54]. The
previousmodel was extended to a 2D sintiga of bone growth during
the fetal stage and analyzed the shape in later gi@lgdhese models

have been expanded to simulate cartilage hypertrophsng bone
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growth) and onset dhe secondary ossificatiarenter[9,55,56] Also,
GarzonAlvarado et al., presented a athematical model of
chondrocyte hypertrophy, which was able to predict the oofet
secondary ossification centers of long bones, regulated by molecular
factors[13].
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© Chondrocyte; Articular Cartilage
Fig. 2-1 Scheme of the stages of the synovial jointkiring the interphalangeal joint development.
A. Blastemal cells, which are mesenchymal cells condensed in the first stages @f limb; no joint
formation is observed.B. Interzone formation: it is composed by an aggrupation and condensation
of mesenchymal cells. Meanwhile, the mesenchyinzells that will form (future) bones condensate
and differentiate into chondrocytes cells, estlishing an anlagen bone [34]. C. The cavitation
process initiates, ad the formation of the synovial cavity takes placeD. Morphogenetic process

starts to mold the oppositesurfacesof the joint, E. Finally, all joint components are developed,
including articular cartilage, joint capsule and synovial cavity.

Reactiondiffusion systems are often used as models for pattern
formation of a variety of straturesduring developmenf13,46,57]
Such tuned systems produce waipanized patterns cell Turing

patterns, which result in definitive patterns of molecule distribution
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[46,57] In an enzymesubstrate model (atepletion modehs proposed

by Turing[58]), a stable spatial pattern forms aftanteoral evolution
[59]. The patterns of chemicgtadients are influenced by thefddion
rates, the growth rates, and the bounding geometry of the sj&@¢m

In this work, we use reactiediffusion equations and the formation of
Turing patterns to simulate the location of joint cleavage, the number
of joints formed and the condylar shape of the joint.

The aim of this wok was to develop a computational nebd
based on two generic molecular actions (proliferation and growth) and
two reguatory loops, expressed as reactdiffusion equations. The
aim was to predict the molecular patterns associated with the joint
formationprocess and the way in which it inéinces the final shape of
the joint. The model was solved in a finieel e m efranewdk.
Mathematical equations predicted patterns representing molecular
mechanisms that model the structures and shapes of joint development
such as interzonensef cavitaion, and condylar shape of th®nes

ends of the joint.

2.2.MATERIALS AND METHODS

2.2.1.BioLoGICAL ASPECTICONSIDEREDFOR THEJOINT DEVELOPMENT

MODEL

There are many biochemical factors influencing joint
developmen{34,61 64]. Advances in experimental techniques have
provided detailed information regarding geomepygcessesiming,

and regulatory interactionf65]. However, the joint development
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process is not entirely clear in the literature. Therefore, based on what
IS reported, we modeled six generic molecular factors imebin joint
onset; each factor may represent multiple molecules achievingrtiee s
action. The process in our model was organized into two stages; the first
stage marks the interzone onset, where high concentration of a molecule
(G) establish where the meschymal tissue will not differentiate into
chondral tissue (interzone). Afteards, those zones that differentiate
into cartilage secrete (I) and (P) which establish a regulatory loop that
governs cell proliferation and hypertrophy, commencing lgrogvth

and ossification processes (second stage). Meanwhile, the domain
keeps growingand other molecules, (H) and (W), regulated the joint

separation and related structures.

We modeled two factors in demarcating the position of the joint:
afactor (G)which isin charge of locatinghe cleavageposition and its
antagonist (N) is everywheelse. The factor (G) could represent GDF
5, which belongs to thBone Morphogenetic Prote(BMP) family and
promotes interzone tissue function, preventing the differentiafidme
mesenchymal tissue into cartila@®i 52]. Its antagonist coulbethe
BMP antagonist Noggin (N). Alsdt, is consideredh factor regulating
cellular proliferation termed growth (H), this molecule controls the
differential amount of growthn the tissue from proximal to distal. This
molecule could be relate to HOX gerjé8i 64], or any other molecule
related to bone limb bud growth. Mathematically, there gradient in
H, which affected the growth rate by promoting the longitudinal growth
of the limb and bone anlagen.
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Many studies have shown that after formation of thezotee,
cartilage behavior is governed by a negative feedback loop involving
Ihh end PTHrP[66]. We introduce a factor (1) that could represent lhh,
which regulates chondrocyteghiferation, maturation, and hypertrophy
[661 69], anda factor (P), which could mresent PTHrP and inhibits
chondrocyte hypertroph$7]. Additionally, factor (W) was expressed
in the interzone, inducing cell death and allogvine creation of a joint
space. Thi s f ac-tatemnin sgmafgrttatsleadstte Wnt / E
separation of the rudiment34,36,37,70Jand is also observed in parts
of the fibrouscapsie and the synovial lining of the joint capsule in later
stages of developme[#6,57].

The variables in our model repressshtoncentration®f each
mentionedmolecular factr (YRYRYRYRYRY ) and their diffusion
coefficients,O. Variables also inlcded the growth rates based upon
the concentratiors of each moleculeAll these variables will feed a
finite element model with Partial Défential Equation integrated with
a Cellular Automatotiike system (PDE+CAike), CA-like becausdt
wasnot based on any of the traditio@A models but can be explained
as one. The PDE describes the molecular diffusion and estaliish
biochemical cacentratios, which enable the CAike part to determine
whether the tissue differentiater not.For tis last part, each element
stared with a tissue state (mesenchymal, -pegtilaginous,
cartilaginous, interzone) and the dike system allowdthe eement to
Ajumpo (differentiate) from one tiss
molecular conaatration within each element. Additionally, each tissue

statewas associated with a cell type and cell concentration.
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In general terms, our modelorked as bllows on each time
step: first, the PDE solver determih¢he concentration of each
molecule throghout the domain. According to the computed
concentrations and gradients, thgansioror growth of the tissueas
determined. Thereafter, the dike systen, based on the new
concentration within each element deterrdirvehether the element
should changés tissue state. This process loop until the stop criteria

was reached.

2.2.2. TISSUEDIFFERENTIATION

In this model, we assumed that a tissue differentiaivas
definedthrough aCA-like system, regulated by the concentration of a
certain molecule within eacktlemen (Eq. 2-1). The differentiation of
each element (lattice), took place once the concentration of a specific
molecule reached a thresholfaple2-1), this transitionwasevaluated
atthe end of each timstep.The inner concentration of each element
was computed as the average of the molecule concentration on each of
its nodes Fig. 2-2). Thus, that concentration produces local
differentiation which determineshe physiological structures in a
generic jointTable2-1 showsthe original tissue, the new tissue and the
concentration threshothat regulatd the differentiation. For instance,
high concentration of (G) indicat¢hat those lements (the tissue state
within the element), will be interzone. On the other hand, a high
concentration of (W), which diffusfrom the interzone to thenkagen
at a low rate, produdea differentiationof the chondrocytes of the joint

surface into artiglar cartilage tissue. After ¢ghtissuewasassigned as
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articular cartilage, it will not change its category, no matter what
internal variations occued Hence, dedifferentiation or future stages in

the ossificatiorprocessvasnot considered in the model

7 . 4 4 9
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7 Fig. 2-2 Molecule concentration for eachelement
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1 Eq. 2-1

For the joint capsule, thiesssue on each element, externally
located to the interzone and adjacent to the future bones, differdntiate

into fibrous tissue, in the presence of a high concentrafigW).

Table 2-1 Tissuetransformatio n criteria.
Transformation from the original tissue to the new one regulated by a certain molecule.

Original Tissue Molecule New Tissue Concentration
Threshold Paramete
Mesenchym@&one Blastema G Interzone Y
MesenchymeBone Blastema | Chondrogenic Y
Chondrogenic ‘ w Articular Cartilage Y
Mesenchyme ‘ w Joint Capsule Y

2.2.3.MATHEMATICAL MODEL FOR JOINT FORMATION

In our model we hditwo Turing reactiordiffusion systems,

both of them following an enzyméY()-substrateY) model(Fig. 2-3):
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1) between the protein that marks the onset ointeezone (G) and its
antagonist (N); and 2) between (P), which at low concentrations allow

chondrocytenypertrophy and its antagonist (I).

Fig. 2-3 Relationship betweenenzyme
(uy and substrate ¢ for the
Schnakenberg model (enzyme
substrate).

The continuous line showsactivation;

the dashed Ine, inhibition.

In order to represent the differential equations, we use the suffix
u and v to represent the enzyme molecule and the substrate,
respectively, foreach loop (& and IP). The regulatory reaction
diffusion loop between the molecules was nledas followsq.2-2):

oy )
TT_(‘) ndYo On°Y "QYHhY @
Ty . Eq. 2-2
s nOYo ONY "QYRY (b)

where Y and "Y are the concentrations of the interacting
molecules;o is the tissue growth velocity (defined as thewth
velocity of each point of the tissue induced by the local growth sate
section2.2.49, O and O are he diffusion coefficients for each
molecule; and'Q"YRY and "Q"YRY are the reaction functions
between the two molecules. These functions can be developed
following a generic reaction echanism known as Schnakenberg

equation, which have been ddeefore inthemodelingof development
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processand can produce several patterns similar to those found in
nature[9,711 73] (Eq. 2-3 andEq. 2-4):

QYRY 16 O Y YUY
Eq. 2-3

QYRY 18 & Y'Y cq. 24

whered is afactor that takes into account the expression rate of
each moleculet is the concentration of cells that express molecules.
In our model, mesenchymal cellg (, which are associatedith
mesenchymal tissue, expsdbe factors G and N, and gprartilage cells
# which are associated with cartilage tissue, express factor | and P.
# had a value of one or zerdepending on the cell type, therefore
this term acted as switch depending on the tissue typengtance,
# 1 if the tissue was mesenchymal, ad p if the tissue was
pre-cartilage, whereagt 1t if the cells are preartilaginous, and
(# p if the cells are mesenchymahe constantgandb are source
terms of each moleculevolved in the loop. These equations establish
a nonlinear interaction between the moleculesdv: in presence of
0, 0 is upregulated, while in presence®fu is downregulated46,57]
(Fig. 2-3). The reaction term interacts with the diffusiand produces
patterns that emerge when certain requirements are fulfilledng
considered an interacting systevhich steady state would bdriven
unstable by diffusiof46,57] Each reactiowiffusion systemin order
to guarantee the Turing instability to occsinould atisfy the following
statement$Eq. 2-5, Eq.2-6 andEq. 2-7). The conditions for instability
could give us information about th@resence (or not) of the Turing
patterng74]:
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T T
B B Eq. 25
T Q1Y Q
B SR EVE SV Eq.26
T Q T Q — 17 Q1T Yy "Q
MEAEAAE S A S R S q.27

where dlthe functions are evaluated in the homogeneous steady
state solution "YRY , which is given byQ'YRY 1 and
"QYRY T If the parameters dEq. 2-3 and Eq. 2-4 satisfy the
inequalitiesEq. 2-5, Eq. 2-6 andEq. 2-7, then they are in the Turing
space. Th inequalitie€q. 2-5 andEq. 2-6 should be accomplished to
assure the stability of the temporal evolut{grhen theconcentration
of the molecules reaela stable valu¢hat would no change in time).
The inequalityEq. 2-7, is necessary to reach the sgaitiatability of

Turing (Pattern formation).

In order to develop the model, we adopted a few simplifications
First, since inital molecular distributions are unknown, we assumed all
molecules (G), (N), (1), and (P), were distributed around the ststadty
concentrations, (G) and (N) before the interzone onset, and (P) and (I)
right after the onset of the interzora the secondtage). The steady
state isobtainedwhen there are no temporal changes in absence of
diffusion, which means that equatioks. 2-3 and Eq. 2-4 are both
equal to zer6Q'YRY  mand'Q"YRY 1

After the formation of the interzone, on the second stage of the

process, the cells within it will release a molecule (W) whichd¢ad
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separation of the rudimenideavagepand cavitation. Subsequentthe
development othe surface cartilage and other joint structuresrbeg
The concentration W was dependent on the concentration of the
molecule (G) and modeled as follovEs( 2-8):

Y . oy e
T3 "OYo onY Ay cq.28

where"Y is the concentration of (W) is the tissue growth
velocity (defined agrowthvelocity of each point of the tissue induced
by the local growth ra¢, see sectior2.2.4, O is the diffusion
coefficient for the (W) molecule; ang "Y was the function that
determines whether the concentration of (W) should be activated or not
depending on the concentration of) (G this case, we have uséeq.
2-9):

Eq. 2-9

wherg is a constant that has considered the expression rate of
W by the interzone cellshe latter given by the concentration of cells
asO , this term would take the value of one if the tissue is interzone

and zero otherwise

We considered that differgal growth factor (H)was always
present in the simulation of the joint formatiand that together with
(I), promotes anlage growth. The concentration equation for (H) was

modeled using the equatigiven byEq. 2-10:
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Y o o
T "9Ye Onw Eq. 2-10

2.2.4.GROWING OF THE TISSU{DOMAIN GROWTH)

Proliferation and growth is not uniform within the tiss{@&s].
The tissue growth rate depends on how each detects the
concentrabns and gradients of molecules around; (1), (P), and (H) in
this case.The concentration of the molecules promotes isotropic
growth; whereas, the gradient of molecules influences the direction of
the growth[75]. In a general formEq. 2-11):

Growth on the direction of the concentration gradie

A

L RY Y RY |
- > 4' _\"h'ﬁ\"h'l T _‘"h'ﬁ\"h’l ‘ —‘"h‘ﬁ"h"
Tw Tw To
o~y LIR " “ LR o LR Eq.2-11
CUOY ERT YRR Y TR
Isometric (volumetric) growth due to tikencentration of each molecul
whereQ is the strain tensor of the growth ratéj’Y and

“Y are the concentrations of the molecules (1), (P), and (H) respectively;
| @l " oAre constants which determine how much the gradient of the
concentration of each molecule influences on the directional growth;
and| o;,t , and‘.,, are constants that indicate the influence of the

concentration of each ofecule on the ismetric growth A are the
unitary directional vector in a Cartesian coordinate systemis the

partial derivate in thé&th direction of therth molecule concentration;
1 s the Deltakronecker tensor; an®Qtake values of 1 or 2 {x

direction an ydirection) Also, the following statement should be
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satisfied so thahe growth is only in the direction of the molecular gradients
(Eq.2-12):

_hy ) EEE E
TO L GERDOA Ea.2:12
with— | B H ;"Y="YRY,"Y which are the concentrations

of the molecules (1), (P), and (H) respeety.

In the growth equation, the concentration of each molecule has
a volumetric effect due to an increase in cell quantity, without
increasing cell concentration [cell/unit volun{dp,57] A molecular
gradient increases cell quantity in the direction of the gradient, withou
increasing the cell concentration; which means that there is cell
proliferation in the direction of gradient. The parameters of the

equations are listed ippendix A

From the deformation and growth giventbg. 2-11the growth
velocity on each point of the domain can be calculated. The relation

between this velocity and the growth tensor is giveidpy2-13[76].

. EERI
0l & Eq. 2-13

2.2.5.NUMERICAL SOLUTION OFPDEs.

PDEs were solved withFEM and implemented in a user
Subroutine in Fortran and solved with ABAQUS 6.10 (Dassault
Syseémes USA, Waltham, MA). Both mesh and tistep were refined
until further refinement, no longer yielded noticeable improvements.

The systenwas solved employing leagrangian actualized method, so
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that for each instant of time the mesh and the domain dnase
consequence of the growth.

2.2.6.GEOMETRY, INITIAL AND BOUNDARY CONDITIONS, AND

SIMULATED CASES

In order to evaluate théeasibility and versatility of this
computéional model, we considered six cases. Every case had different
conditions either in geometry or slight changes in one or more of the
equation constants, such as growth r@g@pendix A. For the
geometric domain, we consideredaththe process started with a
condensation of mesenchymal cells and a random distribution of factors
(G) and (N). A detailed description of themplojed boundary

conditions for most of the analyzed caaesshown Fig. 2-4).

As we do not know the exact initial condition, we have used a
random spatial distributiowith fluctuations around the fixed point (10
% of the homogeneous steady state) for (G) and " ®JY , and(P),
and (I) "YRY systems. Théixed point was found by setting equatson
(Eq. 2-3) and Eg. 2-4) to zero, so there were no temporal changes in
absence of diffusiof@YRY  mand'Q"YRY ). As for (W) and

(H), we used a zermitial condition in the entire domain.

For all stages of the simulatighe flux was null at the boundary
(no molecules entering or leavindgjig. 2-4). The (H) molecule &
high concentration Y p8y in the proximal side and low
concentrationY 1@y in the distal partKig. 2-4), which resukdin

an increased growth at the proximal part compared to the distal end.
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H diffusion, proximal to distal

Bone anlagen growth

Low concentration Null flux of
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High concentration Fixed end
of (H) at all stages
Proximal

Fig. 2-4 Schematicof the boundary conditions employedfor the joint onset model.

The entire domain was fixed in the lower contour to solve the growth equations. The flux of all the
molecules was null on the outer boundary. Té molecule (H) diffused through the entire domain and
had a high concentration on the proximal part, in contraswith a low concentration on the distalone

On their part, (P) and (1) only diffused inside of each bone anlagen, after the onset of the intere
and each set of equatioswere solved for each of these areas. Finally, (W) diffuses outside the bone
anlagen after the onset of theinterzone.

We explored four cases. In the first one we create the conditions
for the development of an infralangeajoint. The following three
cases are modifications of the first one, where we tested how changing
the dimensionof the initial domain affects the joint development
(cases llandlV); also, how the growth rates of the domain modified the
final outcome ¢ae IV). On the other hand, we replicated an
experimental proceduf&7], where beads of GDE were implanted on

the side and tip of a developing chick autopod.
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2.3.RESULTS

2.3.1.CASEIl: INTERPHALANGEAL JOINT DEVELOPMENT

In thecase | the limb bud had a length/width ratio of 3, based
on histology of the phalange anla§ig8]. In the first stage (&N
reactiondiffusion), we obtained the spatidistributions of (G) and (N)
over time, that indicated the formation of a stable Turing pattm (
2-5). The region where (G) was high indicated the interzone onset

(sown wi th an o*avtatiomnd | ocati on fo

In the second stage-Reaction), (P) accumuladen the distal
part of the bones, where itptehe proliferative state of the chondrocyte
cells Fig. 2-5). (I) wasinhibited when therevasa high concentration
of (P), and in the zones of high (the hypertrophywas accelerated.
Also, the growth of the tissugasinfluenced by the concentrati@amd
gradient of the molecules (1), (P), and (H) according to the equ&ttpn
2-11). In regions with a high concentration of (I) and low concentration
of (P), which caus® hypertrophy of the cells, an epiphydise
structurewas be obtained, wider than the rest of the bdrig.(2-5).
After the onset of the inteone, (W) stared diffusing. (W) was
expressed in the interzorend where the fibrous capgsuand the
synovial lining of the joint capsule will formF{g. 2-5). Thus, we
obtained a hingéike joint structure, whiclwassimilar in $1ape to an
interphalangeal joint. The distal bonedlgawider proximal end and the

proximal onewasuniform in width Eig. 2-5).
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Fig. 2-5 Results obtained by the
simulation for case I.

Distribution of the factors (G), (N), (P),
(), and (W) over time and the final
tissue. High concentration of (G) marks
the interzone, which occurs on early
stages of the joint development (time
unit=7). The molecule () is
concentrated in the lower part of the
bone molds, whereas (P) is in the
opposite regions. The molecule (W)
starts acting after (G) reaches higher
concentration in the interzone, marking
the separation of the two bones and the
differentiation of cells into diverse joint
structures. Additionally, in the bottom
left the formation of the joint structures
can be seen such as the articular
cartilage and the joint capsule. This
result is compared with a histological
image of aninterphalangealjoint, which
is modified from [79].
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2.3.2.CASEIl: LONGER INITIAL BUD

We considered the case of a longer limb bud with length/width
ratio of 5 Fig. 2-4). As the domain was longer, the Turing pattern
formed 3 high concentriah regions of (G). One in the proximal tip and
the other two spaced along the domé&iig(2-6). Therefore, the model
wasable to predict the formation of 3 joint sacks, similar to a finger

with three phalanges.

In the second stge, we obtained that (P) had high concentration
at different areas on each bone. For instance, in the distal bone the
concentration of (Pyashigh on the distal end; for the middle bone, the
concentration of (Pyvashigh in the middle part; and for thegximal
bone, (P) ha high concentration on both endsid. 2-6). (I) had the
opposite distribution of (P)Hg. 2-6) hence, the distal bone ¢hane
large epiphysis (the proximal tip), the middle bone heth ends as
large epiphyses, and the proximal bond &lanost uniform width. Ta
pattern, orthe proximal bonewas characteristic of long bond53],
where ahypertrophic (Ihh) moleculerason the middle of the bone and
its antagonist (PTHrRyereonthe tips of the bonf®]. Regarding (W),
it was expressed after the onset of timerzone. Both, the fibrous
capsle and the synovial lining of the joint capsule, fexhas incase |
However, we obsernddW) in threelocationg(in the bottom, the middle

and near the tof{Fig. 2-6 case I).
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2.3.3.CAsElll: HIGH GROWTH RATE

In Caselll, the growth rates (expressed jadi [ ) were
greater than in other cases. As a resultaecelerated growth of the
segmentsvas produced. As inCase ] a single jointwas predicted.
However, since the growth velocityas greater, the final rudiments
were much larger compared to the caseFlg( 2-5 and Fig. 2-6).
Additionally, the distributions of (P) and (I) that were obtained were
different thancase | in this casemolecule(l) had high concentrations
on both ends of the rudiments, whereas@ase lonly on one end of
the rudiments. Thisndicates that growth rate may determine whether

the rudiment will have an epiphysis on one end or at both ends

2.3.4.CASEIV: WIDER RUDIMENT

For this case, we considered a length/width rafi®.5 and
obtaired a joint between a large bone and a shorter ongh&more,
two joint regions wer@btained one in the proximal end and a second
one close to the distal en@ig. 2-6). The distal bone ltha high
concentration of (I) at the proximal end. As a result, the cells on this
zonewould hypertrophy and the proximal head of the distal beoeld
have volumetric expesion, similar toCase | Even though, the
proximal bone was larger, its molecular patterns of (P) and (I) are
similar to those seen clinically on a long b¢&8], where PTHrP ha
a high concentration in the ends of the bone andwidndhigh close to

the mineralization zone (in the hypertrophic zone of the growth plate)
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2.3.5.CASE V: IMPLANTATION OF BEADS BEARING GDF-5 (LATERAL )

For this case, we considered that the length/width ratio was 3,
as inCase |.A bead of GDF5 (ConcentratiolY  p&®) was placed in
the distal and lateral part of the rudiment to simulate the experainen
scenario according {@7], where a GDF bead was placed on the side

of a developing chick autopod.

On this model, the (I) molecule stagitto accumulate near the
zone of the bead of GBFand hen it fornedan intercalated stripkke
pattern. (P)vasinhibited when there is a high concentration of (l); the
latter promotd cell hypertrophy, making thtsssue to grow at a greater
rate than the surrounding aréag(. 2-7). Moreover, the diffusion of the
(W) moleculewasexpressed in the zone where the (G) molecule was
seeded. Therefore, the shape of the future b@saffected, de to the
modified molecular gttern whichaltered bone growth Also, no joint
was formed inside the domain as consequence of the abnormal growth

and molecular patterns, matching the experimental results.

2.3.6.CASEVI: IMPLANTATION OF BEADS BEARINGGDF-5 (TIP)

A seed of high concentratiosf GDF5 (concentration,’Y
p®) was planted on the tip of the phalanx as it was previously reported
[77]. Since theravas a high concentration of (G) on the tip thfe
rudiment, the (&\) patternswere disturbed and no interzone was

formed, therefore thengasan absence of joint.
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The (P) molecule started to accumulate in the center of the bone
anlage and then bamemore concentrated in the extreme where the
seed was planted. However, its distributieasshapelessHig. 2-7). As
in the previous case, tteewas ahigh accumulation of (W) where the

(G) seed was planted.

2.4.DISCUSSION

Previous works have shown the mollecinteractions for the
digit patterning onst On the work of Raspopoviet al. [80], they
propose that the digit patterning is controlled by a B8R3Wnt
Turing network,which is also contrééd by two morphogens (Hox
genes andFibroblast Growth FactoFGF) signaling]80]. Wnt
concentation is high in the interdigital zone, which repress the
chondrogenesis and the expression of Sox9, limited to the ,digits
whereasBMP, is out of phase with Sox@ndit is also found on the
digits [80]. Hox gens are in charge of limiting the Turing instability in
the interdigital regionthenthe digit patterning is indepenaterom the
rest of he skeleton. Finally, FGF, which have not shown a periodic
pattern but only a proximdistal gradient, being highest in the apical
ectodermal ridge (AER), controls the wavelength and prevent
bifurcations[80].

In this study, we have developed a reactiiffusion model to
simulate the biochemical system that regulates jointdtion, starting
from the last stage analyzed by Raspopatial. [80], right after the
digit patenting. We assumetiat inside the phalanges anlagen is an

enzyme substrate process between the proteins (N) and (G), a BMP
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molecule which determines where joint cleavage occurs. This first loop
of proteins is essential to the formation of the interz¢G¢.demarks

the intezone and (N) establishes a regulatory loop to avoid other zones
from reaching this conditiorAfter cleavagea negative feedback loop

of proteins (P) and (I) determine where cartilage hypertrophy occurs.
() establishes the growth tfe articular and rafine cartilage. In those
areas, where the level of (P) is low, the potential zones for hypertrophy
and mineralization are established. All these four molecules had a
random initial condition. A gradient in molecule (H) was represented
from proximal to digl, during the entire simulation, which was in
charge of increasing domain length. Finally, molecule (W) diffused
from the interzone joint cells to promote the differentiation from

mesenchymal to capsule tissue.

We analyzed six difient cases, which showed slight
differences between them, either in geometry or in growth rates. For
Case lwe can compare the results obtained for the molecule (G) with
expression of GD# obtained throughhistological studies, to
denonstrate similar distbutions Eig. 2-8). Additionally, the (1) and
(P) loop resulted in a distribution where (P) is near the distal ends and
() is at the proximaénds of the rudiment, as sdaatologicallyfor Ihh
and PTHrP FEig. 2-8).

The (W) molecule establisdehe formation of the articular
cartilage on eacjoint surfaceandwas consistent with distribution of
Whnt in the literatureKig. 2-8) [81,82] When we evaluated morphology
changes in the joinf{g. 2-5), we observed thahé shape of the joint

is comparale with the histologic finding§79]; both sides of the joint
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had articular cartilage, however, on ondestherewasa epiphysidike
structure, due to the chondrocyte hypertrophy caused by the low
concentration of (P)This leagdto the formation of a larger epiphysis

like on the distal side, and a not so wide on the proximal end. From this
point on, thanorphology of the joint is likely influenced by mechanical

conditiong[81].

GDF-5 PTHrP

Fig. 2-8 Comparison of the molecular distribution betweenthe obtainedresults for case | with those
reported in former experimental studies.

A. Obtained result for the concentration of GDF5 during the process ofinterzone onset;B. GDF-5
expression in the digit formation at E13.5 modified from [81]; C. Obtained result for the
concentration of PTHrP during the process of joint formation; D. PTHrP expression in the digit
formation at E13.5, modified from [81]; E. Obtained result for the concentration of Wnt during the
process joint morphogenesis; Wnt expression in the digit regions of the foat day 7.5 F. Modified
from [82]; G. Obtained reault for the concentration of Ihh during the process of joint formation; H.
Ihh expression in the digit formation at E13.5, modified fom [81]. High concentrations are showed
in white.
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Our results suggest that the size of the initial domain during
development may have an influence on the nunobgoints formed
When the length/width ratizvas 3, one joint was obtained, but when
this ratio was increased to 5, tke joints were acquired in the
simulation. This result is related to the fact that Turing patterns depend
on the domain ratio, therefore the number of jointsvalsubject tohe
initial ratio. However, literature show that one jofotm at a time
[83,84], therefore,it could be possible that each tirtteat the distal

blastemaeach a ratio of 3 (approx.), a joint is formed.

At the beginning of the process, growth is not as volumetric
(isotropic) as it is idectional (by gradient), with time the growth
becomes mainly volumetric in some zones and in others mostly
directional[46,57] For instancefor the articular cartilage, growth is
mostly volumetric (due to the concentration of the molecules) and will
define the epiphysisiVhereas forpre-cartilaginous and mesenchymal
tissue, growth is influenced by both, the concentration and the
directional growth.

For a faster growth velocitycése Il), we obtain a single joint
with two growing regions, located at bathds of the rudimest(high
concentration of (I) at the ends of the bones). Regarchsg IV ,we
started with a domain with a length/width ratio of 2.5 and with constant
values specified in Appendix A. In this case, the goal was to simulate
the onset of gint located betwen a large bone and a shorter one. This
configuration is similar to a joint between a metatarsal or metacarpal
bone and a phalanX¥ig. 2-6), where we have a large bone on the

proximal side and a shorter one on the distal dt@e.the proximal
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anlage, he molecular distribution @B wassimilar to that of a large
bone, where the PTHrP molecule is established on the heads of the bone
and lhhon the middle paif63].

In case Vand case V] we simulated a study performed by
Merino et al., [77]. They analyzed the effects of GI3F local
administration in the developing autopod of ewanic chicks. They
implanted GDF5 beads at the tip of the digitisat promoted intense
cartilage growth and failed to induce morphological or molecular signs
of joint formation[77]. Additionally, they implanted GD#5 beads in
theinterdigit joints, which resulted inminhibition of the formation of
joints in the adjacent digits. This suggests that the fo@Dd=5 is to
control growth and differentiate the cartilage of the epiphyseal regions
from the phalanges, rather than accounting for the differentiation of the
synovial joint tissuef77].

When we ompare the results obtained in this studydase V
and case Vlwith those reported in Maro et al. [77] (Fig. 2-7), the
morphology achieved in both studiegresimilar. We did not obtain
any joint due to the effect of the implatibn of the molecule (G), which
modified the Turing patternswhereason the Merino et al. [77]
experimentation the GDb beds were addeshortly after jointswere
formed Fig. 2-7). Moreover, when waimulated the implantation of
the molecule on one side of the mesenchymal condensation, the
resulting rudimentvascurved, as reported in Merireg al., [77] (Fig.
2-7). Similarly, when we simulated the implantation tok molecule
(G) on the tip of the mold, a bulkasformed, as well as in Merinet
al., [77] (Fig. 2-7). These effects could be due the fact that high
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concentrations of (G) implies, after the cavitation process, high
concentrations of (W), which differentiate the tissue intocaldr
cartilage. This abnormal location of articular cartilage impaantthe
Turing pattern between (Iphd (P), hence abnormal growth of the tissue

is obtained.

In this work, a simplified model to study development of joints
was proposed. This modmdnsdered6 generic factors, which predect
location of the joint, cavitation, and morphologihere was god
agreement between tbétainedresults from our simulation model and
those reported in the literature from experimental works, where

histological aalyses were performed.

However, during prenatal development, there are additional
factors such as mechaalgc genetic, and environmental aspects. We
modeled generic molecules, as there are often multiple molecules that
influence the same biological procedsonetheless, we showed that
simple pattern formation between enzysubstrate molecules predicts
many eentsrelated to thgoint formation. In this model, we used
simplified initial geometry and demonstrated th#te initial
length/width relations cruwial to pattern formation. We assumed null
flux at the boundaries of our rudiment, which may not suffityen
represent communication of the rudiment with surrounding tissues.
However, itwasa necessary approximation given the lack of data that
demonstra flux out of the rudiment. We also assumed random initial
molecular distribution and demonstrated thduice of altering the
initial conditions (with beads of molecule G). The random distribution

is a necessary assumption of the initial state of thie bud.
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In conclusion, thisvork proposes a simplified computational
model of the regulatory mechanismatthnfluence the formation of
joints. All the results obtained were compared with those reported on
former studies, which were qualitatively simildihen,the proposed
computational model may be the firahd a good approximatipaf the
phenomenon of jat formation. The model shows a good response with
interphalangeadnd metacarpal/metatargatalanx jointdevelopment
This work will be usefulfor researchers focused on pathologies
associated with embryo and joint development. Furthermore, this model
could provide new insight and guidelines of experimentation, and of

course, new mathematical and computational models as well.
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Chapter 3JOINT MORPHOGENESIS

3.1.INTRODUCTION

As it was said on the previous chaptgoint development is
characterized by 3 step interzme onset, -cavitation, and
morphogenesisThe interzone determines the joint place within the
bone blastema and it is characterized by cells that stopped their
differentiation to chondrocytg¢84,85]. The interzone gives place to the
cavitation process, which leads to the physical separation of the anlagen
[34]. Afterwards, comesthe last step of the joint development, its
morphogenesis, within this process the joint molds to its final shape
finishing the joint development progg although some studies have
shown that the morphogenesis of the joints might initiate befare
cavitation procesg21,40,86] During @avitation and morphogenesis
chondrocytes proliferate within the bone rudimeniiswang their
growth andshaping39].

The consequences of an abnormal joint morphogenesis can be
debilitating and jeopardezthe life quality of the individual, as for the
case of the developmental gpfasia of the hip (DDH), hich has a
frequency of 5 out of 1000 hipa1,87], or in arthrogryposis multiplex
congenita (AMQ@, which due to an abnormal fibrosis of the muscles the
individual devéops multiple joint contracturd88]. Although it is an

important health issue to address, there are still imprecisions
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understanding on how and whichcfors guide the morphogenesis

procesg44].

In fact, experimental and computational studies have shown that
there is a relationship between mechanical stress and the skeletal
morphogenesisgrowth, regeneration, maintenance and degeneration
[891 97]. Moreover in the past, it was assumed that fdtal movement
is one of the factors that affects the joint morphogengals.
Researchers have foumdalformations at the knee joint when chicks
embryos have beemmobilize through neuromuscular blockiagents
[98,99] Also, it was foundhat other joints develop fused or with Ron
interlocking joint shapegL00]. This aspect has also been explored in
mice genetically modifiedo havefi mu slcd ses , ih whicbh the
joints also developed with malformations, in particular the elbow and
shoulder[101,102] From those studsg there is no doubt that motion
and loading couldaffect the morphogenesis process during joint
development. However, there are very few studies that have deeply

explored this issue.

From a computatiomaperspective, two models have been
developed to evahte the relationship between joint morphogenexis a
mechanical stressd20,21] Hee@ard et al (1999) developed an
idealized proximalinterphalangeal model, including the mechanical
load provided by the muscles through the tendons, to evaluate the
epi physeal growth through a modi fi et
theory [103]. In that study, Heegaaret al. evaluated how the joint
morphogenesis is influenced by the contraction of the muscles,

resulting in a congruent devel opment
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was the first mechebiological model that simulated the joint

medanical environment in the prenatal phase.

On the other &nd, experimental studies have found that static
compressive and cyclic compression loads inhibits and promote
cartilage growth, respectivelj21,104,105] [106/ 108]. Using that
experimental results, Giorgit al.[21] develged a 3D computational
model of the joint morphogenesis, including the joint capsule. They also
analyzed the effect of movement range with défg initial shaps of
the joint. In addition, they employed idealized shapes for generic joints
such as ball ahsocket and hinge and applied typical movements for
each type of joint.

Both aforementioned computational works, the one developed
by Heegaardet al and the onedone by Giorgiet al., used the
hydrostatic stress distribution for describing the growth pgoidt
morphogenesis[20,21]. Although, thoseseminal works obtained
important results about the morphogenesis process, the final shapes of
the two opposite rudiments do not match entirely to a real
interphalangeal joint shape; strengthening the fact that biochemical
interactionsduring bone morphogesis might be necessary to achieve

congruent joint shapes

From the biochemical perspective, some experimental works
have identified the biochemical factors that might influence the entire
process of joint development. These works Haued that Hox genes
Bone Morphogenetic Proteins (BMPs), Growth and Diffesditn
Factors (GDFs), Wnt, chordin and noggin all influence the interzone

onset and the cavitation procg85,95,109] Based orthese literatures
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we designed a computational model with the amexplainingthe
interaction of these molecules during the jointegnss described in the
previous chapte(Joint Onse}. The previous chapteexplaired how
selfregulatory loops of biochemical factors may influence the
interzone onset, cell differentiation, tissue growth, cavitation process
and synovial capsule developmenh the prevous chapter we
expained how biochemical factors influence the joint development
from the interzone onset to the cavitation process, in which the joint
took its initial shape due to cell proliferation, howewse did not
model how the joint achieves itslefinitive shape,the final
morphogenesis.

As it was described, the morphogesess regulated by
biochemical and mechanical stimuli. Nevertheless, to date, there is no
experimental or computational model able to accurately explain how a
synovial joint isshaped. Moreovenone of the existing computational
models have integrated tochemical stimulus as a factor for joint
shaping. Understanding how these biochemical and mechanical stimuli
influence the joint morphogenesis process might be useful &r th
prevention and &atment of developmental diseases

Here, a 2D finite elemembodel of the interphalangeal joint was
developed, which included the synovial capsule as domain surrounding
the bone rudiments. This model considers the biochemical and
mechaical effects on thgoint morphogenesis, from the cavitation
stage to the appearee of primary and secondary ossification centers
(POC and SOC). Furthermore, the model was tested to replicate

different conditions that might be present in a pathologicaleca, as
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when thee is a muscular abnormality or joint malalignment. This
model provides a steppingstone to establish an understanding on the
mechanisms that influence the joint morphogenesis. This study could
be useful for physicians and researchermsréagted in the degn of new

jointdés treatments and skeletal d

3.2.MATERIALS AND METHODS

In this work a finite element model of a synovial joint
morphogenesis was developed. The model includes the effect of
possible molecules and mechanical factorgolved in the jant
morphogenesis process. The model initiates with an appabei
geometry of a synovial joint, interphalangeal joint, after the cavitation.
The initial reference geometry was adapted from the result of a previous
work of the author§96]. The computational process is as follows: The
distal bone anlage was rotated to simulate the movemeng éiftier,
only four steps of the movement were evaluated: when the distal
phalanxwas at 0°, 30°, 60° and 90°. Stresses were computed elementally
on each position and then were translated into a reference state (at 0°)
and averaged at each element. Ond¢edala was translatl to the
reference state, cartilage growth and ossificatianameters were
computed. Then, the geometry of the reference state was updated
considering by the stresses and biochemical factors. Thus, this process
continued until the shapof the joint agres with the shape of an

interphalangeal joint.
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3.2.1.GEOMETRY AND BOUNDARY CONDITIONS

For this model, it was assumed that the finger, viewed on a
sagittal plane, had a cyclic extensitbexion movement, where the
distal phalanx rotated arourde proximal phalanx-our steps of the
movement were evaluated: when the digtadlanx wast 90° 60°, 30°
and 0%ith respect to the vertical ling(Fig. 3-1). The geometry of the
model was approximated and adapted from thiesteep othe previous
chapt ertr(fkaointOns |

The domain was meshed employing linear quadrilateral
elements, the size of which was refined until further refinement no
longer yielded noticeable pnovements. All the e@ions were solved
with FEM andimplemented in a user element Subroutine in FORNR
and solved with ABAQUS v6.1@assault Systemes).

Y g
Distal
W WHH
W
. A

=~ \ \_

o i \ )
o o o o i e bbb Sbhhoe

6=90° 0=60° 6=30° 6=0°

Proximal
Fig. 3-1 Schematic representation of the bundary conditions implementedon the model.

The inferior boundary of the proximal phalanx has the central nodefixed; the other nodes of the
boundary are allowed to move laterally. Palmar side to théeft and dorsal to theright.
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3.2.2.MECHANICAL ASPECTS

Regardng the mechanical part of tineodel, a displacement of
1' d&was to the top surface of the distal rudiment towards the proximal
element at each motion staged. 3-1) [20]. The displacement had
distal to proximédirection related to the distal phalariid. 3-1). The
proximal phalanx was fixed on its bottom central node, the other bottom
nodes could move on the lateral direction. For simplicity's sake, some
considerations were made, i.the modelling of contact between the
phalanges was avoided by includinge tlsynovial capsule, as a
circumference surrounding the joint, with a maximal diamettérmm
and large enough to contain the joint throughout movement sequences
(Fig. 3-2), previous studies have proven that the inclusion of the
synovial capsule does not affect the results of the simul§®ibh

instead, it saves computational time.

The bones were initiallgorsidered as dlly cartilaginous, as
they are at this stage of human developmadtlitionally, all tissues
were modelled as lineaastic, isotropic and homogeneous materials;
the cartilage of the anlagen bones was assumed as nearly
incompressible (Pesord gatio of 0.49). Each cartilage rudiment
section had a Youngdés modulus of
had a Young6és modulus of 1 kPa; es
the cartilage and the capsule tissuBlsese material properties weer
asuned by theauthors as they act as symbolic and are easy scalable to
recreate any other real or unreal conditioimseach iteration, it was
computed stresses (octahedral, hydrostatic and shear) and strains. The
model was developed with a plane straoroach.
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Capsule

0.8 mmr——

Fig. 3-2 Geometry of the bone anlagen and the synovial capsule.

3.2.3MOLECULAR ASPECTS

There are many molecules that have a role during joint
development which might influence bone growth, ossificatomul
shaping. Fo instance, VEGFs involved in bone angiogenes)din
various aspects of bone development, including chondrocyte osteoblast
differentiation, and osteoclast recruitmgatl0]. Moreover, several
studi es have suggested a potenti al
development, growth and ossificatiffil1]. During embryonicstages,
T G F Wegulates the endochondral ossification,the osteoclast

recruitment, andhe vascularization at the primary and secondary

68|Page



Materials and methods

ossification centef111]. On the other hand, studies have shown that
the chondrocyte hypertrophy and maturation i®eaweined by PTHrP
and lhh autoregulatory loop that interacts with the charydes
population [9]; Ihh is said to controlchondrocyte proliferation,
maturation, and hypertrophy66i 69], whereas PTHrP inhibits
chondrocyte hypertrophykeeping chondrocytes in proliferative state
[67]. Also, the literature show that although the strong canonical Wnt
signaling pathway inhibits chondrocyte cell fate determination and
maintenancgwhich inducethe cavitation procesg4,36,3770,96),

the weaker Wnt signaling promotes chondrocyte hypertr¢ph3).

Among the wide range of molecules that might infice in
some way the bone shaping, we narrowed them to only three (lhh
PTHrP and Wnt). This simplification was made since the authors had
already considered them in a previousrkvim which the joint onset
from interzone to the cavitation process was matle]86].
Nevertheless, these neoliles are the ones thateabeen reported in
the literature have the more liménce in bone growth, hence shaping.
The molecules were included in the model as constants within the
domain, it was considered molecular distribution after a reaction
diffusion system (IhkPTHrP) and dfusion (Wnt) unchanged after the
joint onsetThe nitial distributionof the aforementioned moleculeas

taken from the last step tife previous chapter resultko(ntOnsej.

In each timestep, the boe anlage was divided imdr regions
(Al to A4)of constant concentratiofhe length of the regions)(was
proportional to the length of the anladg @ndwas céculated as the
quotientof L/number of regiongFig. 3-3). Since he growth rate was
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small mmpared to the time length, the change of the domiaimot

affect the moledar distribution.

A4 l

Fig. 3-3 Schematic efinition of the concentration areas.
Each area has a length prportional to length of the bone anlage, the
proportion waskept throughout the simulation.

A3 {

3.2.4.TISSUEGROWTH

For the tissue growtmodeling it was supposed that the tissue
response to the mechanical stimuli had a positive reldtipigetween
cartilage growh and cyclic hydrostatistress, and it was inhibited by
the octahedral sheatresg[113]. Additionally, it was considered that
high concentrations of PTHrP and Wnt promote chondrocyte
proliferation,therefore, cartilage growt Hence, if a cartilageement
had PTHrP and Wnt concentrations above astiolel (YO as 1.1

and"YO as 0.0} the cartilage could grow

Concerning the cell (chondrocyte) concentration, it was
assumed thathese cells dmot migrate within the domairthey only
proliferated within the bone anlage keepirg constant cell
concentration. Thenhé cell (chondrocyte) concentratian, is related
with the growth velocity as follow€Eq. 3-1):

> 6n> | 0"YOluk §Y

Qo
With Eq.3-1
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| | 3 QQ 0°YOI 0 ppAT &t o mBrip
| c8t 0'Q 0 YOI lppAT B¢ o0 ™ p

where™Y is the hydrostatic stress of the elementis the
growth velocity on edt point of the domain|, , is a constant that
i ndicate the influence of t he
isometric growth;y and"Y,; @re the concentrations of PTHrP and
Wnt within the elementHowever, sincéhe cellular concentran was

kept constant the first term of the equation is equal to zero 1 .

Moreover, the growth velocity can be related to the strain tensor
(Q ) following theEq. 3-2.

| 0 YOk o
O- > W"“f‘b ——Y _
[ 55 Eq.3-2
Then, the strain tensor can be computed as:

where " are the unitary directional vector in a Cartesian
coordinate systemj; is the DeltaKronecker tensor; an&)Qtake
values of 1 or 2xdirection andy-direction). In the growth equation,
the hydrostatic stres¥ had a volumetric effect by increasing cell

guantity, without increasing cell concentration [cell/unit volume].
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3.2.5.BONE OSSIFICATION

For the bone ossification it was consideredasieogera index
(Ol). Ol was calculated and used to predictappearance dhe POC
and SOC within the anlagdf14i 116]. The Ol is a scalar parameter
which considers the effect of the hydrostatic steess the octahedral
shear stres§8]. This parameter, Ol, can be used to predict which
regions of the cartilaginous anlage are likely to ossify first (high Ol)
[93]. Therefoe, the cartilage on the diaphysis was considered to ossify
under high OIEqg.3-4) and low PTHrP and Wnt, whexe for the SOC,

only the Ol was considered.

GoQY QY Eq.3-4

“Y isthe hydrostatic stres¥, is the octahedral shear stress;
"Q and'Q are the constants weighting the contributiofiof and'Y

respectively.’Q took the value of 0. andQ of 1 for the proximal
phalanx, and for the distal e0.35 and 1 fofQ andQ, respectively.
The ossification process of thessue POC and SOCwas assumed as
a mineralization of the tissue whiaiicreagdthe Youngd sodulusof
the elemenuntil it reached 20000 kPa.

3.2.6. TRANSLATION TO REFEREICE

At each timestep, a static implicit FEM analysis was done at
each flexion position90°, 60°, 30° and Q°then, the results were
translated to a reference positiomh{ch is at0°). Once all the results
were at the reference position, they could be averaged in a unique
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geometry where the cartilage growth and ossification were caldulate
This was done by calculating the centroid of each element of the rotated
state(red)and pivot them to the coordinates the reference state (0°)
(blue), these centroids carry the information abth# stresse®f the

each elemenfg. 3-4). Afterwards, each element of the reference state
(blue)assumes the value of the closest centroid of thestbsahte. With

the obtained quantities at reference state, the cttmsaof Ol and
cartilage growth were done, and the geometry of the reference state was
updated. Then, the distal phalanx of this new referencevstat®tate

at each analyzed positi@md process begins again.

(28
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Rotated state Reference state Rotated to reference state Value assignation

Fig. 3-4 Translation processfrom a rotated state to the reference statat (0°).
Palmar side to theleft and dorsal to theright.

3.2.7.GENERAL ALGORITHM

The algorithm proposed foreimorphogenesis model is shown
in Fig. 3-5. The computational model initiated with the drawing and
meshing of the geometry at it position (960°, 30° and 0°), then, the
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mechanical conditions were applied, and the stresses werdated
through FEM. Afterwards, the centroids of the elements at each rotated
position were spun to a reference state (which is at 0° and also meshed
with linear quadrilateral elements); to each element of the reference
position was assigned the valudsstresses of the nearest centroid of

the rotated states.

Drawing and meshing 4>| FEM Mechanical analysis|

Inital conditions of rotated states

Geometry
Concentrations

|Translation to reference statel

[Average stress values]

Cartilage growth

Stresses New geometry|

Concentrations

Does the shape
match with the
real morpholog

L
New material properties

= - POC and SOC
Ol Computation onset and shaping

Stresses
Concentrations End

Fig. 3-5 Algorithm designedfor joint morphogenesis

Once all the data from the rotated positions were at 0°, the
stresses from all rotated positowere averaged within each element
of the reference state. With the averaged stresses and the molecular
concentrations (determined as mentionedviolecular Aspect$ the
cartilage growth was determined producing a new referermaejey

of the bone rudiments. This new geometry was then subjectively
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evaluated, and if it resembled that of an interphalangeal joint, then the
POC and SOC were determined through theifOnot, the reference
geometry was rotated again to the analyzedipas (90°, 60°, 30° and

0°).

3.2.8MODELLED CASES

The model was tested five different casesTable 3-1). The
first one replicate normal conditions and the following four simulated
pathological settingsin first pattological setting,the effect of the
molecules was not considered; the growtlpedeled only on the
hydrostatic and octahedral stresdaghe second one, a dislocation of
0.3 dbetween the two phalanges was includeid.(3-6). Moreover,
two palsy environments were simulated in which only one rotated
position was considered; the distal phalanx was at 0° or 90° flexion

angle

Table 3-1 Conditions for the normal and pathological settings.

Angles Averaged Dislocation
Normal 90° 60° 30° 09 Yes 0‘ a

Kilter 90° 60° 30° 09 Yes 03" a
S w/o molecubr | 90° 60° 30° 09 Yes 0‘ &
D
kS
2 0° palsy 0° No 0' @&
g

90° palsy 90° No 0‘ a
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Fig. 3-6 Geometry of the pathologicakilter model.
Blue, the distal phalanx and red the proximal phalanx.Palmar side
to the left and dorsal to the right.

0.8 mm4+————

3.3.RESULTS

The final stage of the joint development process, in which the
joints achieve their final shape, was simulated through a catiqnal
model For this model it was considered the distribution of molecular
factors that influece in the chondrocyte hypertropagd proliferation,
and the hydrostatic stress loading which promotes cartilage guow.
average result was calculated considering eachrffleggon angle and
translated to the reference position (0° flexion angle); ialjef
positions were igen the sme weight. The results show the
morphogenesis process ofiaterphalangeal jointKig. 3-7). The upper
surface of tk proximal bonevolvesinto a concave shape, whereas the
bottom surface of the slial phalanx sculptsifo a conve form. The
obtained shape of the joint was similar to that of an interphalajogetal

observed in the sagittal plaried. 3-7).
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Distal
0.8 mm+— R I
| |\ 7| POC
) \ «
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t=2
t=7
Proximal

Fig. 3-7 Obtained joint shapeat different time-steps for normal conditions.
Palmar side to theleft and dorsal to theright.

On the other hand, the octahedral stetsess the hydrostatic
and the shear stressdistributions were obtained for different time
steps Fig. 3-8). The poximal phalax had high compressive
hydrostatic stress on the anterior part of the joint surface, the main zone
in contact with the distal rudimerfti@. 3-8). As for the distal rudiment,
it also hadhigh compressive hydrostatices$s on its aterior side, but

along the whole anlage, especially for the first stéjs 8-8).

On the last steps, the hydrostatic strestridution remains
almost the same for the proximal anlagewever, for the distal one, it
tends to beome more uniform on the bone diaphy$igy(3-8). Also,
hydrostatic compressive stress on the head of the distal bone isrsmall
compared to the rest of the boreg( 3-8). In addition, the o@hedral
stress was high at the bottom of the proximal rudiment, as well as in the

contact surface of the distdig. 3-8).
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Hydrostatic
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» O -0.28
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-0'39 . . . .
-0.44 Fig. 3-8 Stress distribution at

-0.50 different time-steps.
Up, hydrostatic. Bottom,
octahedral.

Octahedral
stress

0.50
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0.22
0.17
0.1
0.06
0.00

Additiondly, some pathological environments were simulated
to evaluate some conditions that might be present during ¢enelu
which can affect the joint morphogenesighe first me tested the
conditions when thenolecular effect is neglected which produced and
abnormal growth of the rudiments. The distal one grew much more than
in normal onditions and there was absencetttd head of the bone
anlagen, while in the pximal rudiment the head developed but in an
abnormal shape. Furthermore, the hydrostatic and octahedral stress
distributions were similar to normal condition&id. 3-10); the
proximalphalanx had high compressive hydrostatic stress on tirapal
part of the joint surface arttie distal rudiment had high compressive

hydrostatic stress on its palmar side, but along the length of the anlage.
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As for the octhedral stress disbution it was high ant the bottom of
the proximal rudiment and in themtact surface of the distal, &kin

normal conditions.

Distal 0.8 mm+———

unit time for the pathological condition

| \ when the effect of the molecules is not
. o | included.

— . ~———= \_~——=-  Palmar side tothe left and dorsal to the

(] . ‘\ ‘J ‘/ Y right.
LY /N /
\ | | [N /

{ Fig. 3-9 Obtained joint shape at different

Proximal

| Hydrostatic
Stress
0.00
-0.04
-0.09
-0.13
-0.18
-0.22
0,27
-0.31
-0.36
-0.40

Fig. 3-10 Obtained
hydrostatic and octahedral
Octahedral  stresses at different unit time
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The seond pathological setting (Kilter) tested the conditions
when there was an offset; the distal phalanx was movech®.® the
palmar side. For the kilter moldgl the positions (90°60°, 30° and Q°)
were considered to inflmee the joint morphogenesis the end, an
abnormal form of the joint was obtained in which the distal phalanx
appears to have the concave shape on its dorsal side, while the proximal
phdanx isshaped like a carave geometry, similar to that of normal
conditions fig. 3-11).

Additionally, two paralysis environments were tested in ethi
the phalanges were kept at a fixed angle throughouginmelation, 0°
and 90° palsy ere modeledUndoubtedly, the paralysis environment
affects he joint shape, since no ant joint shape was obtained in
neither case of paralys{Fig. 3-11). For the 90° palsy modehe distal
phalanx did not obtain a convex shape, while for the 0° palsy model the
distal ph#éanx had a ballow convex shape.

Thejoint shape is affected due to the changes in theostatic
and octahedral stresses distributiéig(3-12). In thekilter model the
stress distribution within the proximal phalanxsimilar to the onin
normal conditions, howeveigr the distal phalanx the hydrostatic stress
was not as high in the palmar sjdnd the octahedral stress Hagh

concentrations at the zone of contact.

In the paralysis modeht 0° the hydrostatic and octahedral
stresse for both phalanges were mgstloncentrated at the mter of
the geometries at all tirteps.However for the 90° palsy modi¢he
hydrostatt stress was almost uniform for the distal phalanx, and the
proximal had higher hydrostatic compression strestha dorsal side.
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Asfor thefor the octahedraitresf the 90° paly, it bandedn a similar
way of normal conditions for both, distal and proximal phalanx.
However, the distal phalanx did not have a zone of high concentration

of octahedral stress at the contact surface.

t=0 =2 _t=5 =7 0.8 mmk——

S Kilter

L::) I"T ‘.J L"j_::j':: 00 PE‘]SY

i— ‘ — “’—'-fi/ 907 palsy

: ' ] \
Proximal

Fig. 3-11 Obtained joint shape at different unit time for the simulated pathological environments.
Palmar side to the left and dosal to the right.
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3.4.DISCUSSION

Previais works haveried to describe the joint morphogenesis
as a reglt of cartilage tissueesporseto hydrostatic stress distribution
[20,21]. Theyshaved how both ends of the bone rudimentsncjesl
thar shape according tbi¢ hydrostatic stress distribution, however, the
final shapes ofthe two opposite rudiments doot agree tothe
morphology of the joint. Therefore it confirms that not only the
mechanical environmemffects the morphogenssof the heads of the
bores, bu also there are biochemical aspects that should be considered.

From a biochemidapoint of view,in our previous chapted¢int
Onse} we analyzd the biochemical interactiasf the joint onset, from
the appearance of the @nzoneto the cavitation pcess. During these
stages, only the interaction of molecuigsesponsible togegulate the
joint development. Howeve during the morphogenesisogess it is

also necessary iaclude the effect of meelmical loading.

In this study,the molecular and mechanical factors, influence
joint morphogenesis. It was assumed that the molecules involved on the
previous steps of joint developmeimterzone oget and cavitation, also
have influence during the morpgenesis. The distribution ohe
molecular factors was kept constant within each t&te@ of the
domain Fig. 3-13). The concentration of the molecules in conjunction
with the stresses influenced the growth of the cartilage.ydlsdstatic
compression stres§THrP and Wnt promote cartilage growth and
chondrocyte proliferation, respectively, in the zonéhere we have a

high concentration of both, cartilage growth is promokext instance,
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the top and palmar part of the proximphalanx has a high
concentratia of hydrostatic stress and PTHrP or Wnt, therefore, this

zone of the proximal phalanx mold an& concave shape.
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Fig. 3-13 Molecular distribution at different time -steps
Palmar side to the left and dorsalto the right.

Four different positions of the interdaageal joint were
analyzed. The stresses values obtained at each position were averaged
and translated to a refex® system (0° flexion). The same weight was
given to eah position since there are neports in the literature about
how the finger movemes of the fetus are during the morphogenesis

stage. Hydrostatic stress and the concentrations RIFHrAand Wnt
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were considered to play a role during joint morphogenéisesefore, in
the nes wherave have a high concentration these molecules and
hydrostatic stress, cartilage gowth is promogd. For instance, the top
and anteor part of the proximal phalanx hashigh concentration of
hydrostatic stress and PTHrP etbfore, this zone of the prioxal
phalanxevdved into a concave shapAdditionally, the distal phalanx
joint surface shaped into a convex structure duegb concentrations
of octahedral shearrsss on the center of the joint surfawénich
inhibited cartilage growth.The dtained f i n al shapes
diaphysis were coherentitiv thoseof an interphalangeal join{Fig.
3-14).

As part of the endochondral ossificatidgnthe effect of the Ol
is included, the shapes of S@@d POC can be also explairesgiseen
in our results(Fig. 3-14). The model showed how the Ol predict the
areas of high ossification on the diaphysis. The Ol computation was
based on the one proposed by Carter &vidng (1988)[93]. They
established that the Ol is calculated based on the octdisbear stress
and the hydrostatidress multiplied byan empirical constari®. In this
study, the values of the multipli€@@ were different for each stress and
phalanx, condition which we considered was necessary for a coherent
ossificationprocess. The obtained results are comparalith those
from former studies, wdre only the endochondral ossification and Ol
distribution was analyze¢b6,93,116]On the proximal phalanx the
SOC was shaped as a circular structure. On the distal anlage, the SOC
took an elliptical shape, most likely due to howve ttonvex surface
distributed the octahedrahear s&ss and hydrostatic stges (Ol)
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Front Sagittal

POC

)|

SOC

’ POC Fig. 3-14 Secondary ossification center
(SOC) in a developing bone.
Top: schematic drawing of SOC in a
developing bane, and the S obtained with
Joint shape the model. Bottom: comparison betwaan an
-, x-ray phalanx and the result from the joint
! | morphogenesis computational model.

When pathological conditions were simulated it affected the
joint development, resulting in an abnotrgaometry for all case§(g.
3-15). In the patholgical setting where the effect of the molecules was
retired from the model, the obtained geometry was much larger than
normal conditions, this abnormal growth might be sineedfect of
the stresses is not limited by the molecualamcentrations.

In thepathological setting where the phalanges were dislocated
(kilter) the hydrostatic stress was almost similar for the proximal
phalanx, but for the distal it had lower valueartin normal conditions
(Fig. 3-12). Also, the octahedt stress was higher than in normal
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conditions, which in combination with the lower hydrostatic stress

provoked a lower overall growth.

As for when the finger was kept straighi® (palsy), the
hydrostatic stresand the octahedratress were higher tham normal
conditions, which also influenced on the overall growth of the
phalangesKig. 3-12). Moreover, when the paralysis ne@ddvas kept
with a 90° fl&ion, the hydrostatic stress was smaller than in abrm
conditions, as wellsthe octahedral stress; in fact, for the distal phalanx
there was no zone of high octahedral stress, therefore, nothing inhibited
the cartilage to growhich resulted in the absee of the convex shape

in the distal phalanx articait surfacefig. 3-12).

Distal 0.8 mm p———

\\K
Kilter 0° palsy 90° palsy u

Normal

Proximal w/0 molecules

Fig. 3-15 Comparison of the obtained geometries for the kilter, the 0° palsy, the 90° palsy and the
normal conditions
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The final shape of the normal conditiotrodel was compared to
x-ray images of interphalangeal joir(tsig. 3-14). The obtained joint
shape agrees remarkably with the oneseoked in thex-rays
Therefore, this work shiks some light on how the mechanical
environment comioied with biochemical fdors influence the
morphogenesis of a synovial joint. It is worth mentioning that
hydrostatic stress, as it prorest cartilage growth, is key for joint
morphogenesis. However, farjoint to achieve complex shapes, it is
necessarya include the cell/tissiresponses to the biochemical and
mechanical stimuli. The combined response to these stimuli produces
the necessg chondrocyte proliferation and cartilag€EM productions
on speific zones, which molds the bones epiphyses to theal

congruentjointsr f aces® shapes.

To our knowledge, this is the fireomputational model able to
include several aspectsf goint development, such as the main
molecular and mehanical stimuli, ad predict, successfully, the final
shape of aynoval joint, like an interpalangeal joint. Moreover, the
model also predist thoroughly, the molecular distribution of the
principal biochemical within the developing bone, as wellha@sdnset
of POC andSOC.

The obtained results are remarkable degpe assumptions that
hadb be made for simpli csavingh &s sake a
limitations for this model is included tHact that this is only a 2D
model, therefore only ondgme of motion wagscluded. Additionally,
some simplifications we mad regarding the materidlehavior and

properties. Likewise, since therg mo information related to embryo
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movement during del@ment, and much less in relatitmthe fetus
finger notion, all the anaized positions were considered to have the
same weight and influence on the onphogenesis process.
Nevertheless, the presentaddel gives an excellent approximation of
what is happning during joint development and morphogenesis and
brings a new understdimg of these processes, which, eventually, may
leadto the development of metreatments for developmental diseases,

or evenprevent malformations of the fetus.
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Chapter 4PATELLA ONSET

4.1.INTRODUCTION

Although the development of the skeletal system has been
studiedover the past centuries, the development ofcaug d bones
known as sesamdibones is still unknowji17]. Sesamoid bones, such
as the patella, ateones emhkdded superfi@lly within tendons; these
tendons are usually@und joints. The name sesamoid comes from the
Latin ward sesamunf{sesame seed), due to the small size of most of
these bones, aride morphological resemblance of this bone to tkd se
[117]. Sesamoid bones can be found in several joints throughout the
body, including hand, wst, foot,neck, earand knee. The patella, or
kneecap, is the largest, staecognized and studied sesamoid bone in
the human bady.

The patella has an importardle in the stability of the knee,
facilitating the function and locomotion of the lower lirfd8]. It is
believed that its main purpose is to incredse momentam of the
guariceps muscle, by augmenting the distance betwkis muscle
and thecenterof rotation of the knee jot [119]. The patella contributes
to the compressive force distribution of the pat&laoral jointby
increasing the contaicarea during flexion of the kn¢&19]. In addition,
the patella protects thigpadriceps tendon from high str¢$20], while
centralizirg the pull of the quadriceps muscle complex, gebhg the

knee from dislocatin§l19].
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The accepted theogboutthe development of the patella is that
it develops inside the tendon in response to mechhsiimui evoked
whenthe muscles contra¢t14,117,121] This theoy is based on the
idea that mechanical stimuli play eucialrole intissue differentiation
[7]. Therefore, while the teod is immature, a zone of the tendon is
subjected to high hydrostatic stress and low tensile strain. This leads to
the differeniation of the fibrous tssue into cartilage and then to the

ossificationof the cartilage to form the patella.

According to theaforementioned tissue adaptation theory,
Topological Optimization (TO) may also be suitable to explain the
development of the gtella. TO distributes he material in a design
domain through the miniraation of the strain energy; as a result, this
material redistribution produces an optimal configuration for low
energy consumptiofl22]. This theory has been widely used in many
engineering and biology fields,duas tharchitecture 6the proximal
femur[123i 126] as well asn the dasign of scaffoldsjmplants, bone

replacements, and prosthefE27i 130].

On the other hand, a recent st(il{7] proposed that the patella
initially develops as part of the femur, similar to the way in which a
bone eminere is developed. This eminence is initially formed by
progenitor cells that expres®mth Sox9 ad Scx. This medmism is
controlled by Transforming Growth FactBeta (TGFb) and Bone
Morphogenetic Proteid (BMP-4), which determine the differentiation
of chondrogenic cells. According to this theory, the eminence is
separated from the preexisting cartifeyus femur under different

environmental conditions, but they consideore plausible that the
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patella may be separated from the femur because of thenpeeskta
remaining joint inducer molecule on the epiphysis. As a result of this
process, a new bone embedded within the tendon is formed, thus

creating a sesamoid bone, iathwill be the patell§l117].

Currently, to the best of the
accepted (or unified) mechanism in the literature that explains the
formation of seamoid bones. In fact, the devetopnt of the patella
could result from the combination of tabovementionedheories. The
aim of this work is to evaluate, separately, the outcome of three
conceptual computational models for the development of the kmeeca
The first model considers théolbhemical aspects present on the onset
of the quadricepand patellar tendormhe second model examines the
cell behaviorunder the mechanical stimuli present during the formation
of this sesamoid bone. The lastodel optimizes the mechanical

environmenbf thetissuesased on minimizing strain energhQ).

The computational models allow a comparison of the three
theories of patellar development, demonstrating the strengths and the
plausibility of each theory. These mdslgrovide asteppingstondo
estblish a unified theory about the onset of this bone, which might be

able to predict patelleaissociated diseases.

4.2. THEORY |: BIOCHEMICAL THEORY

This biochemical theory was first proposed by Estall. [117],
as a molecular model for thevddopment of the patella. According to
this theory, the patella develops ada@ne eminence attached to the
93|Page



Patella Onset

distal femur head, where new soeg®sitive chondrogenic cells attach

to the formed femur distal hedéig. 4-1-11 andFig. 4-1-1C) [117]. This

new aggregation of chondrogenic cells separates from the preexisting
cartilage because of the effect of a remaining jointéedon the femur
articular surfae (Fig. 4-1-1A). Thus, a new bone embedded within the

tendon is formed.

E13.5 E14.5 E16.5

Fig. 4-1 Sagittal sections of the patella from hindimbs of wild -type
mouseembryos stained with Acian Blue and Fast Red to highlight
cartilage cells (I. AC) and Sox9 and Scx expression (l1).

(I. A) At E13.5embryonic days an aggregation of chondrogenic cells
is seen at the presumable location of the pella (dashed circles) tlat
appears to be part of the femu, as the boundary cells are absent
(arrows). (I. B) At E14.5, although the patella (*) and femur are
distinguishable, the patellofemoral joint is missing. The boundary
between the two cartilaginouselements is occupied bycells with
distinct flat and elongated morphology (arrow). (I. C) At E16.5, the
patella (pa) appears as a distinct cartilaginous structure embedded
within the quadriceps tendon (qt) and separated from the femurfg¢) by the patellofemoral joint
(arrows). (l1.) Fluorescencelabelling using digoxigenin- and fluoresceinlabelled antisense RNA
probes for Sox9 and Scx. At E13.5, cells that express both Sox9 and Scx are observed at the
presumable patella location. Scale bars: 200 pm. Modéfd from [117].

To develop this model, it is necessary to explore both
phenomena: the developntef the tendon and themgnence
formation. The followingsection describes some of the key events

involved in the development of the tendon and bone eminence.
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4.2.1. TENDON & EMINENCE DEVELOPMENT

Early events of tendon formation involve the presenc8osf
positive cells (tendon progeor cells) on thesyndetomea sibdomain
of the sclerotome (ventromedial compartment of the somite that gives
rise to skeletal tissu¢)31]. Furthermore, the cells located on bone
headsand muscle ends release T6FThis molecule attracts Sex
expressing cells towards thene headand muscle end; thek, the
region of this type of dks increase$l131] (Fig. 4-2-A andFig. 4-2-B).

Muscle

Bone Fig. 4-2 Schematic
representation of the tendon
and eminence development
A. The process starts with the
expression of BMP on the bone
epiphyses the bone s still a
cartilaginous mould. Also, the

TGF-B muscle and the epiphyses of the
bone express TGFb. B. The
BMP expression of TGFb attracts
EGF and recruits Scx-cells. Those
= cells that expressScxand BMP
/‘,‘ o8 SCX-cells start  differentiating into
- chondrocytes. C. The muscle

. express FGF because itéront

detectsthe presence b Scxcell.

FGF induce the differentiation

of Scx-cells into tenocytes.D.

The formation of the eminence

and tendon is complete.
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On the muscle endhe muscle cells perceive the presence of
Scx-expressing cells and deliver the F(3B2,133] FGF (thadiffuses
from the muscle through thé&cxcells domain) promoteshe
differentiation of Scxexpressing cells into tendon cells (tenocytes).
The direction of the FGF gradient determines the direction of the tendon
fibers[132,133](Fig. 4-2-C).

Simultaneously from the bone sid&\Ps, which regulate the
differentiaton of Scxexpressing cells into chondrocytesifuse from
thebone head134]. BMP stimulates th&cx-cells to differentiate into
chondrocytes. These chondrocytes will later shape the bone eminence
where the tendon is attachded. 4-2-B andFig. 4-2-C) [134]. Thus, a
fully formed tendon is obtained between the bone and the misgle (
4-2-D).

4.2.2 . COMPUTATIONAL AND MATHEMATICAL MODEL

The biochemical model simulatdsetexpression and diffusion
of molecular signals during patellar development as proposed by Eyal
etal. [117]. It is based on the formation of the quadriceps and patellar
tendors (Fig. 4-3) andassumes that some molecules are remnants of the
femurtibia joint formation procesgl17], such as GD/ (Fig. 4-3-a)
[507 52], which later will induce the joint onset between the patella and

thefemuir.
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Fig. 4-3 Schematic representation of the patellalevelopment process based on the theory proposed
by Eyal etal. [117].

A. The process initiates with theScxcells necessary fotendon development. The muscle and the
bones epiplyses (which in this stage are cartilaginous) express T&@- wh i ¢ hScxcells bwaridst
the musck and the bones. Morever, the bone epiphyses also express BMP factors and some of the
remaining interzone marker moleculesB. Those Scxcellsexposed to aconcentration of BMP start
differentiating into chondrocytes. Also, when the muscldront detects Scx-cells, starts expessing
FGF. C. FGF moleculeinduces the differentiation of the Scxcells into tenocytes, whereas th8cx
cellsexposed toBMP keep thechondrocyte differentiation, forming the future patella and the tibia
eminence.D. The patella formsattached to the cartlaginous femur epiphysis, so a joint formation
process starts due to the interzone markers left from earlier processes.

A general algorithm of this model is shown Rig. 4-4. The
model startsvith the initial conditionggiven by the concentrati@of
the molecules and the initial domain ®txcells Fig. 4-3-A) [131].
Then, TGFb and BMP diffuse from the muscle and the bfi82,133]
and consequently, theScxcells are attracted towards high
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concentration of TGl (Fig. 4-3-B). Once the muscleletectsthe
presence ofScxcells, it expresses FGHif. 4-3-B) [132,133] The
differentiation process involves the Smlls and the concentrations of
FGF and BMP. If there is enough concentratiogof-cells and BMP,
thecells in thetisswe differentiate into chondrocyt¢$34], whereas if
there is enough concentration &cxcells and FGF, thecells
differentiate into tenocytes (tendon tissugig( 4-3-B) [132,133] At
the same time, the remainimgterzonemarker (inthis model named
GDF-5) diffuses ingde the newly formed caldge structureKig. 4-3-
C), which will inducelaterthe jointformationbetween the patella and
the femur Fig. 4-3-D) [501 52].

Additionally, it is considered that the fien of the leg during
embryonic stages could influence the patella onset; therefore, this
methodology was applied for differeldg angles (39 42, 60°, 9(°)

without the modification of any other parameter.
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Fig. 4-4 General algaithm that developed to modelthe events occurring according to tie Theory I.

4.2.2.1 Mathematical model: Molecules

4.2.2.1.1Scxcells
Initially, a domain withScx-expressing cells is defined where
the tendorwill be formed[131] (Fig. 4-3). Then, these cells will be

attracted towards high conceritoa of TGFb by a chemotaxis process.
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Therefore, the Sexkells will migratetowardthe bone and the muscle
ends (Fig. 4-2 and Fig. 4-3). The concentration of cells (per volume
unit) follow a chemotactinodel that wil depend on the concentration
of the chemoattractant (TE». Eq. 4-1 describes thetemporal
evolution ofScx-cell density as tunction of a diffusion and chemotaxis

process.

) . . L. _
Tr_o 81 o Cud .0 oD Qdad i o
e e Eq. 4-1
QOO ofd

where® ofd is the Scxcell density populatiori;  of is the
concentration othe chemicalattractor (TGFb); * i ofd s the
diffusion coefficient of the Sexells;...i D is the chemotactic
coefficient; andQoO afd i afd  is the ell proliferation and death

rates.

4.2.2.1.2TGFb, BMP,FGF & GDF-5
The attractat chemical (TGFb) and the other molecules (BMP,
FGF and GDF5) followed a diffusion model as described lHy(4-2).

!

i .
LU an i e
TC,)OI(d’D Eq. 42

In this case,i ¢fd is the concentration of the molecule in
guestion (TGFb, FGF, BMP and GD#); O is the diffusion
coefficient for the molecul@wvithin the developing tendon or cartilage,
with ‘Q TGFb, FGF, BMP and GD/. A summary othe diffusbn

rates is in AppendixB). It must beremarkedthat these values were
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obtained by trial and error to match the molecular behavior reported in
the literature. Additionally,Table 4-1 summaries the relavpnship

between molecules, cells and tissues.

Table 4-1 Relation between molecules and tissue or cell type for the model @daped fortheory .

Scxcells Cartilage-patella | Cartilage-bone Tendon Muscle
Attraction towards Expressed by Expressed by
TGFd | highconcentration| Low diffusion the tissue --- the tissue
[132,133] [132,133] [132,133]
Expressed b
Induces the p' y
) o ) the tissue,
Differentiation to formation
o o once the
FGF | tenocytes Low diffusion Low diffusion | of tendon .
) tissuedetects
[132,133] tissue
Scxcells
[132,133]
[132,133]
Induces the
Differentiation to Expressed by | formation
BMP | chondrocytes Low diffusion the tissue of cartilage
[132,133] [132,133] (patella)
tissue[134]
Induces Induces
GDF-5 interzone onst interzone onset| ---
[50i 52] [50i 52]

TGFb: Secretedoy the bones and the muscle, attracts thecgds
towards the bones and the muscle.

FGF: Secretedoy the muscleinducesthe differentiation ofScxcells
into tenocytes.

BMP: Secretedoy the bonesinducesthe differentiation ofScx-cells
into chondrocytes.

GDF-5: Joint markerinducesthe split of the forming patella from the

femur.
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4.2.2.2 Tissue differentiation

The model takes into account that a tissue cbsiitg state when
the concentration of acertain molecule achieves a threshold
concentratn @@ "¥% ; “Yy@nd s ) (Table 4-2). The thresholds
have been chosen through an iterative process, since they are not
reported in the literature. These values summarizedAppendix B.
Subsequently, a cellular automatidke (CA-Like model) was used to
regulate the tissustate based on the concentration of a certain

molecule within the tissue.

Concentrations ocxcells and BMP molecugeinduces the
differentiaion of mesenchymal tissue to chondrocytes.(cartilage
tissue), whereas concentrations ®fxcells and FGFinduces the
differentiaton of mesenchymal tissue to tenocytes.(tendon tissue).
Additionally, high concentrationf GDF5 in cartilage issueinduces

the formation otheinterzonebetween the femur and the future patella.

Table 4-2 Molecule and threshold(Th) levels involvedin the tissue differentiation.
The threshold values are specifieth the Appendix B.

Original Tissue Molecules New tissue Concentration threshold parameters
Mesenchyml ‘ Scxcells & BMP Cartilage © &"Y

Mesenchymal ‘ Scxcells & FGF Tendon @ &"Y

Cartilage ‘ GDF5 Interzone Y

4.2.2.3 Geometry andboundary conditions

We developed simple geometry of the forming knee joifid.
4-5). The geometry is based on the study of Serad. [114], where a
two-dimensional finite element analys{$EA) was developed to

determine the stress history of a developing sesamoid. The radius of the
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condylewas considered asdmand the thickness oféttendon as 1.75
mm (Fig. 4-5) [135]. Quadrilateral elementwere used in the finite

element model.

2.25 mm

8.25 mm

High TGF-B and FGF

Muscle front

2.25 mm

High TGF-B and BMP 8.25 mm

Tedon domain

Interzone marker / GDF-5

High TGF-B and BMP

Tibia front

[[] Femur cartilage mold
B Domain where the tendon will form
2 Domain of the initial concentration of SCX cells

Fig. 4-5 Knee joint geometry employed for patella development study
I nitial concentrations domainsand mechanical boundary conditiongor the model of the theory II.

Themodel consisted of three regiotise first regiorrepresents
the femoral cartilage, a second one filled with-8elts, anch thirdone
filed of mesenchymal cells. The tendon dom&nformed by the
second and thirdegions. Thanuscle end has a high concentration of

TGFb and FGF, whereas the tibia end and the femur have high
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concentrations of TGB and BMP[132,133] In contrast, thenterzone
marker (GDF5), that diffuses at a low rate, is on the line shared by the
femur cartilage and the domain where the tendon wilFigg 4-5).

4.2.3.RESULTS AND DISCUSSI®

As shown inFig. 4-6, the molecules TGB and BMP diffused
and attracted the Sexpressing cells towards the bones and muscle
end. Once the muscle end detected the-c&tls, the muscle cells
expressed FGF; thisnolecule promotedthe differentiation from
mesenchymal cells (Seells) into tenocytes, and the FGF gradient
settled the direction of the collagdibers of the tendon Kig. 4-7).
Simultaneously, BMP (which diffused from the femunbdproduced

the differentiation fronBcxcells into chondrocytes-{(g. 4-7).

The tendon idormed from the musclend and it gradually
advancedto the tibia Fig. 4-7, t=7). Also, a cartilaginous bone
emnence develped at a distance from the femoral headere there
was enough concentration of BMP that induced the differentiation from
Scxcells to chondrocytes(g. 4-7, t=42): this was the beginning of the
formation of the palla. This catilaginous strature increased in size
towards the femur until both cartilaginostsuctures (femur anlage and

forming patella)merged Fig. 4-7, t=60).

At the same timethe tendon continued developing until it
reathed and embetkd the new cartilaginous formation: the patella
(Fig. 4-7, t=50). The resulbf this processvas adeveloped tendowith
a cartilaginous structure, still attached to the femur, and embedded

superficially within it Eig. 4-7, t=60). Due to the presence of GIBF
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aninterzonewas formedbetween the cartilaginous structure (patella
like) and the femur anlag&iQ. 4-7, t=60). Thisinterzoneallowed the
detachment of thesartilaginos patella from the femur while still
embedded within the tendoRig. 4-7, t=117). The final morphology of
the femur and t patella would eventually adapt to mechanical loads
due to muscle contractions, with matchiagicular sufaces. This
model simulated only formation of the patella and not morphogenesis.

At some distance from the tib@nd,a cartilaginousstructure
alsostartedorming where therezasenough concentration of BMP and
Scxcells (tibia eminence}Hg. 4-7, t=60). The patellar tendon attached
to the tibia via this struate Fig. 4-7, t=117).

This theory was evaluated with different flexion angles of the
leg, without modifying any other parametelexion anglesof 3(°, 43,
60° and ®° were considered={g. 4-8). The range of the angle changed
the coincident area between the zone where the tendon will form and
the distal head of the femur. The coincidentamas smallefor 30°,
45°, and 60°, ancgitger for 90°. No pateHbke structure was achieved
with 30° and 45°; only a little incipient patella af;68nd a complete
patellalike structure was obtained with 90°. This outcome was possible
since the coindent area isnuch smaller and proximal i 30°, 45°
and 60°. Therefore, there is not enough diffusion of BMP so that the
Scxcells can differentiate into chondrocytes before the tendon

develops completely.
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Fig. 4-6 Obtained dstribution of the molecules (TGFb , B MP, F83 Bnd Scxsdelis during
patella development.

The bar scale shows the concentration of each molecule (T&F, B MP, F% i, ng/n®,D F
whereas in the bottom of the image is shown the $cells concatration per volume unit (cells/ml)
involved in the process of patella development. Time: & 50, 117.
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=42

L

ClInterzone
M Tendon
=50 =60 =117 [DCartilage
l I Mesenchymal
Patella-like

structure

Fig. 4-7 Obtained tissue differentiation through the time of patella development.

At t=7 the tendon (geen) starts developing fron the muscle end. By t=42 an incipient of the
developing patella can be noticed. The patella keeps growing from towards the femur head (t=60).
By the end of the simulation (t=117) the patelldike structure and tendonare completdy formed

60° 45° 30°
[Cnterzone
E Tendon
[T Cartilage
W Mesenchymal

Fig. 4-8 Patella development: tissue differentiation for the biochemical model at different angles (80
45° and 30).

For knee flexion angles different than 90°, the patella developesinaller (60°)or did not develop at
all.
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The results obtained with this theory for the® @@del were
coherent with the histological observations made by Eyal. [117].
Additionally, a patelldike structure embedded superficially within the
tendon was obtained just by considering the biochemical factors
implicated in the tendon and the eminedegelopmentKig. 4-7). This
indicates that the patella onset might be highly influenced by the
phenomenon surrounding tendon development. Hence, it might be
possible that the patella onset is a consegeleof a biochemical
proces, without ay biomechanical influere This theory could be
supported by the fact that the absence of the patella in the knee joint
does not affect its functionalifit 36].

4.3.THEORY Il: MECHANICAL THEORY

The mechanical stimuli play a aial role in tissue
differentiation[7,137]. Although, according to previous studies, when
the muscular activity was inhibited in embryos, the patella was smaller
than in control animalgEL38]; therefore, the mechanical conditions of
the forming tendonsnight create afavorable environment for the
developnent of the patell§l14,117,121,139]

The tendon is a fibrous or dense connedis&ie composed by
bundles of peallel fibers of type | collagen which helps with the role
of mediating movemenitLl40]. According to the hieory proposed by
Carteretal., [7], If we have fibrous tissues(d astendon) under high
compressive hydrostatic sée(with low principal tensile strain), it may
differentiatefrom fibrous tissue to cartilag&ig. 4-9). This new tissue

(within the tendon) vil be the seamoid bone: & patella
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principal
tensile strain
A (0/0)
fibro fibrous Fig. 4-9 Diagram of the mechanoregulatory model
cartilage tissue proposed by Carteretal., (1998)[7].
Modified from [141]
hydro-
_ static
cartilage bone Strase
(MPa)

A

>

4.3.1.MATHEMATICAL MODEL

Initially, a newly formed fibrous tendowrapped sound the
distal end of the femur waassumed. The mechanical loadsapplied
on the quadriceps side of the tendon. The tendonmadeledas a
composite material: matrix arfibers Thefibers weremodeledas an
orthotropic material and they were oriethfellowing the longitudinal

axis ofthe tendon.

The modelfollowed the momentunequation that determines
the internal stresses of the bodg(4-3):

ned -H- Eq. 4-3

where d is the stress tensor, addis the body forces. The
stresses and strains were related through the constitutive equation,

which in generaform is given by Eq. 4-4):

a rt Eq. 4-4
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where  is the matrix of elastic constants, ahds the strain
tensor. Since the tenderascomposed of a matrix and filggithen, the

relationship between stress and straigiven by Eqg. 4-5):

O & 9@ m mt mwlo mlo Eq.45

where rp and g are tre matrix of elastic constants for the

matix and the fibers, respectively. The matrix was considereahas

isotropic material; therefore, the terjp, is definedas Eq. 4-6)

o P 0 T
mo — 0 p T
PV nn p 0X Eq.4-6

Whereasyrg, for a link forfiber oriented on the horizontal axis

is defined askq.4-7):

ral £q.47

3530
EREREE
270 34
EREREE

The stress inside the tendon was evaluatedffareht flexion
anglesd= 11, 9C°, 6, 45°, and 30 (Fig. 4-10). In order to facilitate
the comparison ofesults, each casd €11, 9(°, 6(°, 45°, and 30)
hadthe same number of finite elements; in other words, thereawas

correspondence of finite elements between cases.
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4.3.2.GEOMETRY AND BOUNDARY CONDITIONS

The geometry of this model was a simplified versiba knee
joint in formation (Fig. 4-10) based on similar workgd14,139] The
geometry considers a tendon wrappealind the femur distal head. The
thickness of the tendon was’5mmand the radius of the bone was 4.0

mm[135].

The mechanical load was applied on the tendon asmil
displacement, simulating the contraction force of the quadriceps,
whereas the other end of the tendon (attachment with the tibia) was
fixed (Fig. 4-10). The nodes othe line n contact with the femur could

only move through the contact lineig. 4-10).

Load

Mt

Patellar Tendon

eIololelelele]

Muscle front

8.25 mm

1.75 mm
Quadriceps

Contact with femur

8.25 mm

Fig. 4-10 Schematic represetation of the geometry and boundary conditions.
M echanical boundary condiions for the model of the theoryl|.
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4.3.3.MATERIAL PROPERTIES AD TISSUE DIFFERENTATION

The differentiation from tendon tissue to cartilage was assumed
as a function of hydrostatic stress and iterstrain following Carteet
al. [7]. When the hydrostatic streasd the principal tensile strain on

the fibrous tissue (tendpnreached a specific thresholeK

(Appendix B)- the tissue differentiated into cartilag&able 4-3

summarizes the mechanical prapes of the biological tissues used in
this work. All the properties were obtained from the literature
[114,142] The properties of the tendon deded on the direction of

the tendon collagefiber.

Table 4-3 Tissue properties

Tissue Poisson Youngo6s [MPadul Reference
Cartilage ‘ 0.497 6.1 [8]
Tendon (matrix) ‘ 0.4 6.1 [114]
Tendon (fiber) ‘ 0.4 800 [114]

4.3.4.RESULTS AND DISCUSSION

This theory pstulateghat the patella bone is formed due to high
hydrostatic stress and low tensile strain on specific regions of a fibrous
tissue, such as the tendon. Thsults of all angles of flexion of the leg
were projectecn the domain at 90to facilitate comparison of the
stress distribution@Fig. 4-11).

Considering that the understanding of the emmbig/movement
is limited, three different scenarios were modeled in which thetedfe
each leg angle was averaged. These scenarios were designed in order to
differentiallyweighthe contribution of each angle to represent the time
spent in that anglé he weghtings for theangles of 38 45°, 60°, 9C°
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and 110 for the three cases wens follows: 1) 5%, 10%, 15%, 25%
and 45% (weighting high flexion), 2) 60%, 25%, 9%, 5%, and 1%
(weighting low flexion angles); 3) 1%, 5%, 9%, 25% and 60% (heavily
weighting hidn flexion).

Theelements which had a compression stress above were

differentiated into cartilage~(g. 4-12). In each case the size and shape
of the patella were different; the smallest patella occurred when

weightingfor the smallest angles

The results obtainedwith this modé also showedthe
development of a pateHike structure embedded within the tendon.
The size of thetructure depended on the flexion angle; in other words,
the angle determined the mechanical load (hydrostatic pressure) in the
tendon. The may imply thathe mechanical conditions that surround
the newly formed tendon might influence the patella deveésinior
instance,different studies have noticed that several years after the
excision of the patella, some fibrocartilage or even bdapds appear
in the former site of the patel[a36,143,144] This could indicate that
the wrapping (mechanical environment) of the tendon over the distal
femoral head gerates the necessary mechanical conditions for the

patella onet
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Fig. 4-11 Results obtained by the simulation for the different anglesstress, tensile strain and patella shape.
Up: Hydrostatic stress distibution on the tendon at different angles 39 4%, 6(°, 9¢° and 110. The value of the hydrostatic pressure was projected on thed9
domain for comparison. Middle: principal tensile strain for 3(°, 45, 6(°, 9C° and 11C. Bottom: the obtained patella shape, where the elements that have th

hydrostatic stress above the tiseidifferentiation threshold Dﬁ_“m «
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Average Patella shape
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Fig. 4-12 Resultsobtained by the simulationfor the average hydrostatic stress and patella shape.

Left: Average hydrostatic stress for the bree analyzed caseq1) 5%, 10%, 15%, 25% and 45%
(weighting high flexion); (2) 60%, 25%, 9%,5%, and 1% (weighting low flexion angles){3) 1%, 5%,
9%, 25% and 60% (heavly weighting high flexion) for the 3, 45°, 60°, 90°and 110%espectively.
Right: Patella shape where the elements that have the hydrostatic stress above the tissue
differentiation threshold Cﬁiﬂ‘i «

4.4 . THEORY lIl: TOPOLOGICALOPTIMIZATION (TO)

This theory is also based orechanicastimuli and its influence

on tissue differentiation. It isasedn the fact that tisssadapt to their
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stress and strain environment; therefore, T@hhibe suitable to
explain this adaptation. TO can be applied in tissngodeling since it
iteratively redistributes the material in a design domain determining an
optimal material arrangement or tissue tyfp25]. Specifically, TO
allocates denser material (cartilage) to regions undatively high

strain energy and allocates a less dense material (tendon) to zones with
a low strain energy. This adaptatiprocess can be characterized as a
selfenhancing systerfi22], with the objective of minimizing tendon
strain. Therefore, articular surface wear will be reduced altieet low
relative movement between the distal femoral head joint surface and the
tendon.

As an initial condition, it wagonsidered that the tendon was
already formed and loaded. A tvdimensional FEA analysis based on
the algorithm proposed on Sigmurid45], was performed. The
algorithm isbasedon t h e -lfiapwo weeppr oacho or
(Solid Isotropic Material with PenalizatiorL45]. This approach
assumes that the material properties are constannvweistth element
of the design domain, whereas the relative material densities of the
elements are the variablgs15]. The density is usually considered as a
design variable, so itould take values between 0 and 1, with O
representing void and 1 representing s¢lid6]. Thus, the relation
between the elastic modulus and thkative material density is given
in Eq.4-8:

Eq. 4-8
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whereOi s the Youngo6s mod ulstaes o f
when”  p. In adlition, the penalization power parameter is p=3 as
recommended by Sigmurnti45].

The aim of this optimization process is to minimike strain
energy in order to find the relative material densities of the elements (in
a designrdomain). Then, the objective function and constraints can be
expresseas follows(Eq. 4-9):

P . J
i Ed "R T3 Eq. 49
L »
0 0 1 4%
8] o Q v
m " w pl

where0 is compliance] is density,F is the load vector) is
the global displacement vectow is the initial domain (domain
constraint) andQis the volume fraction. The density was relaxed to

have any value from 0 to 1, being the lower bound-zeno to avoid

singulaities.

The global stiffness matrix » in Eq. 4-9 is calculated by
summing ughestiffness matricesf all the elementsvhich depend on

theelementalalue of the density Eq.4-10:

- ) ” r” ” AI’T] Eq. 4-10
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where L_ " s the stiffness matrix of the elemerftis the
shape function deratives, andr z_ is the constitutive matrix which
depends onhie material density. Sensitivities of the objective function
and volume constraint with respect’toare calculated as follow&q.
4-11andEq.4-12):

L

A E R oo Lo

T w .
—— Aw
1 Eq.4-12

H
Os
—a

Eq.4-11

A heuristic updating scheme fothe design variable is
formulated agEq. 4-13):

iA® R 4 Q05 [ A® B & h
S QMDA B a "6 1 EPRH & h
i EPH & i EPF & vo6h FEA

wheremis a positive moving limit- is the numerical damping
coefficient and is the optimality condition which is calculated(&s.
4-14):
r 6
=

Tw Eq. 4-14
-

—a

4.4.1.GEOMETRY AND BOUNDARY CONDITIONS

The same geometry and boundary conditions of Theory I
(Theory 1l: Geometry and boundary conditigngere used in this
model.
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4.4.2 MATERIAL PROPERTIES

The tissue properties of the initial domain (tendon finels)
are summarizeih (Table4-3) (Theory Il:Material properties and tissue
differentiation). The properties of the tendoegended on the direction

of the tendon déagenfibers

4.4.3.RESULTS AND DISCUSSI®!

In this third theory, the appearance of the patella is dud @ a
process in the recently formed pateleandon. Different angles were
tested for this model; however, we ontptained coherent results
(formed patella) with 90and 110. For theseangles,we observed a
high-density zone close to the usual patella positSpecifically, for
the9(° case, theshape of the higdensity zone is more consistent with
reality (Fig. 4-13). This suggests that the mechanical environment that

surrounds the tendon may affect the patella and its development.

Some studies have uncovered that qaiteng while after the
extraction of the pateljaslands of fibrocdiage, or even bonghow up
in the previous site of the patel[a43,144] These islands miglve the
result of the optimization process that the human body undedyoe
to the abnormal conditions after the patella excision. The strain energy
is reducel in this process, which allows the tendon to have small

displacements and deformations.
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Fig. 4-13 Results obtained bythe simulation through the TO algorithm.
Density values for the patellartendon at 90° and 11Q°

4.5.NUMERICAL SOLUTION FCR THE THREE THEORIES

All the equations of the three theories weodved withFEM
and implemented in a user Subroutine in Fortran anldesb with
ABAQUS 6.10 (Dassault Syshes USA, Waltham, MA). Both mesh
andtime-step were refined until further refinement no longer yielded

noticeable improvements in all models.

4.6.GENERAL DISCUSSION

We developed three models to simulate the process ellgat
formation according to three different theories. The aim was to
evaluate, individually, the potential influence of each of these theories
in the patella oret. The first theory coriders the biochemical
interactionghat arepresent during the patetliendon formation, while

the second and third theories are based on #ehamical stimuli that
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the newly developed patellar tendon goes throughthkéie models
used a simplified knegeometry, considering both the tendon and the
femur for the biochemad-based theoryHig. 4-5), and only the tendon

for the mechanicabased theories; the femur was assumed as a rigid
body.

The biochemical model is a conceptuaiodel of the
development of the patella based on the theory proposEgdi et al.
[117], where the patella initially forms as a bone eminence, involving
Scx-cells whose differentiation is regulated by T®fnd BMR4. The
separation of the patella from the femur is regulated through the
interzone molecule GDF5. The simulated molecular distribution
agrees with thgtreviouslyshown[117], where at the end patellalike
structure embedded superficially within the tendon was obtained. We
assumed the diffusion rates of the molecules based on an gerativ
processsince they are not reported in the literature and are particularly

difficult to measure.

Additionally, we also simulated the biochemical model when
the leg was extended at different angle®,(3@, 6, 9(¢°). The latter
was to stablishhow the position of the leg affected the development of
the patella, in the case that only biochemical factofilsenced the
formation of this sesamoid bone. When the angles of the leg were
modified to30°, 45 or 6(°, the region through which BMP diffused
from the femur distal end to the tendon region was smaller.
Consequently, the patella obtained was eithersiguiificant or null
(Fig. 4-8). This may be evidence, according to this theory, that having

an angle close to 90° is necassto form the patella.
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On the other hand, the first mechanical model is based on the
theorieswhich statethat mechanical stimuli play a crucial rafetissue
di fferentiation. Particulari (/ly, this
in which hydrostatic compression and low principal strain are stimuli
that inducdfibrous tissue differentiation into cartilage. It was assumed
that the constant movements of theigefdistirct knee angles) stimulate
the concentration of high compression loads on some areas of the newly
formed tendon. The latter induces the differerdgiatf the tendon cells
into cartilage, on those high hydrostatic stress zones. Therefore, a
cartilage struatre is formed embedded within the tendon, which later
will ossify and become the patella bone.

Following this last theory (the mechaddferentiaton model),
a patellalike structure was obtained. When different flexion angles of
the leg were aluated,we observed an influence on the size of the
patella Fig. 4-11). Additionally, a patelldike structure wa®btained
when the hydrostatic stresvas averaged considering all the angles. A
different predominant angle®r each case was evaluated: weighting
high flexion, weighting low flexion angles and heavily weighting high
flexion. If the predominant angle wksge, a big patella was obtained,
whereas if the predominant angle was small, a short patella was
obtained(Fig. 4-12).

The last evaluated theory was based on the applicati®®of
which is also feasible to exgh the onset of sesamoid bones such as
the patella. In this case, we assume that the tissue can adapt to it
mechanical environment in a way that its strain eneésgseduced.

Different angles were also evaluated. However, the outcome was not as
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expectedor smaller anglesinceno patellalike structure was obtained.
Nevertheless, a patellike structure wasichieved with angles of 90
and 110. The shape of the latained patella is remarkably similar,
especiallywith an angle of 90 The results of thismodel imply that the
patella might alloweducingthe strain energy and, consequently, the
displacements andkformations of the tendon. These results also imply
that the patella and the femur articular surface have a low relative
movement. This is due tbe low deformation of the tendon, protecting

somehow the femur articular surface from wear.

A patellalike structure was obtained for most of the knee
flexion anges in all the theories weaveevaluated. Our results show
that tissueemodelinggndadapp n, based on CBX ter 0
couldbe responsible fahe patella oret The shape, position anizs
of the patella would depend on the flexion anglthefleg, and the time
that the leg spends on each position, obtaining a lsiged patella
compared to the biochemical approach. However, there is not much
evidence in the literature that can supploe second and third theories.
Some studies have showhmat while limitation of movement (through
drugs) on embryos affects the formation of theepla, it develops
anyway, although small in sif&38]. Therefore, thenechanicaload
may not be necessary for the appearance of the patella, but it may be
necessary for its morphogenesisd maintenance. Hence, molecular
factors and their intactions trigger the formation of the patella, as
evidenced by molecular expression analyzedhistological slides
[117]. These factorsapplied througha computational modelvere

consigent with the resultsve obtained. However, since only the
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limitation of the movement does not guaranteet tiere are no
hydrostatic stresses on ttendon, more tests should be run in which
only biochemical factors influence the development of the teradhal

the patella. It is also possible that these mechanisms are redundant and
that both influence the palalon®t

This study proposes a simplifiednathematical model of the
regulatory mechanisms that might influence the formation of the patella
bone. Each theory was evaluated separately to observe its outcome and
the likelihood of its influence on the patelbnet The results obtained
were consistet, and patelldike structures were obtained in most cases.
Nevertheless, théiterature suggests thathe patella onset could be
triggered by biochemical factors during tendon developni&ht];
accading to ourresults,this approachdoeslead to a patellike
structure. Also, it igertainthatthe mechnical environment must affect
the patelladevelopment. However, this environment might affect it
mostly after the tendon is formed by helping tlaepa to obtain its

final shape and maintain its structure.

This work is a first approximation amderstading the process

of the development of thpatella. It should be considered that these
models had several simplifications, such as that they wérsved
dimensional models, that the geometry was a simplified knee joint, that
all the materials wermodeledas linear elastic, and that the molecular
concentrations, since they are difficult to measure and there are no
reports in literature, werestablidhiedthrough an iterative procedsven
though of thesimplifications, we obtained results that might exptam

onset of the patella and would helpthe proposition of new points of
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view that might explain the patella @tsFurthermore, these models
could provide new insight and guidelines of experimentation, and of
course, new mathematical models as wetlwidver, a combination of

the theories evalted in this study is suggestimt futureworks,so that

the patella onset is determined due to biockamfactors, and
thereafter the mechanical loads may regulate its shape and maintenance.
The exact instantral way that mechanical loads affect theejbat
development should be an issue to evaluate in further models, as well

as the dynamic movement of tkeee during the development.
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Chapter 5CARTILAGE

REGENERATION

5.1.INTRODUCTION

Articular cartilage has a limited altifito repair itself, therefore,
it is commono find pathologies related aoticularcartilage injuriesor
aging This may besince thearticular @artilage is an avascular tissue
andhas a low capacityotregenerate itself. Hence, in a lesion of the
articular cartilage, a scar composed mainly odbrdicartilage is
frequently generatedwhich is a tissue with mechanical properties

inferior to hyaline artilage that degrades over tifigl47]

Lesions in the articular caledge have different causssich as
intracatticular  fracture, progressive degradation of ,OFor
osteochondritis dissecgn&mong others[3,148,149] Lately, the
damage hat suffers thesubchondral bone has received increasing
interest for its role in joint injurysincechangesof properties of the
subchondral bonseemsto mediate changes observed in ,G&g.
sclerosis reducethe shockabsorbing capability of the subaidral
bone and increases the risk of shiealuced tensile failure of the
articular cartilagg29]. Moreover, due tohe richvascularization and
innervationof the subchondral bondt is a source of inflammatory
mediators, whiclare asociated with thelegradation of deeper layers

of articular cartilagg29]. On the architectural level, can be observed
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the emerging of microcracks within the subchondral bone, enceurag
therapid bone remodeling as an excesdione formation, which may

result in bonederosis.

Proposed treatment®r OA range from symptomatic, with
analgesics and antiflammatory, to nore invasive onethat not always
can be usedr have no good resulte.g, microfracture, endochondral
transplantation, periosteum or perichondriuralldar transplantation
(chondrocytes or st cells); being the last resort arthrodesis
treatments, oratal replacement of the joijl50]. In any caseit is
preferablenot to reach tle last resortand to preserve the original
function of the jint through the regeneration of the articular cartilage
rather than theeplacement of the joint or an arddesis, especially in

young patients.

The oseochondral grafts is the most effectiofethe articular
cartilage regeneration treatmemis2]. Being an autologous implant,
this treatment avoids theamunity respons¢l]. However, these grafts
have disadvantges: patients must go through two surgeries, new
defects arecreated, they are not appropriate to treat large articular
defects, they do not fuse with the adjacent aldiccartilage therefore
they become unstablwith time, and normally the new tissue is
fibrocartilage and not hyaline cartilafig. In the end10-20% of cass
need tdbere-operate in the short termandthe percentage increases in
the long terni2].

The articular cartilage degenerative problsrpart of the scope
of tissue engineerindt is necessary to search fdimical advances in

cartilage regeneration, which are less invasive, in bolth and acute
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joint injuries. In tissues such as bone or skin, repair techniques have
been based on the usé implants obtaining good resul{8]. In
cartilage, based othe same techniques, they have used scaffolds,
which have gained attention in the |asb decade$3]. The scaffolds
allow rapid filling of joint defects, providing a subste where cells can

anchor, while maintaining mechanical integrity.

More recently, the scaffold technic vimlves three mayor
components: scaffold matals, cell proliferation or differentiation
factors, and cellular sourcg®]. Scaffolds can be made of both natural
(e.g, colagen) and synthetic materidlis4,147,151157]. Concerning
the chondrenductive growth factors, members of the T6F i -n s u | |
like growth factorl (IGF1) and specific members FGBRmily are
considered[1,3,157] Regarding cellular sources, they include isolated
autologous chondrocytes, multipotent stem cells;ipbtent stem cells
and induced pluripotent stem ceJls3,157] however, scaffolds can
also beused without cellular sourc¢$,147,158 160].

The use of scaffolds has the advantage that it facilitates the
implant process lweg a less invasive proceskan the autologous
osteochondral graftgl47]. However, it is diffcult to replicate in a
scaffold the specific conditions of the ECM,161] Moreover,
manufacturescaffolds with biophysical, biochemical, and structural
characteristics similar to those of articular cartilaga shallenging
problem [1,162]. Neverthelessgreat steps have been taken in the
development of biomatils allowing them to maintain their integrity

and support the mechanical loads to which the cartilage is subjected, in
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this way, these biomatelsaare capable of imitating the characteristics
of healthy tissuefl47,160,163,164]

Since 2010, researchersaincreased the use of scaffolds
without a cellular sourcgl60]. The latter method has shown results
similar to the saffold/cell methodavoiding risks associated with cell
manipulation (contamination of bacteria and phenotype loss during
handling), and reduced co$1$8i 160,165,166]

Previous workn our group showethat when scaffolds/cell
free implants were used in a rabbit experimental model, hyaline
cartilage was generated in the upper part of the scaffold by the third
month after implantation[4,158,167] The rapid growth of the
superficial layer of the cartilage coeerthe scaffoldwhile it was
displacel to the subchondral borjé]. The role of scdblds is to ensure
a propitious mechanical environment, which is an important factor to
activate mechanisms of cellulg@roliferation anddifferentiation to
chondrocyte$158,163; mechanical fedolackdetermines thbeehavior
of cells on its shape migration, division, differentiation and death
[168]. It is in this mechanical relationshtpat computationaimodels
contribute to the study of the biomechanical environment of
chondrocytes, evaluating difficelb-reach aspects for experimental
models [5]. In this way, comptational models can provide a
guantitative and qualitative evaluation of mechanobiological

interactions while being fed with clinical or experimental parameters
[6].

The biological computational models have been very useful to

simulate pathologies, repair and recovery of tissues and organs,
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bone regeeration[7], bone growth[8], pattern formation[9i 15],
embryonic developmenil6], among othersFor cartilage, various
computational models have been develdpethearticular cartilage of

the kneg17i 19] and the mechanobiologyf articular cartilage under
compression in confinement conditiofd. Likewise, computational
models have been evaluated to simulate the behavior of chondrocytes
in 3D construct4169i 171), and the variables that should include the
computational models of &tlar cartilagg18,116,163,172175].

Taking into account the abaveur interesis to propose and
develop a simulation tool to predict the resultsngplantingpolymer
scaffolds within a defédn thearticularcartilage in order to evaluate
their weaknesses and advantages. In this walgeper understanding
of the processes inxad in the regeneration of articular cartilagpeild
be achievedThis computational modetould provide insights into
how this process develops and determine the appropriate mechanical
conditionsfor cartilage regeneratiorihat can be difficulto obtan
throughexperimental techniques.

5.2.MATERIALS AND METHODS

5.2.1. GEOMETRY AND MESH

A plain strain axisymmetric 2D geometry was developed to
represent a simplify cartilage/bone/scaffold structutig.(5-1). The
total width of the domai was considered as 36m large enougho

prevent thathe effect of the boundary conditions would not affect the
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zone of the defect. Thieeightof the structure wasestablished at 8.3
mm high enoughn order to avoid thathe boundary conditionst the
bottom affecsthe zone of the defect. Duettte symmetry, only half of

the geometry was considered, thus anm® wide structure was
modeled. Cartilage thickness was set torhrf with a sulshondral
cortical bone layer of 0.Bim(Fig. 5-1). A defect was modeled in the
symmetry axis as a full depth cartilage defect and filled with an implant
of 3.0 mmdiameter. A perfect fit of the implant inthe defect was

assumed

ry

L Subchondral bone Scaffold <—

T mm

Trabecular bone

B JSUOPRPUR 5 | L A

18 mm

h
Y

Fig. 5-1 Schematic representation of the 2D finite element geometry of the articular surface and
subchondral bone, with the scaffold implanted.

The zoomed areashowsa representation of the modeled collagen fiber3he Articular collagen zones
are: Deep Zone (DZ), Radal Zone (RZ) and Superficial Zone (SZ).
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The model was meshed usingndde pore pressure plain strain
elements with size ranging from éninto 0.4nm All the equations
were solved witiFEM and implemented in a user element Subroutine
in Fortran and solveditihn ABAQUS v6.10 (Dassault Systemes). Both
mesh and timatep were refined until further refinement no longer

yielded noticeable improvements it @odels.

5.2.2.BOUNDARY CONDITIONS

The normal stress and strain conditions for the subchondral and
trabecular boawere stablished by applyidgad prior to the scaffold
implantation. The nodes in the symmetry axis were fixed in the
horizortal direction(Fig. 5-2), whereas the nodes on the lower part of
the model were only allowed to move the horizontal direction. Free
fluid flow was applied by prescribed zero ppressure at the free edges

of the cartilage (top) and the implant (top)d. 5-2).

LA A A AN AN

Fig. 5-2 Boundary conditions applied to the finite element model

The right side (which is on the symmetry axis) was allowed to move on the vertical direction, the same
was considered for the left side. The bottom was only allowed to move horizontally, and the cyclic
load was applied at tre top.
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A unitary load was uniformly applied on the top of the cartilage.
The load was applied as an oscillatory load with 1 Hz frequency until
the values of fluid velocitfFV), stress and strain stabilize. It was

assumed that the cartilageperiences tBiload each day of simulation.

5.2.3.MATERIAL MODELS

5.2.3.1.Cartilage Model

Articular cartilage consists of ECM divided into two phases:
solid and fluid.The solid part contains mainly the ground substance that
includes glycoprotein and proteoglycd$s) anchored to hyaluronic

acid, and a fibrillar network made of collagen (typd1/j6].

The mechanical response of the cartilage is higiflyencedby
its tissue composition and structyfer7,178] The collagen fibrlar
network stabilzes the matrix expansigi77], and supposttension
loads,but it has low resistancir compressiordue to its skinniness
[176].

The collagen network is composed by a combination of large

primary collagen fibrilsand smallead disorganizedecondary fibrils.

For simplicity and computational savings, only thvenary fibers were
considered. ABenninghoffdescribed (1929179], bundles of gmary
fibrils extend perpendicular from the subchondral bangying up
close to the surfacand graduallytakinga horizontal course, leveling
with the articular surface, and merging into theperficial layer
[175,177,179,80] (Fig. 5-1). In the Deep Zone (DZ)}{g. 5-1 & Fig.

5-3), the angle of the fibrils with respect to thaexiswascorsidered as
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“¥¢ (90°). In the Radial Zone (RZ) and Sufieial Zone (SZ) this angle
of the fiberwasdecreased until it bamezero Fig. 5-1& Fig. 5-3) (Eq.
5-1). The approximate thicknessf each zone was obtained from
literature[175,181]

The collagn fibers were modeled as linear elastic fioe sake
of the simplicity of the model. The fibrieupported onlyension loads.

The nonfibrillar part of the solid part of the cartilage, was
assumd as linear poroelastic with ¥oungd snodulus’© , a
Poi s s oo sand aapermenbtl ‘Q(for the fibrillar a Yound s

modulusO was usedjseeAppendix Q.
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Fig. 5-3 Graphic of the angle of the fibers at ach zone.

Angle P of the primary collagen fibers presenin the articular cartilage matrix, with respect to the
normalize height.
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T8I W
8 8

— T8IX W
Eq.51

At each integation point the total stress in the solid matrix is
given by the sum of the stresses of the fibrillar and-fiotilar parts
(Eq.5-2).

Eq.5-2

whered andd are the stresses the nonfibrillar matrix
and in each individual fibril, both with respect to the global coordinate
system. To determine the local fibril stress at each integrptont, the
initial orientation of ach fibril is given by a unit vectar , then, after
deformation a new unit fibril vector is givenas (Eq.5-3)

3>
A > K Eq.53

with 5 being the deformation gradient tensor. Togarithmic

fibril strain was calculated as Eq. 5-4.

[ ¥
H > Eq.54

5.2.3.2.Bone Remodeling Model

Wolff was thdirst to suggesthat there is a relationship between
the bone structure and the applied loftB2,183] It is believed that
the mechanical stress influzs the action of bone remodeling cells
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(osteoblasts and osteocksthrough the osteocytes. It seems that
mechanosensites osteocytes are capable of transducing changes in
mechanical stimuli into biochemical signals that regulate cellular
(osteoblasts ah osteoclasts) responsgk84]. Also, osteocytes may
detectmatrix microdamage ath signal for microdamage removal to
prevent accumulatio of damage within the bone tiss{#E85,186]
Evidence shows that the forti@n of micro cracks through fatigue
damage may be thsimulus for bone remodeling, which begins with
bone resorption followed by bone formatigh87]. Then, bones
especially subchondral boregn be adapted to loads wajectories of
stressthrough mineral appositione, more material is deposited in the
lines of high stres§188]. Furthermore, low stresses (Ideads)are
commonly regarded as a reason for bone pt®or since there is no
needto maintain the strengtbf the structurg189]. However, if the
bone stresses are soli@verloads) due to an abnormal load condition,
suchas the implantation of a scaffold, the s&pair mechanism cannot
follow the increasing damagand thusoverload resorption will occur
[187]. For conveniencgestres or strain can usually be considered as the
mechanicbstimulus for bone remodeliiG84,187]

Several computational models partly answer the mechano
regulation of bone mass in responge strain and micradamage
[184,185,187,188,19094]. One characteristic of mostiiosemodels
is the presence of a lazy zone (also known as equilibrium zone or
originally termed adead zone), a range of mechanical stimulus (around
a value that the bongetectsas normal) within which no change in bone
density is evidenfl95]. Theefore, net bone formation (or resorption)

137|Page



Cartilage regeneration
is producedif the mechanical stimulus is well aver belowthose

reference valug

Somestudies have dmted the likeliness of the presence of a
lazy zong196], suggestinghat bone remaeling is correlated with the
tissue loads following aidear relationship without a lazy zone.
Actually, the lazy zone seems more like a mathematical approximatio
than a mechanobiological fa95]. In fact, the inclusion of the lazy
zone has aerious drawback: the final bone density distributiqredels
on the starting density, so the solution of the density distribution is not
unique nor guarantedd95]. Hence, it can be said thidte remodeling
response of the bone has a mechanobiocéd basis and governs the

behavior of the bone in eweaspect.

It is believed that this mechanobiological response (bone
density redistribution or bone remoithg)) is more complex than it
seems; a more complete model, as in Kékal., [197], should include
variables likeload frequency, hormonal response, cellular interactions
pathology, etc.[195]. Then, simplistic bone redistribution models
should be appd once the distribution of density is correctly
established, for example, to predict variations of boneityedse to
changes in the normal activi95]. In light of theaforementionedand
for simplicit yedla basicabore,remodel medalp | oy
which considers the response to stramd the basal conditio@as initial

conditions

In our remodeling modelwe considered the basal maximum
deformaton (- ) of the bone tissuesBefore the scaffold was

implanted, the basamaximum debrmation was calculated as an
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average of the daily maximal deformation of the tis@wbchondral

and trabecular bone)The number ofdays to calculate the basal
conditionsweredefined until- had little variation. Then, abnormal

loadng conditions were generated after tlseaffold was implanted,

hence the maximum strain patterns within the tissue changed. This
variation in strain conditions was congieé to affect the bone density

di stribution, and thereforeamhe Y
trabecular bongl84,187] The Youngo6s =stepdul us f
p was computed following a simple isotropic damage theory equation
(Eg.55 , where the 6édamaged was base
actual maximum strain  and- (Eq.5-6).

Op Oz hQ@ ©O

o Op 0z hWO © Eq.55

O ¢ s s ¢ Eq.56

where| was calculated through an iterative process being
different for each type of dne (subchondral and trabeculdsee
Appendix Q. With these conditions,he bones (subchdral and
trabecular) would go under resorption when subjected to underload and
overload, and under apposition whénis between zero an@® . A

maxi mum and mini mum Youngds modul

It was established that tlh®netissue undr the scaffold would
fail if the average Youngdés modul

scaffold was smaller than@ ; adifferentO value was given to
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each bone tissudf the bone failed, the scaffold was able to move

downwards witin the bone.

5.2.3.3Potential vascularity factor

A hypothetic potential vascularity factor (PVF) was also
considered. This factor was assed to diffuse from the bottom of the
domain, where it had a unitary concentration, towards the top of the
domain. This molade had a low diffusion rate and determined if a

mesenchymal tissue might be vasculariaedot

5.2.3.4.Tissue regeneration model

In our model, we were dealing with the regeneration of two
types of tissue, cartilage abdne The steogenesiprocess might be
regulated by the mechanical environmemtd ithas been studied from
computational and experimental approaches. It is possiblettibat
sequential differentiation of precursor cells during bone healing is
highly influenced by the local mechanical stim{li98]. Several
mechanoregulation algorithms have been propose@nalyze the
possible relationship between cell differentiation and mechanical
stimulation [7,199 201]. Also, these algorithms have been used to
simulate different aspects of tissue regeneraffi?i 210], and the
results have been comparéa experimentaoutcomes The tissue
regeneration algorithntegulated by deviatoric strain akd¥ werethe

most accurate to predict healingaserved in vivd211].

Cellular processes are another important aspect considered for

bone heahg mechanoregulatory algorithms. Additionally, e€ell
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phenotype specific actions influence on other cell mediated aspects of
bone lealing, such as matrix producti¢a04].

For boneregeneation, we proposed a model based Isakston
al., [204]. Theydeveloped a mechanistic model of tissue differentiation
which couples the cellular mechanisms to mechanical stimuli during
bone healing. They hypothesized that cells act as sensors of mechanical
stimuli. Therefore, cell proliferation, migration, differgation or de
differentiation, and production of cellular matrate based on the
mechanical stimulthey are experiencin@04].

For the cartilage tissue, to our knowledge, there atedeep
computational models in literature to explain how this tissue is
regenerated. Hence, we caiesi three factors for its regeneration. First,
it was considered a positive relationship between cyclic hydrostatic
stress and cartilage growtfi13]. Second, cartilage could only
regenerate in elements witmesenchymal tissu&hird, for cartilage to
regenerate it must have low concentratioRgF (hypoteticmolecule

used as an indicator of the potential vascularity of the fissue

Once there was any displacement of the scaffold due to failure
of the bonaunder it, the void on top of the scaffold was then filled with
mesenchymal tissue, which later would differentiate into other tissue
(bone or cartilage). Thisewly-formed tissuewould initiate with a

concentration of mesenchymal cells.

If an element hadhesenchymal tissue, only two paths could be
taken, either differentiaseinto cartilage, or follow the osteogenesis

model. For a mesenchymal element to differentiate into cartithge,
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element must have low concentrationRMF and a neighbor element
which was cartilage. Additionally, this neighbor must have high

hydrostatic stress.

Moreover, if none of the above conditions were acldetieen
the osteogenesis model came into actinrthis case the mesenchymal
tissue could differentiate into fibrous, rtéage or bone tissue
depending on the mechanical stimuli. The tissue production and
degradatiormatriceswere considered. Matrix production rates were
proportional to the mechanicstimuli, if the mechanical environment
was convenient forthat type of tissue [204]. Also, for matrix
degradation, it was assumed that the extra cellular matrix degrades if
the mechamal environment was not favorable fivat type of tissue
[204].

The concentration of the tissue type was calculasealfunction
of the mechanical stimuyli. The tissue matrix production was defined
as Eq.5-7):

Matrix production Matrix degralation
L
, f . I
Ta 9 a 9 ¢
Ea— ; a
T 0O P a Eq. 57

whered is the concemation of the matrix type j, being j =5
firbous tissug6- cartilageand 7#bone Also,Q s the rate of matrix
production andQ is the rate of matrix degradati¢seeAppendix Q.
These rates also depend oa thechanical stimufi, 'Q and™Q are

tumed iono wh snequal to 'Q o (see suksection

142|Page



Materials and methods

Mechanoregulation algorithmé& is the space available in the

element for more tissue matrix and is cadtet! as follow$204]:

Eq.58

where & iIs the maximal matrix concentratiorfsee
Appendix Q. The kind of tissue with higher matrix concentration

defines he new tissue for the element.

5.2.3.5.Mechanoregulation algorithm

As in previous studie§204], the combind effect of the
deviatoricshearstrain (DSS)and FV was used to regulate cell and
tissue differentiation[199], which has shown to be versatile on
predicting bone healinf202,204,208,22]. Then, theDSS andhe FV
were used to determine the valwé [ . For which, he mechanical
stimulation(MS) is calculated as follows:

O YY00
o v 08t Eq.59

According to the mechanoregulation algorithm proposed by
Prendergasttal., 1997[199]:

0Y o r ¢ Fibroblast cells and fibrous tissue stimulation
g 0% p [ o Chondrocyte cells and cartilage tissue stimulatior

p 0 mdrp [ 1 Osteoblastcelland bone tissue stimulation
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5.2.3.6.New Tissue

Some theories have been proposed on ti@acollagerfibers
within the cartilageget orientedn such unique way. It is hypothesized
that the particular collagen structure is consequence of the mechanical
conditionsdetectedby the cartilage cells, which modify theftCM
accordingly[174]. Orientation of collagen fibers haween studied in
the aortic heart valve in which the collagen fibers (collagen typegi) a
following the direction of the principal straif213]. For cartilage,
whose fiber areallagen type I, it has been proposed thatfibers are
also oriented following the teile strain direction, at least in the surface
[174].

In our model the new tissue (mesenchymal)ssue has
differentiated into cartilage or any other (bandibrous tissug If the
mesenchymaissue differentiates into cartilage (new cartilage), fibrils
were placed whin the new cartilage tissue oriented5° as inWilson
et al.,[174]. Then, a collagen remodeling algorithm based on the one
proposed by Wilsoetal., [174] was implemented-or each daytime-
step, the average direction of the maximal deformation was computed
and used to reorient the fibers directio@onversely, fi the
mesenchymal tissue differentiated into bone, it started with a small
Youngbés modul us, wh i c he defanncaibneo s e d a c «

the bone until the maximum limit was achieved.

5.2.4.GENERAL ALGORITHM

Fig. 5-4 shows a flowchart of the employed algorithithe

model stamd, at¢  p, withan initial mechanical analysis of the model
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where cyclic loadvasapplied to the tissue for a numi@r of steps
From this analysis,stress, strain, an&V were calculated. These
calculationswereaveraged through eaéhuntil little variation on the
average valuewas obtaineduntile ¢ ); these valuewereused
as the basal values. At ¢ , a defectwas introducedin the
articular cartilage and a scaffoldasimplanted within it. Thereafter,
for each tme-stepg, the mechanical analysisasconducted agaiand
stress, strain andV average valuesare calculated and tissue

remodelingand regeneratiowerealso conducted.

In the tissue remodeling and regeneration part of the algorithm
every elemenivasanalyzed. The path of the algorithm depended on the
type of tissue of the elemeff it was mesenchymal tissue, then it was
analyzed if it could differentiate into aearttilage or go through the
osteogenesis process. If the element was bone tidsem, it was
remodeled (resorption or apposition) according to its strain. If the
element had recartilage tissue, then the collagen fibers within it
would reorient accordinglio the principal strain. Lastly, if the element
had new bone tissue, then its ifiog 6 s modul us wo ul

depending on the strain of the element.
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Fig. 5-4 Flow chart of the employed algorithm for cartilage or bone regeneration.
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