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Zusammenfassung

Knochen hat die bemerkenswerte Fahigkeit, sich nach einer Verletzung ohne Narbenbildung
zu regenerieren. Allerdings kann diese inhédrente Fahigkeit in bestimmten kritischen Fallen
beeintrachtigt werden, zum Beispiel im Fall von grofien Knochendefekten, bei denen ein
grofles Knochenstiick fehlt. Die derzeitige Standardbehandlung fiir solche Defekte beinhaltet
den Einsatz von autologem Knochenmaterial, wobei Knochenmaterial des Patienten aus
einer defektfernen Stelle entnommen und in den Defekt implementiert wird, um ihn
mechanisch und biologisch zu unterstiitzen. Diese Behandlungsmethode hat jedoch mehrere
wesentliche Nachteile wie beispielsweise den zusétzlich erforderlichen chirurgischen Eingriff,
der mit Morbiditdt an der Entnahmestelle verbunden ist, und die begrenzte Verfiigbarkeit
des Knochenmaterials. Eine alternative Behandlungsstrategie besteht darin, 3D-gedruckte
Knochengeriiste zu benutzen.

Solche Implantate, bestehend aus Metall, Polymer oder Keramik, werden synthetisch vor
dem chirurgischen Eingriff hergestellt und finden Anwendung in unterschiedlichen Defekten,
um deren Regeneration zu unterstiitzen. Bislang bleibt unklar, wie genau solche Geriiste den
Knochenregenerationsprozess beeinflussen, was deren alltidgliche klinische Anwendung fiir die
Behandlung von groflen Knochendefekten unterbunden hat. Zur Bewertung des klinischen
Potenzials eines Geriistes wurde vor allem die Versuch-und-Irrtum-Methode herangezogen,
welche langwierige, teure und mitunter ethisch fragwiirdige Experimente erfordert.

Dieses wichtige klinische Problem galt als Ausgangspunkt dieses Projekts. Ziel der
Doktorarbeit war es also, eine in silico Methode zu entwickeln, um Geriiste fiir die Regeneration
grofler Knochendefekte zu konzipieren, die den endogenen Knochenheilungsprozess optimal
unterstiitzen. Dazu wurden spezifische Mechanismen der geriistgestiitzten Regeneration
grofler Knochendefekte anhand eines priadiktiven Computermodells fiir Knochenregeneration
untersucht. Anschlielend wurde der Effekt individueller Geriistparameter studiert. Hierbei
wurde die Dynamik des Knochenregenerationsprozesses erforscht, indem Heilungsvorhersagen
nach bestimmten Heilungszeitpunkten miteinander verglichen wurden. Letztens wurde ein
Computer-Framework fiir die Optimierung der Knochengeriiste mit dem Ziel entwickelt, das
Volumen regenerierten Knochens zu maximieren.

Die in silico Untersuchung der geriistgestiitzten Regeneration groffer Knochendefekte baute
auf einer gekoppelten Finite-Elemente-Analyse und agentenbasierte Modellierung auf, um
verschiedene Experimente zu simulieren. Der Vergleich zwischen den in silico Vorhersagen und
den experimentellen Ergebnissen lieferte mechanistische Einblicke in den Regenerationsprozess:

(1) der Mangel an biologischer Stimulation in groflen Knochendefekten, der durch den Einsatz
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von Geriistmaterial oder Knochenmaterial kompensiert werden kann, und (2) der Einfluss der
Geriistflichen auf die Prozesse von Zellmigration und Gewebeanlagerung.

Unterschiedliche Geriiste wurden simuliert, indem die Porengréfie, die Stiitzengrofie oder
die Materialeigenschaften verdndert wurden. Generell zeigte sich, dass porose steife Geriiste
oder voluminésere weichere Geriiste die Knochenregeneration am vorteilhaftesten unterstiitzen.
Allerdings hingen die optimalen Poren- oder Stiitzengréfien grofitenteils von der zugrunde
liegenden Geritistarchitektur ab, was darauf hinweist, dass eine allgemeingiiltige Empfehlung
nicht angewendet werden kann, um optimale Geriiste zu konzipieren.

Dariiber hinaus zeigte die Modellierung von verschiedenen Zeitintervallen (initiale Mechanik
und Simulation der Knochenregeneration) die Dynamik des Knochenregenerationsprozesses.
Ergebnisse aus verschiedenen Zeitintervallen standen namlich im Widerspruch zueinander:
mehrere Geriiste schienen initial sehr vorteilhaft aber der Modellvorhersagen zufolge wurde
die Knochenregeneration dann nicht gut unterstiitzt. Diese Feststellung bestétigte den Bedarf
eines dynamischen Optimierungsprozesses, der auch den Regenerationsprozess beriicksichtigen
wiirde.

Letztens wurde ein Computer-Framework fiir die Optimierung von Knochengeriisten
entwickelt. Als Ziel wurde die Maximierung des Volumens des regenerierten Knochens nach
dem mechanobiologischen Knochenregenerationsmodell gesetzt. Geriiste wurden anhand
einiger Variablen (etwa Porengrofie oder Materialeigenschaften) parametrisiert. Eine Surrogat-
Optimierungsvorgehensweise wurde wegen der rechenintensiven Regenerationssimulationen
gewahlt: ein vereinfachtes Input-Output-Verhéltnis wurde von einer Gruppe von initialen
Simulationsldufen abgeleitet und fiir den Optimierungsprozess benutzt, um zu viele re-
chenintensive Simulationsldufe zu vermeiden. Die Ergebnisse dieser Doktorarbeit beweisen
das Anwendungspotenzial dieser Methode fiir ein vereinfachtes kubisches Geriist und ein
realistischeres zylindrisches Gertist. Diese Ergebnisse zeigen, dass das initiale Design des Geriists
und dessen Parametrierung bedacht ausgesucht werden sollten, um den Optimierungsausgang
zu verbessern.

Zukiinftige Forschungsarbeit sollte die Validierung des Computermodells fiir die geriistge-
stitzte Regeneration grofier Knochendefekte fortsetzen. Insbesondere ist darauf zu achten, die
rechnerische Effizienz dieser Modelle fiir deren Anwendung fiir Optimierungszwecke zu verbes-
sern. Zusétzlich sollten realistischere, klinisch-basierte Gertiste fiir das Optimierungsverfahren
mit komplementédren Experimenten benutzt werden. Auf dieser Weise kann ein grundlegendes
Versténdnis fiir das Heilungspotenzial des Geriistes geschaffen und ein fundiertes Design von

experimentellen Geriisten iterativ verbessert werden.
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Abstract

Bone has the remarkable capability to regenerate without forming any scar tissue upon
a given injury. However, this intrinsic healing capacity can be impaired in some critical
cases, such as large bone defects where a large piece of bone is missing. The current gold
standard treatment for such defects is autologous bone grafting, where bone material is taken
from another location in the patient and put into the defect to support it mechanically and
biologically. Nevertheless, this treatment has several drawbacks, in particular the need for an
additional surgery associated with donor site morbidities and a limited availability of bone
material. An alternative treatment strategy is the use of 3D-printed bone scaffolds.

Such implants are produced synthetically before the chirurgical intervention, can be made
of metal, polymer or ceramic, and implanted into various defects to support their regeneration.
However, how such scaffolds interact with the bone regeneration process has remained poorly
understood so far, preventing scaffolds to become clinical routine practice in large bone
defect treatment. In addition, scaffold design has mainly relied on trial-and-error approaches,
requiring long, costly and ethically questionable experiments to assess the scaffold healing
potential.

This critical clinical issue was the starting point of this project. The aim of the thesis
was therefore to propose an in silico methodology to design scaffolds for large bone defect
regeneration that would be optimised for their ability to support the endogenous bone healing
process. To do so, specific mechanisms of scaffold-supported large bone defect regeneration
were investigated by means of a predictive computer model for bone regeneration. Next, the
effect of individual scaffold design parameters were studied. In addition, the dynamics of the
bone healing process was investigated by comparing healing outcome predictions at different
healing time points. Lastly, a computational framework for bone scaffold optimisation was
developed with the objective of maximising the amount of regenerated bone.

The in silico investigation of scaffold-supported large bone defect regeneration used a
coupled finite element analysis and agent-based model to simulate various experimental studies.
The comparison between in silico predictions and experimental results revealed specific features
of the regeneration process: (1) the lack of biological stimulation in large bone defects, that
can be compensated by specific scaffold material or the addition of bone graft and (2) guidance
provided by the scaffold surfaces on the cellular migration and tissue deposition processes.

Specific scaffold designs were varied by changing the pore size, strut size or material
properties. Overall, porous stiff scaffolds or more bulky softer scaffolds were found to be

most beneficial for bone regeneration. However, precise pore or strut size recommendations
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depended largely on the underlying scaffold architecture, suggesting that a "one-fits-them-all"
approach cannot be used to design optimal scaffolds.

In addition, the modelling of different time horizons (initial mechanics and bone regeneration
simulation) highlighted the dynamics of the bone regeneration process. Conclusions based on
different time horizons contradicted each other: several scaffold designs seemed very favourable
initially but were actually not predicted to support bone regeneration well. These observations
emphasised the need for a dynamic optimisation process that would take the regeneration
process into account.

Lastly, a computational framework for bone scaffold design optimisation was developed.
Its objective was defined as to maximise regenerated bone volume according to the
mechanobiological bone regeneration model; scaffold designs were parametrised with a few
variables (e.g. pore sizes or material properties). A surrogate optimisation approach was chosen
to deal with the computationally demanding regeneration simulations: a simplified input-output
relationship was derived from a set of initial simulations and used for the optimisation process
to avoid too many demanding simulation runs. The results presented in the thesis proved
the feasibility of the approach on a simplified cubic scaffold and a more realistic cylindrical
scaffold. These results suggested that the initial design and its parametrisation should be
carefully chosen to improve the optimisation outcome.

Future work should further validate the computer model for scaffold-supported bone
regeneration. A particular emphasis should be put on improving the computational efficiency
of such models for their use in optimisation purposes. Next, more realistic, clinically-based
scaffold designs should be employed in the optimisation framework, in combination with
experiments. In that way, knowledge on scaffold healing potential and informed scaffold design

for experiments could be improved iteratively.
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Résumé

Les os ont la capacité remarquable de pouvoir se régénérer sans former de cicatrice apres une
lésion. Cependant, cette capacité de guérison intrinséque peut étre dégradée dans certains cas
critiques, comme les grands défauts osseux, des lésions ot un grand morceau d’os manque. Le
traitement de référence actuel pour ces défauts est I'usage de greffe osseuse autologue : de I'os
est prélevé d’un autre emplacement dans le patient et est inséré dans le défaut pour lui conférer
un soutien mécanique et biologique. Néanmoins, ce traitement a de nombreux inconvénients,
en particulier la nécessité d’une chirurgie supplémentaire, associée a des morbidités du site
donneur, et une quantité limitée de tissu osseux disponible. Une stratégie thérapeutique
alternative consiste a utiliser des implants osseux obtenus par impression 3D.

Ces implants, qui peuvent étre faits de métal, polymere ou céramique, sont produits de
fagon synthétique avant l'intervention chirurgicale et sont implantés dans un défaut spécifique
pour en soutenir la régénération. Cependant, on ne sait pas encore comment ces implants
interagissent avec le processus de régénération osseuse, empéchant les implants de devenir
une pratique clinique routiniére pour le traitement des grands défauts osseux. De plus, la
conception des implants découle essentiellement d’approches par tdtonnements qui nécessitent
des expériences longues, cotiteuses et de justification éthique discutable pour évaluer le potentiel
d’un implant a traiter de grands défauts osseux.

Ce probléme clinique important a servi de point de départ a ce projet. L’objectif de la
these était donc de proposer une méthodologie in silico pour concevoir des implants pour la
régénération de grands défauts osseux qui seraient optimisés pour leur capacité a soutenir
le processus de guérison osseuse endogene. Pour ce faire, les mécanismes spécifiques de la
régénération de grands défauts osseux en présence d’implants ont été examinés a ’aide d’un
modele computationnel prédictif pour la régénération osseuse. Ensuite, ’effet de parametres
individuels décrivant I'implant a été étudié. De plus, la dynamique du processus de guérison
osseuse a été analysée en comparant les prédictions de guérison a différents moments. Enfin,
un modele computationnel d’optimisation d’implant osseux a été développé, avec I'objectif de
maximiser la quantité d’os régénéré.

L’étude in silico de la régénération de grands défauts osseux en présence d’implants utilise
une analyse par éléments finis couplée a un modele multi-agents pour simuler différentes études
expérimentales. La comparaison entre les prédictions in silico et les résultats expérimentaux
a révélé certaines caractéristiques spécifiques du processus de régénération : (1) absence de
stimulation biologique dans les grands défauts osseux, qui peut étre compensée par le matériau
de I'implant ou par I’addition de greffe osseuse et (2) le guidage assuré par les surfaces de

I'implant pour les processus de migration cellulaire et de dép6t de nouveaux tissus.
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Différents implants ont été simulés en modifiant la taille des pores, la taille des traverses ou
les propriétés du matériau utilisé. Globalement, les implants rigides trés poreux ou les implants
plus souples et plus volumineux se sont révélés étre les plus bénéfiques pour la régénération
osseuse. Cependant, les recommandations précises de tailles de pores ou de traverses dépendent
largement de ’architecture sous-jacente de I'implant, suggérant qu'une approche standardisée
ne peut étre utilisée pour concevoir des implants optimaux.

En outre, la modélisation de différents horizons de temps (mécanique initiale et simulation
de la régénération osseuse) a mis en lumiere la dynamique du processus de régénération
osseuse. Les conclusions basées sur différents horizons de temps se contredisent : de nombreuses
géométries d’implants semblaient tres favorables initialement mais ne supportaient pas bien
la régénération osseuse d’apres les prédictions. Ces observations soulignent le besoin de faire
appel a un processus d’optimisation dynamique qui prend le processus de régénération en
compte.

En dernier lieu, un modele computationnel pour I'optimisation d’implants osseux a été
développé. Son objectif a été défini comme la maximisation du volume d’os régénéré prédit
par le modele mécanobiologique de régénération osseuse. Les implants ont été paramétrés avec
quelques variables (par exemple la taille des pores, les propriétés mécaniques du matériau).
Une approche d’optimisation par modele de substitution a été choisie a cause des simulations
de régénération tres exigeantes du point de vue computationnel : une relation simplifiée
d’entrée-sortie a été dérivée d’un ensemble de simulations initiales et utilisée pour le processus
d’optimisation pour éviter un trop grand nombre de simulations cofiteuses. Les résultats
présentées dans cette theése prouvent la faisabilité de 'approche sur un implant cubique
simplifié et un implant cylindrique plus réaliste. Ces résultats suggeérent que ’architecture
initiale et sa paramétrisation doivent étre choisies avec soin pour améliorer le résultat de
I’optimisation.

Des travaux de recherche futurs devraient valider davantage le modeéle computationnel
de régénération osseuse en présence d’un implant. En particulier, ils devraient se concentrer
sur 'amélioration de l'efficacité computationnelle de ces modeéles pour leur usage a des fins
d’optimisation. Ensuite, des implants plus réalistes et basés sur des besoins cliniques devraient
étre utilisés dans le modele d’optimisation, en combinaison avec des expériences. De cette
facon, les connaissances sur le potentiel thérapeutique des implants et la conception mieux

informée d’implants expérimentaux pourraient étre améliorées de fagon itérative.
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In nature, there is no separation between design, engineering, and fabrication;
the bone does it all.

Neri Oxman, designer
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Introduction

1.1 Clinical motivation

Bone is a key organ in the human body, having a mechanical role as support structure and
protection for internal organs and a physiological role with blood cell production in the bone
marrow and calcium homeostasis control. It has, under normal circumstances, the remarkable
ability to regenerate and come back to its original shape after a given trauma (e.g. a fracture).
However, this healing capacity can be impaired, for instance when a too large piece of bone
is missing (Figure 1.1). This situation is known as a large bone defect and the resulting
non-healing (for at least 9 months) is called a non-union [1]. Non-unions are estimated to
occur in 5-10% of all fractures in the United States of America [2].

The current gold standard treatment for large bone defects is the use of autologous bone
graft (ABG) [3, 4]: bone is taken from another location in the patient (the iliac crest, for long
bone applications) and ground and the resulting powder is put into the defect. This method,
although very effective, is associated with several limitations such as donor site co-morbidities,
the need for a second surgery and limited bone availability [3, 5, 6]. Therefore, there is a
clinical need for alternative treatment strategies; a promising one consists in using synthetic,
mechanically optimised scaffolds that can serve as a support structure in the defect with the
aim of enhancing the endogenous healing process [7—15].

Different scaffolds have yielded various outcome in pre-clinical studies [9, 12—-18], where
bone regeneration has been shown to be influenced by the scaffold geometry (pore size, porosity,
architecture...) and material properties. However, there is still a lack of understanding how
the multiple scaffold design parameters interact with the regeneration process to ensure a good
healing outcome (Figure 1.1). Only a few scaffold design parameters have been individually
studied, such as pore size [19-21] or material choice [22-25]. Thus, bone scaffold design
and development rely mostly on trial-and-error approaches, thereby slowing the development

process and requiring more ethically questionable animal studies.
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Large bone defect Scaffold design Healing outcome?

Figure 1.1 — Scaffold-treated large bone defect outcome: healing outcome is unknown
so far and depends on the scaffold architecture (pore size, porosity, pore or strut shape...) and
material properties.

1.2 Biological and mechanobiological background

1.2.1 Bone healing

Bone is one of the few organs in the human body that has a healing capacity leading to
complete recovery of its original shape, without forming any scar tissue. The bone healing
process is defined as primary when intact bone pieces are aligned and pressed against each
other, without any gap; or secondary if there is a gap, then involving a callus formation [26].

The secondary bone healing process can be divided into the four main phases depicted
in Figure 1.2: inflammatory, soft callus, hard callus and remodelling phases [26-28]. First,
inflammatory cells are recruited to the defect and produce inflammatory signals that are
crucial for the subsequent bone healing process; a haematoma can be observed. After ca. seven
days, mesenchymal stromal cells (MSCs) are recruited to the healing region and cartilaginous
differentiation leads to the formation of a cartilaginous and periosteal bony callus (soft callus
phase). This process is known as endochondral ossification (cartilage is formed before bone),
while some direct intramembranous ossification (direct bone deposition) can be seen adjacent
to the distal and proximal ends. The fracture site is further re-vascularised and new blood
vessels start sprouting. The hard callus phase describes the mineralisation and resorption of
the cartilaginous callus with the formation of woven bone (randomly arranged bone). Lastly,
the hard callus is resorbed, woven bone is remodelled into cortical bone (showing a much
higher degree of organisation) and the bone comes back to its original shape. This last phase

is a slow process, taking months to years to be completed.

1.2.2 Influence of mechanics on bone healing

Bone is a highly mechanosensitive tissue, as was already described in 1892 by the anatomist
and surgeon Julius Wolff in his Law of Bone Remodelling (Gesetz der Transformation der

Knochen) [29]: a healthy bone continuously adapts to the loading it experiences by forming
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Figure 1.2 — Bone healing phases — adapted from [26]

more bone when and where the loading is increased and resorbing bone when and where it
is reduced. This phenomenological law holds true for bone healing situations, where several
coupled in vivo and in silico studies revealed a correlation between the formation of specific
tissue types with the computed local levels of stress, strain and /or relative fluid velocity [30-33],
following so-called mechanoregulation theories (Figure 1.3). Briefly, higher stimulus values
(e.g. the minimal principal strain absolute value or the octahedral shear strain) were found to
correlate with fibrous tissue formation, intermediate ones with cartilage formation and lower

values with bone formation. Very low stimulation was correlated with bone resorption.

Minimal principal strain Fluid velocity (um/s)
9

Fibrous tissue Fibrous tissue

1.6
Immature

Cartilage

0.03

Cartilage

-0.15 -0.0016 0.0016 0.15 0.0375 2 3.75 11.25
Hydrostatic stress (MPa) Octahedral shear strain (%)

Figure 1.3 — Mechanoregulation theories — developed by Claes & Heigele [32] on the left
and by Lacroix & Prendergast [34] on the right. The hydrostatic stress is defined by —$(SPy +
SP, + SP3;) with SP; the principal stress component i; and the octahedral shear strain by
%\/(EPl — EPy)? + (EP, — EP3)? + (EP, — EP3)? with EP; the principal strain component i

1.2.3 Large bone defects

Large bone defects, also known as critical-sized bone defects, do not have a unique definition.
However, in a long bone, a defect where twice the dimension of the bone diameter is missing
will generally be considered a large bone defect and result in a non-union [6]. Most large bone
defects are seen in the lower limb long bones, i.e. tibia and femur (accounting for 68% and 22%

of all fractures with bone loss, respectively, in Edinburgh [35]). Such defects are associated
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with mobility impairment and infections risks for the patient, and high healthcare and society
costs due to repeated surgical interventions and a limited ability to work.

Current most common and successful treatment approaches include [1, 6, 36]:

Autologous bone grafting Bone is taken from another location (often the iliac crest)

in the patient to be inserted into the defect.

Masquelet or induced membrane technique A few weeks prior to the autologous
bone grafting, a cement spacer is put into the defect to ensure the formation of a
biological membrane. The cement spacer is then carefully removed and the ABG is

placed instead.

Distraction osteogenesis Another fracture is surgically created and the bone ends are

moved step-by-step to ensure a continuous healing until both gaps are healed.

Although highly effective (more than 90% success for fractures in the studies reviewed
by Bezstaros and colleagues [36]), those approaches have limitations and associated risks:
additional surgeries, limited available amount of bone, infection risks, donor site co-morbidities,
need for high patient compliance [6].

More recent and innovative therapeutic approaches include the use of cells (MSCs) or
proteins (specific bone growth factors) to enhance bone regeneration [1, 6], low-intensity pulsed
ultrasound to stimulate the endogenous regeneration process [1], or the use of structured or
unstructured synthetic implants [9, 13, 37]. In addition, the use of cells and proteins have
shown promising results in some pre-clinical and clinical studies [1, 9], but their effect on the
healing cascade is highly complex to control, what has often resulted in no positive effect [9] or
even in adverse effects [1, 38]. The use of a single structure alone has therefore attracted a lot
of attention in the last years, since they are expected to provide a more controlled environment
to foster the regeneration process [9, 37]. The remaining of this work will therefore focus on

structured implants and refer to them as "scaffolds".

1.2.4 Bone scaffolds

Bone scaffolds are structured implants that can be made from different materials (e.g.
metals, polymers, ceramics) and are implanted into the bone defect to enhance its regeneration
capacity, usually in combination with a fixation plate to support the mechanical loading.
Different scaffold types have been tested in pre-clinical studies, ranging from e.g. titanium
honeycomb-like structures [13] to composite (polymer-ceramic) strut-based designs [9].

Long bone scaffolds should have the following properties to best support the endogenous

regeneration process [3, 39, 40]:

Biocompatibility The material used to fabricate the scaffold should not endanger cell

viability and proper functioning.

Biodegradability Optionally, the scaffold material can be biodegradable to disappear
over time, thus not remaining in the defect region permanently. In that case, the

degradation products should not be toxic for the body.

Osteoconductivity The scaffold is supporting the in-growth of new bone.



1.3 State of the art

Osteoinductivity The addition of biological substances such as growth factors can foster
MSC differentiation into bone cells.

Angiogenic potential The scaffold architecture should foster the defect re-

vascularisation, a pre-requisite for adequate bone regeneration.

When designing a scaffold, different parameters have to be considered and optimised:
scaffold material [22]; porosity, pore size and pore inter-connectivity [20]; scaffold geometry
and architecture; and the scaffold interaction with the host tissue via mechanotransduction
mechanisms [41]. In particular, O’Keefe and Mao named four critical consideration points in
scaffold design: form, function (mechanical properties), fixation (integration with remaining
bone) and formation (osteoconductive properties of the scaffold) [41]. Experimentally, it has
also been observed that scaffolds guide the regeneration process [13, 42, 43] by acting as a
template for migration and bone deposition processes [42, 44-46]. However, how exactly this

guidance is happening remains to be elucidated.

1.3 State of the art

1.3.1 In silico models for scaffold-supported large bone defect regeneration
1.3.1.1 In silico models for fracture healing

Since first studies revealed the impact of mechanics on bone healing and remodelling
[29-32], several in silico models of fracture healing mechanoregulation have been developed,
as compared by Isaksson et al. [47] or reviewed by Borgiani et al. [48]; an example of the
prediction made for the bone healing process in a sheep osteotomy model is given in Figure 1.4
[33]. These models have used multi-scale approaches, with mechanics being studied with a finite
element analysis (FEA) at the macroscopic scale, and cellular processes or tissue deposition
implemented at the microscopic scale. These processes have been described in discrete models
such as agent-based models (ABMs) accounting for cellular behaviours [33, 49]; or in continuous
diffusion-reaction equations describing tissue deposition and resorption [50, 51]. In both cases,
cells or tissues to be favoured have been determined by a mechanoregulation theory linking
the tissue type (granulation tissue, fibrous tissue, cartilage, bone) or cell phenotype (MSCs,
fibroblasts, chondrocytes, osteoblasts) to a mechanical stimulus computed in the FEA. The
two mechanoregulation theories used in this PhD thesis have been developed by Lacroix and
Prendergast [34] based on a poro-elastic analysis of the tissues; and by Claes and Heigele [32],
based on a purely elastic description of the tissues (Figure 1.3).

In addition to this mechanobiological approach, some computer models for bone regeneration
have included chemical or biological gradients to describe e.g. the effect of growth factors
[52-55]. Additional processes such as vascularisation have also been described [56-58], as
re-vascularisation of large bone defects is known to be a limiting factor of scaffold-based
therapeutic approaches [20, 59-61].

Lastly, in silico bone remodelling models have been used to reveal longer-term effects
related to bone healing. This has been done to study e.g. hip implant integration [62-65] and

femur fracture treatment fixation [64, 65].



1. Introduction
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Figure 1.4 — Bone fracture healing simulation in sheep: bone is depicted in black and
fibrocartilage in purple — reproduced with permission from [33], Copyright ©2011 Elsevier Ltd.

1.3.1.2 In silico models for scaffold-supported bone regeneration

Fracture healing models have already been used to investigate scaffold-supported bone
regeneration in several studies [51, 52, 66-68]. In some cases, the effect of scaffold design
parameters on the local mechanics and resulting bone regeneration extent has been evaluated
for optimisation purposes [69, 70]. However, most of these models are direct applications of
the models used for successful bone healing and do not take into account the interaction of
the scaffold itself with the regeneration process. More importantly, most of those models have
not been validated against experimental data to ensure their validity in the context of large
bone defects and scaffold presence.

In fact, only a few computer models for bone healing within scaffolds have been developed
and validated with experimental data. For instance, Schmitt et al. developed a 2D diffusion-
based model with mechanoregulation of bone formation within a titanium scaffold used in a
segmental mandibular defect. They were able to show a good agreement with the experimental
data by assuming that the differentiation of MSCs towards osteoblasts was driven by the local
principal stresses [71]; however, they did not include the actual scaffold geometry in their model
nor did they study the actual cell invasion into the defect. A study by Paris and colleagues
focused on the effect of scaffold curvature on collagen and mineralised tissue patterning in a
composite (polycaprolactone (PCL)-tricalcium phosphate (TCP)) scaffold [72]; however, their
study did not include any mechanical or material-specific effects on the regeneration process,
so that a scaffold with the same structure but different material properties would be predicted
to yield the same outcome. Cheong et al. simulated bone in-growth into femoral condyle
scaffolds by assuming that new bone could be deposited only onto existing bone (property
coined as "osteoconnectivity") or the coated scaffold surface, depending on a strain energy
density-based stimulus [73]. Their results compared relatively well with one experimental time
point, but they did not consider the contribution of other tissue types, and their model was
applied to femoral condyles and not to long bone segmental defects (Figure 1.5).

In addition to the scaffold presence, the large bone defect context is in itself different from
uneventful fracture healing. It was for instance shown that assuming the same biological activity
in a large bone defect as in a small fracture did not reproduce experimental observations [54].

The implementation of a latency period after which cells would have a reduced potential for
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Figure 1.5 — Bone regeneration simulation in a femoral condyle scaffold: regenerated
tissue Young’s modulus distribution, with high values representing high bone densities — reproduced
with permission from [73], Copyright ©2018 Elsevier Ltd.

migration, proliferation and/or tissue deposition accounted for the lack of biological stimulation
in large gaps and predicted the experimentally observed non-union and bone marrow capping
[1, 74].

In some cases, bone scaffolds can be used in combination with biological stimulation
(graft [13, 75], proteins or cells [9, 76]). To our knowledge, there was only one study
modelling the effect of graft in large bone defects, where an enhanced osteoconduction was
simulated by a higher cell adhesion efficiency in a rabbit femur condyle defect supported by
a scaffold [51]. Their regenerated bone volume predictions were in good agreement with the
experimental data; however, they did not include the actual scaffold architecture but averaged
its mechanical contribution using homogenisation theory. Regarding the effect of proteins
(e.g. bone morphogenetic proteins (BMPs)), Zhang and colleagues included their chemical
effect on cell differentiation and migration and applied their model to scaffold-supported bone
regeneration. They validated the predicted MSC activity rates in presence of BMP2, but not
the predicted regenerated bone volumes [77]. Further studies investigated the effect of different
initial cell seeding strategies in bone scaffolds [67, 78]; however, these in silico studies were not

validated against experimental data.

1.3.2 Computer-aided scaffold design and optimisation

Computer-aided design and optimisation has been widely used for product development in

many engineering fields (e.g. car or aircraft development) since the 1990s, taking advantage
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of mathematical algorithms and computer power that allowed for optimal design search in a
reasonable amount of time [79]. The use of computer tools in bone scaffold design is more
recent but shows a growing research effort [80-83]. In 2019, we reviewed 28 studies presenting
computer-based bone scaffold optimisation approaches [84].

In general, a design optimisation framework aims at minimising or maximising a given
design objective under a set of constraints, the design update being guided by a mathematical
algorithm. Most of the optimisation performed on scaffold design so far has been structural
optimisation, i.e. scaffold architecture optimisation, where two main principles have been
followed: topology or shape optimisation (Figure 1.6). Topology optimisation is a technique
to optimise material distribution in a given design volume to maximise a quantity of interest
(typically the stiffness) while minimising the mass. Material is gradually removed from a
bulk volume where it is least needed (e.g. lower stress values) [85]. Holes can be added to
the structure, hence changing the resulting topology. On the contrary, shape optimisation
starts from a predefined topology, where boundaries are moved to achieve the objective (e.g.
maximum stiffness) under given constraints (e.g. on mass or porosity). Parametric optimisation
can be seen as one type of shape optimisation where the initial design is parameterised by
variables such as strut widths or pore sizes which are varied in the optimisation process.

Parametric optimisation also allows further variable definition such as material properties.

Topology optimisation Shape optimisation

-X -

Figure 1.6 — Topology and shape optimisation principles

An optimisation framework follows the steps depicted in Figure 1.7: the problem is defined,
namely the objective function and the constraints restricting the design space. An initial
geometry is given as an input for which the objective value is computed; this geometry is then
updated using mathematical algorithms. This process is repeated as long as convergence is
not achieved — or other stopping criteria such as a maximum number of iterations.

There are two general approaches in bone scaffold design optimisation [84]: (1) mechanics-
based optimisation, where the objective is based on scaffold mechanical properties and (2)
mechanobiology-based optimisation that implements the interaction between mechanics
and the biology of tissue regeneration, with the objective linked to bone regeneration
predictions. The latter approach typically makes use of mechanoregulation theories to assess

the mechanobiological potential of a given scaffold.
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Figure 1.7 — Optimisation framework example

1.3.2.1 Mechanics-based scaffold optimisation

So far, mechanics-based bone scaffold optimisation has been mostly performed, since
methods similar to other engineering fields can be applied. Objectives have been set to
maximise compressive modulus [86] or stiffness [87-90] or equivalently to minimise compliance
[91, 92] or strain energy [93]. These objectives have been coupled to constraints on a maximum
scaffold volume or mass or a minimum porosity. In addition, in most cases only a unit cell has
been optimised, assuming a periodic design where this cell would be repeated to fill a defect
[87, 90, 92, 93]. These studies aimed at ensuring a proper load resistance of the implanted
scaffold (under physiological loading conditions) with as little scaffold material as possible.

However, such mechanical objective favours rather bulky designs where pore inter-
connectivity and especially blood and nutrient supply can be impaired. For that reason,
some studies focused on permeability [94] or performed multi-objective optimisation involving
stiffness or bulk modulus on the one hand and permeability or diffusivity on the other [83,
95-98]. Such multi-objective optimisation processes lead to Pareto fronts, namely the set
of geometries achieving the best global objective value with a different repartition between
each individual objective; a compromise needs then to be made between e.g. stiffness and
permeability.

Lastly, there have been a few studies that did not aim at maximising or minimising given
mechanical properties but at mimicking the replaced tissue properties. Thus, the objective
was defined as to come as close as possible to a given stiffness [80, 81, 99, 100], both stiffness
and diffusivity [101, 102] or tissue strains [103]. Although targeting the bone tissue mechanical
properties does not ensure the most appropriate environment for endogenous tissue regeneration,
these examples departed from a purely mechanical approach by including knowledge on the

tissue mechanical properties.

1.3.2.2 Mechanobiology-based scaffold optimisation

There were only a few examples of mechanobiological scaffold optimisation thus far, coming

mainly from Boccaccio’s team [70, 82, 104, 105], where the objective was set to maximise the
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bone-favouring mechanical stimulus right after scaffold implantation for a variety of scaffold
designs, relying on Lacroix and Prendergast’s mechanoregulation theory [50]. Similar work was
performed in the field of cartilage regeneration to optimise scaffold mechanical properties [106,
107]. However, these attempts did not include the actual, highly dynamic bone regeneration
process, where a scaffold achieving best regeneration results right after implantation might not
be the one yielding actual best bone regeneration at the end of the healing process (Figure 1.8).
Indeed, Bashkuev et al. showed, on the example of a spine fusion cage device, that the
time-point taken into account for the optimisation is critical: in a first step, they optimised
the device material properties to obtain maximal predicted bone stimulus right after surgery;
in a second step, they optimised the material properties throughout the regeneration process
to ensure maximal bone formation. They obtained different optimal material properties, with
the dynamic optimisation leading to material properties changing over time (that could be the

consequence of a material degradation) [69].

Hierarchical scales
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Figure 1.8 — Scaffold-tissue interactions at multiple length and time scales during the
bone healing process; first published in [84]

Byrne and colleagues performed a parametric study taking the full regeneration process
into account and investigated the influence of some of the scaffold design parameters (material
properties and dissolution rate, porosity) [66]. They were able to predict strong effects of
scaffold porosity on the regeneration outcome; however, their regeneration model was not
validated in the context of scaffold-supported bone healing. In addition, their study was
limited to a few specific parameter values, thus preventing from performing a true optimisation.
Sanz-Herrera and colleagues also performed a parametric study of scaffold design parameters
on healing outcome [78]. Using a computer model to predict bone regeneration in a scaffold,
they investigated the influence of porosity, pore size, bulk biomaterial stiffness, resorption
kinetics and the effect of scaffold pre-seeding with cells. They also showed strong effects of
the investigated parameters; however, they did not perform a design optimisation and the
effect of the different scaffold design parameters was evaluated individually (by changing one
parameter at a time).

Only very few examples of time-dependent scaffold optimisation were performed in the bone
regeneration field so far. Poh and colleagues optimised scaffold porosity distribution to best

foster bone regeneration [108]; however, their framework was limited to 1D and did thus not

10
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describe the scaffold micro-structure. Wu and colleagues performed a topology optimisation
for bone scaffold design, both for a large, segmental defect in 2D and for a smaller defect in
3D; they used a bone remodelling algorithm to ensure the scaffold would not lead to stress
shielding but on the contrary enhance bone regeneration in the defect [109]. However, their
large defect scaffold optimisation study was restricted to 2D and their remodelling algorithm
has not been assessed for its predictive capability of scaffold-supported bone regeneration.
Thus, there is no example so far of a 3D time-dependent mechanobiological optimisation of
large bone defect scaffolds that would include the interaction between mechanical signals and
biological processes and their evolution over time, as the defect gets filled with regenerated

tissue.

1.4 Thesis objectives and hypotheses

The main goal of this PhD thesis was to develop an in silico framework for large bone
defect scaffold design optimisation based on the in silico prediction of the scaffold-supported
bone regeneration process.

This goal was subdivided into the following objectives:

1. To investigate the mechanobiological regulation of scaffold-supported bone regeneration
and in particular the interaction between scaffold design and the bone regeneration
process. To achieve this, an in silico model of bone regeneration within scaffolds was

developed and validated against different experimental set-ups.

2. To investigate the effect of specific scaffold properties on scaffold-supported bone
regeneration, such as scaffold surface-area-to-volume ratio, pore size or material

properties.

3. To develop a mechanobiological bone scaffold design optimisation framework with the
objective of maximising the predicted bone regeneration outcome in various defect

configurations.

Key hypotheses guided this work:

1. Scaffold-supported large bone defect regeneration follows specific rules compared to
fracture healing, related to the size of the defect (too large to heal spontaneously), the
presence of the scaffold and its surfaces acting as templates for the regeneration process,
and — potentially — the presence of biological stimuli (cells, proteins) further enhancing

the bone healing capacity.

2. The mechanical environment evolves in the defect (due to the regeneration process), so
that an initially favourable scaffold design for bone regeneration would not be the one

yielding the actual best bone regeneration at the end of the healing process.

3. A one-fits-them-all approach is doomed to failure: scaffold design needs to be adapted
to the bone defect, and its geometry is not necessarily homogeneous throughout the
scaffold

11
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1.5 Thesis outline

After presenting the background, state of the art and focus of this work in the Introduction
(Chapter 1), methods and algorithms used and developed during the thesis are described in
Chapter 2. Then, the results obtained for the different thesis objectives are presented and
discussed in three different chapters concerning the in silico modelling of scaffold-supported
bone regeneration (Chapter 3), the scaffold design parametric studies (Chapter 4) and the
scaffold design optimisation (Chapter 5). Chapter 6 highlights the conclusions and perspectives

derived from this work. An overview of the thesis structure is depicted in Figure 1.9.

1. Scaffold-supported MBBR 2. Scaffold design 3. Scaffold design parametric

computer model development parametric studies optimisation for maximal
and validation (Chapter 4) bone regeneration outcome
(Chapter 3) b (Chapter 5)

ot R TR

Figure 1.9 — Thesis outline and objectives: (a) bone regeneration prediction (in grey);
(b) comparison of different scaffold designs (varying strut size); (c) scaffold design definition for
optimisation. MBBR stands for mechano-biological bone regeneration.

12



Methods

This chapter will describe the methods used in the various studies of the thesis (Figure 1.9).
First, the developed in silico model for scaffold-supported bone regeneration and its application
to three experimental cases will be detailed (Section 2.1). Focus of the next section will be
the parametric studies performed on predefined scaffold geometries to study the predicted
impact of certain design parameters on the healing potential, and the evolution of the
mechanical environment and subsequent tissue regeneration predictions over the course of
healing (Section 2.2). Lastly, the developed bone scaffold design optimisation framework and

its application to two scaffold geometries will be described (Section 2.3).

2.1 In stlico model of scaffold-supported bone regeneration

A previously developed and validated multi-scale computer model for bone healing was
complemented to account for scaffold-supported large bone defect regeneration [33, 49]. This
model coupled a finite element (FE) model at the macroscopic scale to investigate the mechanical
environment in the defect (Section 2.1.2) and a stochastic ABM at the microscopic scale to
describe cellular activity (Section 2.1.3). Figure 2.1 depicts the flow chart of this coupled
computer model: after FE model and ABM initialisation, a first FEA is conducted; the
mechanical stimulus is derived from local mechanical values; cell differentiation, apoptosis,
proliferation and migration are then simulated; the new cell distribution is output to a raw
file for further analysis; the FE model material properties are updated depending on this new
distribution; and ageing of the cells is implemented. The whole loop is run iteratively for an
appropriate time (6 or 12 months), with one iteration corresponding to one healing day.

Different rules were tested to account for the effect of the defect size, the scaffold presence
and the addition of biologically stimulating material (e.g. autologous bone graft). Only one
simulation was run for each simulation case, as a preliminary study showed that this was
enough to draw reliable conclusions from the stochastic model (cf. Appendix A.1). The
model predictions were compared to previously conducted and published experimental studies
described in Section 2.1.1.
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(] Output

@3 Agent-based model
@ FE model

@ Coupling step

Output
cell distribution
to a raw file

A 4

Figure 2.1 — Computer model framework for bone regeneration: Coupled agent-based
model and finite element analysis.

2.1.1 Simulated in vivo experiments
2.1.1.1 Honeycomb titanium scaffolds

The first study aimed at investigating the mechanisms behind bone regeneration within a
honeycomb titanium scaffold inserted in a large bone defect in the sheep tibia [13]. Briefly, a
4-cm bone defect was created in the right tibia of 12 sheep and filled with one of two possible
scaffold designs, "soft" (strut size 1.2mm, effective Young’s modulus 0.84 GPa) or "stiff" (strut
size 1.6 mm, effective Young’s modulus 2.88 GPa) (Figure 2.2¢, d). The bone defect was
stabilised using a steel locking compression plate. Autologous bone graft was harvested from
each animal’s iliac crest and filled into the scaffold pores before implantation. Outputs of this
study were (1) X-ray images taken every 4 weeks, from surgery time until 24 weeks post-surgery
and (2) histomorphometrical analysis performed on the mid-sagittal cut of all tibiae at 24
weeks post-surgery to visualise and quantify bone and cartilage formation within the defect.
The remaining of the thesis will focus mainly on the softer titanium scaffold design and the

expression "titanium scaffold" will refer to the softer titanium scaffold.

2.1.1.2 Lattice-based composite scaffold and empty defect

The second study consisted in investigating the mechanisms behind bone regeneration in
sheep tibia large defects left either empty or complemented with a lattice-based, composite
scaffold made of 20% TCP (ceramic) and 80% PCL (polymer) [9]. 3-cm osteotomies were
performed in the sheep tibia and fixed with a steel internal dynamic compression plate (Synthes).

Outputs of this study were (1) histological analyses of the mid-sagittal cut; (2) micro-computed
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2.1 In silico model of scaffold-supported bone regeneration

tomography (nCT) imaging of the defect; and (3) bone volume quantification. All analyses
were performed 3 and 12 months post-surgery for the defect complemented with a scaffold,
and only 3 months post-surgery for the empty defect. In the remaining of the thesis, these
studies will be referred to as "PCL scaffold" for the defect complemented with the composite

scaffold and "Empty" defect.

Cortical bone
I Bone marrow
Il Steel (plate and screws)
I Granulation tissue (callus)
I Titanium (scaffold)

40 mm

Figure 2.2 — Titanium scaffolds set-up: (a-b) Finite element model set-up including intact
bone extremities, callus, scaffold, fixation plate and screws: (a) 3D external view; (b) longitudinal
cross-section; colour code is given on the right; (c) "soft" scaffold (strut size=1.2mm); (d) "stiff"
scaffold (strut size =1.6 mm).

2.1.2 Finite element model (macroscopic scale)

2.1.2.1 Geometry

Titanium scaffolds and large bone defect model: A biphasic poro-elastic FE model of
the experimental large bone defect and titanium scaffold was developed in the FE software
Abaqus v.6.12 (Simulia, Rhode Island) based on the experimental settings (Figure 2.2a, b).
Intact bone extremities were approximated as cylinders of diameter 20 mm containing the bone
marrow cavity (diameter 15 mm). The soft and stiff scaffold geometries were imported from
the experimental CAD files (Figure 2.2 ¢, d); they were fixed to the intact bone extremities by
two screws modelled with beam elements. The callus was defined by rotating a circle arc of

maximum width 10 mm at mid-height and overlapping the intact bone extremities over 10 mm;
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the obtained volume was then cut by the scaffold geometry using Abaqus Boolean cut operation.
A preliminary study suggested no effect of the callus size definition on the predicted tissue
regeneration in its centre (between the intact bone extremities) (Appendix A.4); therefore, a
rather small callus derived from the experimental data was used. Lastly, the plate was defined
according to its experimental geometry and six screws modelled as beams attached the plate

to the bone extremities (Figure 2.2a, b).

PCL scaffold and large bone defect model: An elastic FE model of the experimental
osteotomy and PCL scaffold was developed in the FE software Abaqus v.6.18 (Simulia,
Rhode Island) based on the experimental settings (Figure 2.3a). Intact bone extremities were
approximated as oval cylinders of long and short axes of 17 and 15 mm, respectively, containing
the bone marrow cavity defined by axes of 13 and 11 mm. The plate was defined according to
its experimental geometry and six screws modelled as beams attached the plate to the bone
extremities.

The scaffold geometry was built based on its description (Figure 2.3b-d): an individual
cylindrical strut of diameter 0.3 mm was defined and repeated with a spacing of 1.2mm to
generate one row of struts; this row was repeated and rotated by an angle of 90°. Both rows
were merged and cut to reproduce two rows of the hollow cylinder geometry of the scaffold with
inner diameter 8 mm and outer diameter 20 mm. They were then meshed, repeated vertically
to cover the full scaffold height, and the meshes were merged. This procedure was used as a
direct meshing of the full scaffold structure was not possible on a standard work-station due
to its numerous small geometrical components.

The external callus geometry was defined by rotating a circle arc of maximum width
10.5mm at mid-height and overlapping the intact bone extremities over 5mm. To obtain the
internal callus geometry cut by the scaffold, a similar procedure was performed as to build the
scaffold itself: first, a height corresponding to two scaffold strut layers was defined and cut by
the scaffold layers. This callus layer was meshed and the meshes were then duplicated and

merged together and with the external callus part.

Empty large bone defect model: A similar osteotomy model was developed without a
scaffold for the empty defect set-up. Because there was no scaffold, the callus did not need to
be cut and obtained by successive merges as for the PCL scaffold set-up. Apart from that, the

geometry was exactly the same.
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2.1 In silico model of scaffold-supported bone regeneration

30 mm

£0.25 mm

20 mm 03 hmmi2 mm

Cortical bone
I Bone marrow
[ Steel (plate and screws)
I Granulation tissue (callus)
I PCL+TCP (scaffold)

Figure 2.3 — PCL scaffold set-up: (a) Finite element model set-up including intact bone
extremities, callus, scaffold, fixation plate and screws (colour code is given on the bottom); (b)
scaffold seen from the side and longitudinal cross-section of the callus and the scaffold; (c¢) scaffold
seen from the top; (d) details on strut dimensions and spacing.

2.1.2.2 Material properties

All biological tissues in the titanium scaffold FE model were considered biphasic poro-elastic
materials with properties defined in Table 2.1. Scaffold titanium, plate and screw steel and all
materials in the PCL scaffold FE model were considered linear elastic materials with properties
defined in Tables 2.1 and 2.2. At the initial healing time-point, the callus was considered to
be filled with granulation tissue.

In addition to the intact cortical bone, the bone marrow and the initial granulation tissue,
tissue properties were defined for the regenerating tissues — fibrous tissue, cartilage, immature
bone, mature bone (Tables 2.1, 2.2). Over the simulation time, the material properties of each
callus FE were defined based on a rule of mixture [50] as an average of the material properties
of its cellular components (see Section 2.1.3); they were further averaged over the last ten
iterations to account for the delay in actual extracellular matrix (ECM) deposition [34].

In the PCL scaffold study, due to a very high number of callus FE, their material
properties were not described individually as above, but they were grouped in material
sections corresponding to material property "pools" with average values and ranges given in

Table 2.2. These pools were defined in a preliminary study (Appendix A.6).
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Material Young’s Pois- Permeabil- Bulk Bulk
modulus son’s ity (10~ modulus modulus
(MPa) ratio s.m?.N—1) grain fluid
(MPa) (MPa)
Steel 210000 0.3 - - -
Titanium 104000 0.3 - - -
Granulation tissue 0.2 0.167 1 2300 2300
Fibrous tissue 2 0.167 1 2300 2300
Cartilage 10 0.3 0.5 3700 2300
Immature bone 1000 0.3 10 13940 2300
Mature bone 17000 0.3 37 13940 2300
Cortical bone 17000 0.3 0.001 13920 2300
Marrow 2 0.167 1 2300 2300

Table 2.1 — Material properties for titanium scaffold simulations [33]

2.1.2.3 Mesh

The FE models for the titanium scaffold defect configurations were meshed with elements
of following types and sizes: quadratic hexahedral elements of size 2.5 mm for the cortical
bone, the bone marrow (type C3D20RP) and the fixation plate (type C3D20R); quadratic
1-mm beam elements for the screws (type B32); quadratic tetrahedral elements of size 0.7 mm
for the titanium scaffold (type C3D10) and its callus (type C3D10MP). Because the biological
tissue parts were considered poro-elastic, the corresponding elements were of a type allowing
pore fluid and stress analysis. A mesh convergence analysis for the scaffold and the callus was
performed for the titanium scaffold set-up (Appendix A.2).

The FE models for the PCL scaffold defect configurations were meshed with linear
hexahedral elements of size 1 mm for the cortical bone and 0.8 mm for the bone marrow (type
C3D8R); quadratic hexahedral elements of size 4 mm for the fixation plate (type C3D20R);
linear 1-mm beam elements for the screws (type B31); linear tetrahedral elements of size
0.3mm for the PCL scaffold and of size 0.8 mm for its complementary callus (type C3D4); or
quadratic tetrahedral elements of size 1.8 mm for the empty defect callus (without a scaffold)
(type C3D10).

2.1.2.4 Loading and boundary conditions

All 3 osteotomy models were subjected to a combined compression and bending load
corresponding to the peak loads in normal walking condition in sheep [110] and applied on
the intact bone proximal end: a 2body weights (BWs) proximal-distal compression and an
anterior-posterior moment of 0.025 BWm at the fixed end of a 20-cm intact bone. Given the
average weights of the sheep in each experimental study (70 and 42 kg), these translated to
1372 N compression and 17.125 Nm bending for the titanium scaffold study; and 823 N and
9.777 Nm for the PCL scaffold and empty defect studies.

The bone distal extremity was constrained in rotation and translation (encastre). The

intact bone extremities were tied to the callus, and the screws were tied to the intact bone
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2.1 In silico model of scaffold-supported bone regeneration

Material name Young’s modulus Young’s Poisson’s
range (MPa) modulus (MPa) ratio
Steel - 210000 0.3
mPCL-TCP* - 400 0.3
Granulation tissue® - 0.2 0.167
Fibrous tissue® - 2 0.167
Cartilage® - 10 0.3
Regenerated and cortical bone? - 17000 0.3
Marrow® - 2 0.167
Material pool no.1 0.2 0.2 0.167
Material pool no.2 0.2-0.36 0.28 0.167
Material pool no.3 0.36-0.5 0.43 0.167
Material pool no.4 0.5-0.7 0.6 0.167
Material pool no.5 0.7-1 0.85 0.167
Material pool no.6 1-1.5 1.25 0.167
Material pool no.7 1.5-2 1.75 0.167
Material pool no.8 2-4 3 0.167
Material pool no.9 4-6 5 0.167
Material pool no.10 6-10 8 0.167
Material pool no.11 10-30 20 0.167
Material pool no.12 30-50 40 0.167
Material pool no.13 50-80 65 0.167
Material pool no.14 80-150 115 0.17
Material pool no.15 150-250 200 0.17
Material pool no.16 250-400 325 0.17
Material pool no.17 400-600 500 0.17
Material pool no.18 600-1000 800 0.17
Material pool no.19 1000-1500 1250 0.18
Material pool no.20 1500-2000 1750 0.18
Material pool no.21 2000-3000 2500 0.19
Material pool no.22 3000-4000 3500 0.19
Material pool no.23 4000-5000 4500 0.20
Material pool no.24 5000-6000 5500 0.21
Material pool no.25 6000-7000 6500 0.22
Material pool no.26 7000-8000 7500 0.23
Material pool no.27 8000-9000 8500 0.23
Material pool no.28 9000-10000 9500 0.24
Material pool no.29 10000-11000 10500 0.25
Material pool no.30 11000-12000 11500 0.26
Material pool no.31 12000-13000 12500 0.26
Material pool no.32 13000-14000 13500 0.27
Material pool no.33 14000-15000 14500 0.28
Material pool no.34 15000-16000 15500 0.29
Material pool no.35 16000-17000 16500 0.30

“[72]; * [33]

Table 2.2 — Material properties for PCL scaffold simulations
— the Young’s modulus range indicates what material properties were included in each material

pool.
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extremities. In addition, multi-point constraints of type beam were defined between the plate
holes and the screws’ heads.

In the titanium scaffold set-up, the callus was tied to the scaffold. For the poro-elastic
analysis, pore pressure was additionally constrained to be zero on the poro-elastic parts’ outer
surface (callus, cortical bone, bone marrow).

In the PCL scaffold set-up, the scaffold and the callus meshes were merged to avoid a very

costly tie procedure due to the high number of elements involved.

2.1.3 Agent-based model (microscopic scale)

An ABM (turquoise boxes in Figure 2.1) was implemented in C++ [111] to describe cellular
activities within the callus (differentiation, apoptosis, proliferation and migration). It was
coupled with FEA runs every 3 iterations (3 simulated days) (see Appendix A.3 for the choice
of frequency) to update the regenerating tissue material properties (Section 2.1.2.2) and get
the local mechanical signals in the defect needed to predict further cellular activity based on
the mechanoregulation theory (Section 2.1.3.2). The C++ implementation is available on
Github under Apache 2.0 license .

2.1.3.1 Cell phenotypes

The ABM consisted in a 3D, regular point matrix with spacing 100 pym and spanning over
the callus space. Each matrix point could be occupied by one agent (i.e. cell) of one of the
following phenotypes: fibroblast, chondrocyte, osteoblast or MSC. In the titanium scaffold
set-up, a further differentiation was made between mature and immature osteoblasts. Each
matrix point was matched to the regenerating tissue FE at the same location to ensure the
coupling between ABM and FEA.

In reality, these cell types have diameters ranging from 10 to 25 pm [112], so one matrix
point in the ABM would correspond to many cells and their corresponding surrounding tissue
— fibrous tissue, cartilage, (mature or immature) bone or granulation tissue. In the rest of the
thesis, one point will refer to either the tissue or the cell, neglecting the fact that there are
many cells present in each point. It should be noted that the choice of this matrix point size
impacted the speed of the simulated healing process, but not its overall final tissue distribution
(see Appendix A.5), what was the key interest.

At the initial time step, only MSCs were assumed to be present, and they were placed in
the bone marrow volume closest to the defect and in the periosteum (region surrounding the
intact bone extremities) with a 30% occupancy rate (MSCs were placed randomly in 30% of

the available volume of these regions), unless specified differently.

2.1.3.2 Cellular activity implementation

The implementation described below corresponds to the baseline model derived from

fracture healing computer simulations [33]. Baseline activity rate levels are summarised in

1. github.com/camille-PM/mechanobio_bone, github.com/camille-PM/mechanobio_bone_2
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2.1 In silico model of scaffold-supported bone regeneration

Cell type Proliferation Apoptosis Differentiation Migration
rate (day 1) rate (day ') rate (day 1) speed

(um.h™")

MSCs 0.6% 0.05% 0.3% 30°

Fibroblasts 0.55% 0.05% - -

Chondrocytes 0.2¢ 0.1¢ - -

Osteoblasts 0.3% 0.16¢ - -

@ [112]; * [113)]

Table 2.3 — Cell activity levels [33]

Table 2.3. Next sub-sections will present variations that were implemented to account for

scaffold or graft presence in a large bone defect.

Cell migration The only cells allowed to migrate were the MSCs. In the baseline model,
they were implemented to follow a random walk process. At each iteration, for each MSC,
a new cell position was randomly picked among its six adjacent neighbour positions. If the
position was free, the cell was moved there. This process was repeated seven times in one
iteration (one simulated day) to account for the maximum distance that MSCs can migrate in

one day given their average speed of 30 pm.h~! [113].

Cell differentiation MSCs were implemented to differentiate with a rate of 0.3 per day.
In each FE of the callus, the amount of MSCs were counted and the number of cells to
differentiate was computed. Points were then randomly picked in the FE, and if occupied by a
MSC, this cell was implemented to differentiate and a cell counter was incremented. This step
was repeated until the cell counter reached the number of cells to differentiate. To define what
cell phenotype the differentiated cell should have, mechanoregulation theories were used, with
a stimulus based on octahedral shear strain and relative fluid velocity for the titanium scaffold
set-up [34] and on minimal principal strain and hydrostatic stress for the PCL scaffold set-up
[32, 114] (Figure 1.3). In addition to the regions corresponding to fibroblast, chondrocyte and
(mature or immature) osteoblast, those mechanoregulation theories also predicted a resorption

zone, where no tissue would be favoured.

Cell proliferation and apoptosis All cell phenotypes were implemented to proliferate or
die due to apoptosis according to the rates given in Table 2.3. The principle was similar to
the cell differentiation algorithm, counting the number of cells of each phenotype in each FE
and computing the number of cells to proliferate, when the FE was in the stimulus favouring
this phenotype, or that would undergo apoptosis, when the FE was in a different stimulus.
Cells that would undergo apoptosis or proliferate were then randomly picked until the number
was reached. When undergoing apoptosis, the cell was removed from the 3D matrix, i.e. its
position was released. When proliferating, two new positions were chosen for the daughter cells
among the adjacent and current cell positions (what made a total of 21 possible configurations)

and checked for being free.
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Cell ageing Cells were given an age, starting at 1 at the initialisation step or when cells
were obtained from proliferation. This age was used to define which cells could differentiate,
as only "mature” MSCs aged at least 6 days could differentiate. At the end of each iteration
(one healing day), the age of all cells present in the ABM was increased.

2.1.3.3 Alterations in biological activity within large bone defects

Latency period implementation Experimentally, large bone defects are known to show
only limited bone formation [1, 74]. This observation was accounted for by implementing a
latency period of 15 days after which MSC migration and proliferation would stop, lacking the
necessary biological stimulation [54]. This feature was implemented in the titanium scaffold
set-up to serve as a hypothetical non-stimulated case for further model feature evaluation.

In the PCL scaffold and empty defect set-ups, the cell activity levels were reduced after
the 15-day latency period: all cell types’ proliferation rates and MSC differentiation rate were
divided by 5 for the empty defect, and by 2 for the defect complemented with the PCL scaffold
(Table 2.4). This difference was due to the TCP presence in the PCL scaffold that has been
reported to stimulate cell proliferation [115, 116] and differentiation [117, 118].

Case Proliferation rates (day!) | MSC differentiation
MSC FB CC OB rate (day ')

Empty defect 0.12 0.11 0.04 0.06 0.06

TCP-PCL scaffold | 0.3  0.275 0.1 0.15 0.15

Table 2.4 — Cell activity levels after the latency period — FB: fibroblast, CC: chondrocyte,
OB: osteoblast

Systematic cell activity analysis (PCL scaffold) In the PCL scaffold study where no
graft was present, thus allowing a better cell activity evaluation, a preliminary systematic
analysis of the cell activity rates was performed. The migration speed was tested at baseline
level (30 pm.h~!) and twice faster (60 pm.h~!); the proliferation rates were tested at their
baseline levels (Table 2.3) and divided by two for all cell types; and the differentiation rate
was tested at its baseline level (0.3) and divided by two (0.15). All different level combinations
were run to investigate both individual and combined effects and are summarised in Table 2.5.

They were simulated in combination with surface-guided ECM deposition (Section 2.1.3.4).

Graft stimulating effects (titanium scaffold) In the experiments, the titanium scaffolds
were filled with ABG [13]. The exact composition and effect of ABG remains to be elucidated,
but it is generally assumed that it has very good osteoconductive (guiding new bone in-growth)
and osteoinductive properties (enhancing bone deposition) and that it might contain MSCs
contributing to the healing [3]. Those different effects were modelled independently and in

combination, together with the latency period implementation, as follows:

1. Osteoconductive effects after the latency period previously described, only the MSCs
present in the regions containing ABG (within the scaffold pores) continued migrating

and proliferating. In the titanium scaffold set-up, this meant that MSC migration
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Case Proliferation rates (day!) | MSC differentiation | MSC migration
MSC FB CC OB rate (day 1) speed (pm.h™1)

1 0.6 0.55 0.2 0.3 0.3 30

2 0.6 0.55 0.2 0.3 0.3 60

3 0.6 0.55 0.2 0.3 0.15 30

4 03 0275 0.1 0.15 0.3 30

5 0.6 0.55 0.2 0.3 0.15 60

6 03 0275 0.1 0.15 0.3 60

7 03 0275 0.1 0.15 0.15 30

8 03 0275 0.1 0.15 0.15 60

Table 2.5 — Cell activity level sensitivity analysis — FB: fibroblast, CC: chondrocyte, OB:
osteoblast

and/or proliferation were limited to the scaffold pores after 15 days (see Algorithms 1

and 2 for implementation details).

2. Osteoinductive effects after the latency period previously described, the MSCs
present in the regions containing ABG had an enhanced differentiation capacity: the

MSC differentiation rate was increased to 0.5 in the scaffold pores after 15 days.

3. MSC presence in addition to the bone marrow and periosteum, MSCs were initially

seeded in 0.1% of the scaffold pore volume.

Algorithm 1 Pseudo-code for graft osteoconductive effect on migration, adapted
from [119]: cell is an agent in the 3D array of the ABM, with 0 indicating a free position and 1
a location occupied by a MSC; the function neighbours() returns the six adjacent neighbours
of a given position pos; the Boolean function graft() returns true if graft is present at the
position (i.e. in the scaffold pores).

for element € [1,total_number_of __elements] do
for pos € elem do
if cell(pos) =1 then
counter < 0
while counter < 7 do
new__pos < rand(neighbours(pos))
if cell(new pos) =0 and graft(new pos) then
cell(new__pos) < cell(pos)
cell(pos) < 0
counter < counter + 1
end if
end while
end if
end for
end for

2.1.3.4 Scaffold surface guidance

According to experimental observations, scaffold surfaces act as guiding templates for the
cell migration and/or new ECM deposition [13, 42, 45, 46]. Two new features were therefore

implemented, as detailed in the pseudo-codes given in Algorithms 3 and 4:
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Algorithm 2 Pseudo-code for graft osteoconductive effect on MSC proliferation,
adapted from [119]: cell is an agent in the 3D array of the ABM, with 1 indicating a location
occupied by a MSC; the function neighbours() returns the six adjacent neighbours of a given
position pos; the Boolean function graft() returns true if graft is present at the position (i.e.
in the scaffold pores); the function proliferate() creates two daughter cells from the current
cell.
for elem € [1,total_number_of__elements| do
counter < 0
for pos € elem do
if cell(pos) = 1 then
counter < counter + 1
end if
end for
cells_to_proliferate < counter * proli feration_ rate
counter < 0
while counter < cells__to_proliferate do
pos < rand(positions € elem)
if cell(pos) = 1 and graft(pos) then
proliferate(cell(pos))
counter <— counter + 1
end if
end while
end for

1. Surface-guided cell migration In the migration process, the random choice of a new
position for the migrating cell was further conditioned by the presence of an adjacent
surface, i.e. a position occupied by either previously deposited tissue (bone, cartilage,
fibrous tissue) or scaffold. This meant that MSCs would be able to migrate following

existing surfaces but not anywhere else in the granulation tissue.

2. Surface-guided ECM deposition As ECM deposition is not modelled as such in the
computer model, this effect was implemented in the differentiation process, where a
new cell type is created that will further deposit its corresponding ECM. MSCs were
therefore allowed to differentiate into a new cell phenotype only when at least one of
the adjacent neighbour cells was a previously deposited tissue (bone, cartilage, fibrous
tissue) or scaffold. This meant that new ECM deposition would need a pre-existing

substrate to attach to and would not happen ez nihilo.

Based on the experimental observations, the fixation plate surface was hypothesised to
give surface guidance cues in the PCL scaffold set-up (bone growth was seen onto the plate [9])
but not in the titanium scaffold set-up (no bone growth observed onto the plate [13]). Surface-
guided migration and ECM deposition were implemented independently for the titanium
scaffold to study their individual effect, and together for the PCL scaffold and empty defect.
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2.1 In silico model of scaffold-supported bone regeneration

Algorithm 3 Pseudo-code for surface-guided migration implementation, adapted
from [119]: cell is the 3D array of the ABM, with 0 indicating a free position, 1 a MSC and

other integer numbers the other cell phenotypes; the function neighbours() returns the six
adjacent neighbours of a given position pos

for elem € [1,total_number_of__elements| do
for pos € elem do
if cell(pos) = 1 then

counter < 0

while counter < 7 do
new__pos < rand(neighbours(pos))
if cell(new pos) =0 and tissue € neighbours(new_pos) then
cell(new__pos) < cell(pos)
cell(pos) < 0
counter < counter + 1
end if
end while
end if
end for

end for

Algorithm 4 Pseudo-code for surface-guided ECM deposition implementation,
adapted from [119]: cell is the 3D array of the ABM, with 1 indicating a MSC; the function
neighbours() returns the six adjacent neighbours of a given position pos; the function

cell_code() returns the code of the cell phenotype depending on the mechanoregulation
stimulus

for elem € [1,total_number_of elements] do

counter < 0

for pos € elem do
if cell(pos) =1 then
counter < counter + 1
end if
end for
cells_to_dif ferentiate < counter x dif ferentiation_ rate
counter < 0
while counter < cells_to_dif ferentiate do
pos < rand(positions € elem)
if cell(pos) = 1 then
if tissue € neighbours(pos) then
cell(pos) < cell__code(stimulus)
counter < counter + 1
end if
end if
end while

end for
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2.1.3.5 Influence of MSC seeding on regeneration outcome and patterning

The computer model for scaffold-supported bone regeneration comparing best to the
experiments was then used to investigate the mechanisms behind healing under initial seeding
of MSCs in the implanted scaffold [9]. Specifically, the effect on the regenerated bone volume
and patterning of initially seeding different numbers of MSCs randomly distributed in the
PCL scaffold pores was studied. To do so, the same set-up was used as for the PCL scaffold,
with latency period implementation, stimulation by TCP and surface-guided migration and
tissue deposition. At the initial time-point of the simulations, MSCs were seeded randomly in
the scaffold pores: 100, 10000 and 1 million lattice points were initialised with MSCs.

2.1.4 Outcome analysis and visualisation

The computer simulation results were analysed and output comparable to the experimental
data was generated: histology images (stained longitudinal cross-section of the bone defect),
X-ray images for the titanium scaffold, pCT images for the PCL scaffold and bone surface or

volume quantification in given regions of interest (ROIs).

2.1.4.1 Histology-like images

In the titanium and PCL scaffold experiments, histology of the mid-sagittal plane was
performed with a Safranin Orange/von Kossa staining, 24 weeks post-surgery for the titanium
scaffold and 3 and 12 months post-surgery for the PCL scaffold. This staining reveals bone in
black, cartilage in dark red and fibrous tissue in light red. The simulation-predicted tissue
distributions in the same plane and at the same time points were represented with 100-pum pixels
in similar colours using the Python programming language (Python Software Foundation ?)
and its plotting library Matplotlib [120]. In addition, zones without any regenerated tissue

were left white, and intact bone, scaffold and plate were depicted in grey nuances.

2.1.4.2 X-ray-like images

In the titanium scaffold experiment, monthly X-ray pictures were performed in the medial-
lateral plane at 4, 8, 12, 16, 20 and 24 weeks post-surgery. Similar pictures were generated
from the computer model predictions by using the Beer-Lambert law and neglecting soft tissue
contribution and scattering, following the equation I = Iye™*® with I the observed intensity,
Iy an arbitrary initial density value set to 1, k the material attenuation coefficient and x the
material thickness [121]. With x identified with the matrix point size (100 pm) and attenuation
coefficients defined by the NIST 2, the attenuation on each ray direction was obtained by
summing the individual point contribution. The corresponding X-ray image was deduced using
the above formula in Python and Matplotlib and its contrast was adapted to compare best

with the experimental X-ray images.

2. https://www.python.org/
3. https://wuw.nist.gov/pml/x-ray-mass-attenuation-coefficients
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2.1 In silico model of scaffold-supported bone regeneration

2.1.4.3 Micro-CT-like images

In the PCL scaffold experiments, nCT imaging of the defect zone was performed 3 and 12
months post-surgery. Similar images were generated from the simulation output: first, the files
describing the tissue distribution were converted with a C++ routine in a binary format with
1 indicating — intact and regenerated — bone presence and 0 indicating all other material or
void points. The obtained files were then visualised in the antero-posterior direction in ImagelJ
module VolumeViewer 4 [122]. The generated image depicts bone in grey shades (the lighter
the grey tone, the thicker the bone) and the background in dark blue.

2.1.4.4 Quantification in regions of interest

Regenerated tissues were quantified in ROIs defined in Figure 2.4 using Matlab R2018b.

For the titanium scaffold, the bone proportion in the mid-sagittal plane in the lateral (1-cm
wide), medial (1-cm wide) and central (1-cm high and 2-cm wide) ROIs (Figure 2.4a) was
deduced from the tissue distribution predictions by multiplying the number of bone tissue
elements in the mid-sagittal plane by the point surface area (0.01 mm?) and dividing the result
by the ROI surface area. Cartilage was quantified in the same way but in the total ROI (union
of lateral and medial ROIs). To ensure more comparable results between the in silico and in
vivo quantification, the histological pictures were segmented after filling the pores seen in the
regenerated bone; the in silico model does indeed not predict the bone porous micro-structure.
Bone was then quantified using ImageJ [122].

For the PCL scaffold, bone volume was quantified by multiplying the amount of bone
tissue elements by the point volume (0.001 mm?). Quantification was performed in the inner
duct and scaffold ROIs (Figure 2.4b) and in the total ROI containing inner duct, scaffold and
periphery regions. In silico quantification was compared to the pCT quantification obtained
experimentally.

For the empty defect, only the total bone volume was quantified following the same process
as for the PCL scaffold.

a

Scaffold

Central Inner duct

Lateral Medial

Figure 2.4 — ROI definition for bone quantification: (a) titanium scaffold: lateral, medial
and central surface ROI definition; (b) PCL scaffold: inner duct and scaffold volume ROI definition.

4. https://imagej.nih.gov/ij/plugins/volume-viewer.html
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2. Methods

2.1.5 Summary of bone regeneration simulation set-ups

Simulation set-ups for the titanium soft and stiff scaffolds whose results will be presented
in Chapter 3 are summarised in Table 2.6. All simulation variations were tested with the soft
titanium set-up; only the baseline simulation and the set-up obtaining best results (surface-
guided ECM deposition with graft osteoconduction) were tested for the stiff titanium set-up
(cases 13 and 14, respectively).

Simulation set-ups for the PCL scaffold whose results will be presented in Chapter 3
consisted in the 8 simulations for the cell activity sensitivity analysis described in Table 2.5;
the baseline simulation; and the simulation with latency period (reduced proliferation and
differentiation) and surface guidance (for MSC migration and ECM deposition) implementation.

For the empty defect, the baseline simulation and the simulation with latency period and

surface guidance implementation were investigated.

Simulation name Scaf- Latency Graft stimulation Surface
fold period guidance
1  Baseline Soft No - -
2 Non-stimulated regeneration Soft Yes - -
3 Graft stimulation on cell migration  Soft Yes Osteoconduction -
4 Graft stimulation on cell prolifera- Soft Yes Osteoconduction -
tion
5  Graft stimulation on cell differentia-  Soft Yes Osteoinduction -
tion
6 Combined osteoconduction and os-  Soft Yes Osteoconduction & -induction -
teoinduction
Bone graft-contained MSCs Soft Yes Initial MSC presence -
Combined bone graft-contained  Soft Yes Initial MSC presence, -
MSCs with osteoconduction and osteoconduction & -induction
osteoinduction
9  Surface-guided migration Soft Yes - Migration
10 Surface-guided migration with bone  Soft Yes Osteoconduction Migration
graft osteoconduction
11 Surface-guided ECM deposition Soft Yes - ECM
deposition
12 Surface-guided ECM deposition with ~ Soft Yes Osteoconduction ECM
bone graft osteoconduction deposition
13 Baseline Stiff No - -
14 Surface-guided ECM deposition with ~ Stiff Yes Osteoconduction ECM
bone graft osteoconduction deposition

Table 2.6 — Titanium scaffold simulations: list of simulation set-ups with coding numbers,
names and implementation details, adapted from [119]
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2.2 Scaffold design parametric studies

2.2 Scaffold design parametric studies

In silico parametric studies were performed on different scaffold designs. First, the PCL
scaffold design was altered (geometry and material properties) to investigate the effect of
scaffold surface-area-to-volume ratio, strut size, pore size, inner radius and material properties
on the healing potential (Section 2.2.1). Second, a parametric study was performed on a
simplified cubic scaffold design to investigate the dynamics of the regeneration process and
compare how biological tissues would be initially stimulated by the mechanics immediately

post-surgery, with their actual regeneration predictions (Section 2.2.2).

2.2.1 PCL scaffold design effect on healing outcome
2.2.1.1 Surface-area-to-volume ratio

Four different scaffold architectures were investigated to study the effect of surface-area-
to-volume ratio (SA/V) on the predicted regenerated bone. To do so, a strut-based scaffold
was designed with rectangle-section struts and similar overall arrangement and material
properties as the PCL scaffold (Section 2.1.2). To vary the SA/V, the strut size was varied:
125*150 pm, 250*300 pm (comparable to the circular struts of the PCL scaffold), 500*600 pm
and 1000*1200 pm; while the pore size was kept constant (1200 pm). The resulting designs
D1-D4, respectively, showed different porosities and strong variations in SA/V (Table 2.7).
To further decouple SA/V from mechanical effects, a fifth design was investigated with the
same architecture as D4 but a softer material (Young’s modulus 70 MPa instead of 400 MPa)
to generate strains within the scaffold pores comparable to the design D1; this last design was
named D4 soft.

Design Strut Strut Scaffold SA/V ratio
case width (pm) height porosity (mm1)
(nm)
D1 150 125 91% 278.21
D2 300 250 84% 137.81
D3 600 500 73% 65.57
D4 1200 1000 60% 31.79

Table 2.7 — SA/V scaffold designs. The scaffold porosity is defined as the porosity of the
hollow cylinder (inner radius 8 mm, outer radius 20 mm) containing scaffold material.

2.2.1.2 Geometrical and material parameters

Sensitivity analysis of the PCL scaffold performance to three geometrical (strut size, inner
cylinder radius, inter-strut distance) and one material (Young’s modulus) parameters was
investigated by means of a Taguchi array design of experiments (DOE) [123]. A similar scaffold
design was used as for the SA/V study, with the following four design parameters: Young’s
modulus of the scaffold material, strut width (the strut height being obtained proportionally),
inner cylinder radius (empty channel in the middle) and inter-strut distance (defining the pore

size) (Figure 2.5). Three levels were defined for each parameter: Young’s modulus at 400, 4000
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and 40000 MPa, strut dimensions at 150*125, 300*250 and 600*500 pm, inner radius at 2, 4
and 6 mm and inter-strut distance at 600, 1200 and 2400 pm. A 3-level, 4-input parameters
Taguchi array was used to define 9 designs denoted T1-T9 (Table 2.8). Due to a too complex
and fine geometry, the design T1 could not be generated on available work-stations and will

be discarded from the analysis.
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Figure 2.5 — Geometrical and material property effects: (a) radial view with ROI cross-
section definition in light green and inner radius definition; (b) side view of scaffold struts and
other geometrical parameter definitions

Design Young’s Strut Strut Inner Inter-strut
case modulus width height radius distance (pm)
(MPa) (nm) (nm) (mm)
T1 400 150 125 2 600
T2 400 300 250 4 1200
T3 400 600 500 6 2400
T4 4000 150 125 6 2400
T5 4000 300 250 4 600
T6 4000 600 500 2 1200
T7 40000 150 125 6 1200
T8 40000 300 250 2 2400
T9 40000 600 500 4 600

Table 2.8 — Taguchi array scaffold designs.

2.2.1.3 Bone regeneration prediction and outcome analysis

The mechanobiological bone regeneration (MBBR) computer model having best prediction
capacity for the PCL scaffold (latency period, TCP stimulation and surface guidance) was
used to predict bone regeneration in these PCL scaffold-derived designs. Visualisation of the
outcome by means of pCT-like images 12 months post-surgery was performed and bone volume
proportion was quantified in the inter-cortical ROI, the elliptical cylinder following the intact
bone extremities (Figure 2.5a).

In addition, for the SA/V study, the MSC activity was studied in detail:

Migration The distance between initial and last positions was computed for each MSC

migrating at each iteration; next, the average distance migrated by the MSCs at each
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2.2 Scaffold design parametric studies

iteration was computed. Although a migration speed of 30 pm.h~! was assumed, it is
expected that not all cells migrate the maximal distance allowed by this speed, either
because neighbouring positions are already occupied or because they are not following

existing surfaces (surface-guided migration).

Proliferation The number of MSCs actually proliferating at each iteration was divided by
the total number of MSCs to compute the actual MSC proliferation rate. Although an
MSC proliferation rate of 30% is implemented, it is expected that not all cells proliferate

due to a lack of available neighbouring positions.

Differentiation The number of MSCs actually differentiating at each iteration was divided
by the total number of MSCs to compute the actual MSC differentiation rate. Although
an MSC differentiation rate of 15% is implemented, it is expected that not all cells
differentiate due to the lack of pre-existing tissue, scaffold or plate adjacent neighbours

(surface-guided ECM deposition).

2.2.2 Dynamics of the bone regeneration process: initial mechanics and

regeneration predictions

The aim of this study was to investigate the healing potential of scaffolds optimised for their
initial (post-surgery) stimulatory mechanical environment for bone regeneration. Therefore, the
initial mechanical signals distribution (and corresponding favoured tissues) and the predicted
tissue distribution after 60 days were assessed in various cubic scaffold designs.

In detail, cubic scaffolds of side 3mm with varying square pore sizes were designed
(Figure 2.6). Two independent variables were defined: the pore dimension in horizontal
extruding directions x; and the pore dimension in vertical extruding direction x5 (loading and
cell source direction), both set to vary from 0.1 to 0.9 mm with 0.05-mm steps. Consecutive
pore centres were placed at 1 mm from one another and there were 3*3 pores per scaffold face.
All cases with at least 50% porosity were simulated, resulting in 181 simulation cases. This
cube was subjected to a compression load of 15N applied on its top face, while the bottom

face was constrained in displacement and rotation (encastre).

Loading [ Tissue
[ Scaffold

z

S

X

Encastre boundary condition

Figure 2.6 — Non-graded cubic scaffold set-up: variable definition, constraint and loading
conditions
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2.2.2.1 Owutcome definition and mechanobiological models

The initial mechanical signals were based on the stress-strain stimulus defined for the PCL
scaffold [32, 114]. The tissue present in the scaffold pores was modelled as granulation tissue
(Table 2.2). In particular, the tissue volume fraction under bone-favouring initial mechanical
signals was investigated.

The full regeneration set-up used the baseline model (fracture healing model) as defined for
the PCL scaffold (Section 2.1), with smaller lattice points (20 pm) to ensure a good resolution
in the smaller geometry. MSCs were initially seeded right above and below the cube (in the
vertical direction) with a 30% occupancy rate. The tissue present in the scaffold pores was
initialised as granulation tissue with properties updated over time as tissue was formed. In

particular, the regenerated bone volume fraction after 60 days was investigated.

2.2.2.2 Geometry automatic update and meshing

For the initial signals and regeneration outcome, the scaffold and complementary tissue
were defined parametrically using a Python script for Abaqus CAE. They were meshed with
tetrahedra of average size 0.1-0.2 mm. A MATLAB script was used to modify the Python script,
run the Python script in Abaqus CAE, and then run the Abaqus-C++ mechanobiological model
with initial stimulus and final tissue distribution outcome after 60 days. The time of 60 days
was chosen as it allowed to achieve a near-stationary state in scaffolds with intermediate-size

pores. The detailed implementation is available on a Github repository °.

2.2.2.3 Outcome analysis and visualisation

To evaluate the influence of pore sizes on predicted initial stimulus, regeneration outcome
or remodelling outcome, heat-maps were designed on the (x3,x2) space. Colours ranged from
red for worst designs (0.0 bone volume fraction or bone-favouring stimulus) to green for best
designs (1.0 bone volume fraction or bone-favouring stimulus). To compare specific design

outcome, histology-like images were generated, as described in Section 2.1.4.1.

2.3 Scaffold design optimisation

A computer framework was developed for large bone defect scaffold design optimisation.
The following sections will describe the framework implementation and its application for two
scaffold designs (cubic and cylindrical) with different geometrical (pore sizes) and material
(Young’s modulus) variable definitions. The objective of the optimisation was to maximise the
amount of regenerated bone as predicted by an MBBR computer model. Indeed, the work
presented in Chapter 4 hinted towards the need to include the complete regeneration process

in the optimisation and not only the initial mechanics.

5. https://github.com/camille-PM/cube_parametric_study
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2.3 Scaffold design optimisation

2.3.1 Combined surrogate modelling and optimisation

Due to the computationally demanding MBBR simulations, direct scaffold design
optimisation could not be performed. Instead, a surrogate optimisation framework was
used (Figure 2.7). This framework took advantage of a surrogate model (a simplified input-
output relationship between scaffold design variables and objective value) built on a first set
of data to perform optimisation. Only the optimal design was then simulated using the bone
regeneration computer model, and this process was repeated iteratively to ensure surrogate
model accuracy (loop 1) and actual optimality of the computed optimum (loop 2). The

following steps were performed:

1. Run MBBR simulation for a set of input parameters obtained by uniform sampling or

Latin hypercube sampling (LHS)
2. Construct a surrogate model based on those sampled data
3. Perform optimisation using the surrogate model

4. Run MBBR simulation for the optimum and compare real value to surrogate prediction

(loop 1) or current optimal value (loop 2)

5. Repeat steps 2-4 to ensure surrogate model accuracy and optimality of the result

(" Initial sampling

of the scaffold input

parameters

A J

4 N\
MBBR simulation for
each input scaffold

A J
4 B\
Surrogate model
creation
A J
4 B\

Optimisation using the
surrogate model
A\ J

Optimal design
MBBR simulation
A v Optimal design

Figure 2.7 — Flow chart of the surrogate optimisation framework

2.3.2 Objective definition

The objective for all optimisation cases was set as to maximise regenerated bone volume at
the end of the assumed healing time, after 60 days according to the baseline fracture healing

model for the cubic scaffold (similar to Section 2.2.2); and after 24 weeks according to the
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scaffold-supported bone regeneration computer model complemented with surface-guided ECM
deposition and graft osteoconduction effects (stimulation of MSC migration and proliferation)
for the cylindrical scaffold. The latter model was the one showing best results for the titanium
scaffold (Chapter 3). As optimisation algorithms require a function to be minimised, the

objective function was defined as follows:

Fl) =1 2 (10) (2.1)

tissue
with « the vector of optimisation variables, Vpo,e the volume of regenerated bone, Vi;ssue the
available tissue volume in the scaffold pores and t.,4 the time defined in days: 60 for the cubic
scaffold (2 months) and 168 for the cylindrical scaffold (24 weeks).

2.3.3 Scaffold geometries and constraint definitions
2.3.3.1 Cubic scaffold

A cubic scaffold of side 3mm with 3*3 square-section pores in each face was defined,
similar to the geometry used in the parametric study (Section 2.2.2). The lower face of the
scaffold-tissue construct was constrained in displacement and rotation, while a distributed
compression loading of 15 N was defined on the upper face (axis -z). In some of the optimisation
cases (Table 2.9), a bending moment of 0.02 Nm around the y axis was added. The scaffold
and complementary callus were meshed with tetrahedral quadratic elements (type C3D10) of
average size 0.15 mm. Two different set-ups were defined, for the geometrical optimisation and
for the material property optimisation.

For the geometrical optimisation, the variables were defined to describe the pore sizes
in each horizontal row and along the z direction (Figure 2.8). A similar automated geometry
and mesh update strategy was used as the one described in Section 2.2.2.2. The pore sizes were
constrained between a lower bound (0.1 mm) and an upper bound (0.9 mm). When the chosen
optimisation algorithm allowed for non-linear constraint definition, the resulting porosity of
the scaffold was constrained to be at least 50%.

More precisely, 3 different cubic scaffold design geometries were optimised:

— a non-graded design with 2 variables, similar to the one used in the parametric study

(Section 2.2.2, Figure 2.6)

— a graded design with 4 variables: x; to x3 for the horizontal row pore sizes (taken
equal in the x and y extruding directions) and x4 for the pore sizes (all equal) in the z
direction (Figure 2.8a)

— a graded design with 7 variables: z; to z3 (x direction) and x4 to x¢ (y direction) for

the horizontal row pore sizes and x7 in the z direction (Figure 2.8 b)
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Figure 2.8 — Graded pore cubic scaffold set-ups: variable definition, constraint and loading
conditions for (a) same pore sizes in x and y directions (4 variables); (b) different pore sizes in x
and y directions (7 variables). The dotted arrow (a) indicates the bending load added in some
cases only.

Encastre boundary condition Encastre boundary condition X

A similar cubic scaffold set-up was used for the material optimisation study, with pores
of sizes 0.6 mm in all horizontal rows and 0.7 mm in the vertical direction. 7 material sections
were defined in horizontal slices of the scaffold, following lines defined by upper and lower
edges of the pores (Figure 2.9). Due to the symmetry of the loading and boundary conditions,
symmetry in the material distribution was assumed above and below the middle plane. The
remaining 4 independent sections were assigned a specific Young’s modulus (variables E1-E4,
Figure 2.9) that could vary from 10 MPa to 100 GPa, while the Poisson ratio was kept identical
for all hypothetical scaffold materials (0.3).

Loading [ Tissue
[ Scaffold

E1
E2

E3
E4

E3

E2
z

E1 I
y
Encastre boundary condition X

Figure 2.9 — Cubic scaffold set-up for material optimisation: variable definition (E1-E4),
constraint and loading conditions.

2.3.3.2 Cylindrical scaffold

To perform geometrical optimisation of a more realistic scaffold design, a cylindrical scaffold
was used in a set-up similar to the titanium scaffold set-up (Figure 2.10a). The aim of the
study was to optimise the scaffold design to yield highest amount of regenerated bone after 24

weeks and to compare the outcome to the honeycomb titanium scaffold predictions. Therefore,
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the same MBBR computer model was used to predict regenerated bone volume, assuming
graft osteoconduction and surface-guided ECM deposition in the defect. In addition, the
same defect geometry (4-cm segmental defect) and loading conditions were defined as for the

titanium scaffold study, and the scaffold was hypothesised to be made of titanium.

Cortical bone
I Bone marrow
Il Steel (plate and screws)
I Granulation tissue (callus)
I Titanium (scaffold)

40 mm

<
|

10 mm

b

Figure 2.10 — Cylindrical scaffold set-up for geometrical optimisation: (a) full geometry
set-up with symmetry plane (dotted line); (b) scaffold external dimensions (side view); (c¢) scaffold
dimension and variable definition (x3, top view); (d) variable definition (z1-z2, side view).

The scaffold was designed as a hollow cylinder of outer radius 10 mm and inner radius
5mm with square-section pores implanted in a 4-cm defect in a sheep tibia (Figure 2.10b, c).
The osteotomy was stabilised with an internal fixation plate and screws made of steel. Due
to the symmetry of the set-up, only the upper half was modelled and simulated in the FEA
and ABM (Appendix B.2); a symmetry boundary condition was applied on the section about
the xy-plane (condition "ZSYMM" in Abaqus). The pores were defined as graded from top

to middle slice (bottom of the half model), so that only the bottom and top row pore sizes
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were defined as variables (z1 and xg, Figure 2.10d). These pores were obtained by cutting
the scaffold geometry in the x and y directions (parallel and orthogonal to the plate) by a
repetition of the pores with 4-mm distance. In the vertical direction, 12 pores were defined
in a regular circular pattern with a size defined by the variable x3 (Figure 2.10¢). 21 and x5
values were constrained 0.3 and 3.8 mm, and x3 between 0.3 and 3 mm.

A further optimisation was performed on the exact same geometry but with a much softer
material (Young’s modulus 0.2 MPa, similar to granulation tissue material properties) to
compare the outcome in terms of regenerated bone volume, patterning and optimal scaffold
geometry.

Due to the use of poroelastic material properties for the biological tissue parts, the
automatic geometry update and meshing led to cases for which the FEA would not run (too
small elements). Therefore, a more robust algorithm was implemented to handle such errors
and not stop the loop as soon as one design would not run: when an error happened in the
FEA, the bone regeneration simulation was stopped and an objective value of 1 (the worst
value) was attributed to the tested design. The optimisation loop was then continued to
suggest a new design to be tested. In addition, if the optimisation algorithm suggested a new
design identical to a previously tested design, the pore size values were slightly perturbed
(random values picked within 3 pm from the suggested values) to avoid repeating an already

performed simulation.

2.3.4 Initial sampling strategies
2.3.4.1 Uniform sampling

The sampling realised for the cubic scaffold parametric study (Section 2.2.2) was used
as an initial sampling set to perform optimisation of the non-graded cubic scaffold with 2
variables. The data-set of 181 points served as a reference to evaluate sampling strategies from
the DOE field.

2.3.4.2 Latin hypercube sampling

To limit the amount of initial simulation runs, a smarter sampling strategy called Latin
hypercube sampling (LHS) [124] was investigated, based on its implementation in the Matlab
kriging toolbox DACE (Design and Analysis of Computer Experiments) [125]. This common
sampling method in the DOE field, especially for computer experiments, generates a set of
parameter values in a multidimensional space. For a size N, the design space is divided into
sub-spaces obtained by dividing each side of the parameter space by N; in 2D, this would be
similar to a chess board. Points are then placed (randomly) in various sub-spaces so as to have
exactly one point in each row and column (extended to further dimensions). This allows a
sampling representing well the variability of the design space.

For the non-graded cubic geometry with 2 variables, different sizes of LHS designs were
tested: N = 10,20,40. The results obtained in the subsequent optimisation process were

compared with results obtained based on the uniform sampling. The generic rule of having
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N = 20 * nvars was derived from these first results, with nvars the number of variables, and

used for other optimisation cases.

2.3.4.3 Material initial sampling

Due to the large variation in orders of magnitude of the tested material properties (from 10
to 105 MPa), the LHS technique was applied for values between 0 and 1 that were transformed
logarithmically to be translated to the Young’s modulus values following the relation £ = 101+4*
with E the Young’s modulus value in MPa and x the normalised variable used in the sampling

step.

2.3.5 Surrogate models

Different surrogate modelling techniques were tested, all implemented in Matlab R2018b
(The MathWorks Inc., Massachusetts): neural networks (functions fitnet and train), radial basis
functions (using a specific toolbox for scattered data interpolation and approximation [126]),
Gaussian process regression (function fitrgp), support vector machines (function fitrsvm),
multivariate adaptive regression splines (MARS) (ARESLab [127]) and Kriging (Matlab
kriging toolbox DACE [125]). Those various surrogate modelling techniques were tested in a
preliminary study by assessing the root mean squared error of the predictions made on one
data-set by the model built on an independent data-set (Appendix B.1).

As MARS and Kriging obtained the best accuracy results, both techniques were used in the
surrogate optimisation. M ARS is a non-parametric regression technique. In its simplest form,
it is the product of hinge functions (functions of the form max(0,x-b) or max(0,b-x)), namely
piece-wise linear functions, what makes the resulting surrogate formula easily interpretable.
The MARS implementation used here employed piece-wise cubic functions. A MARS model is
built through adding terms to reduce the mean squared error the most until a certain tolerance
level is reached; and then removing the terms that are least value-adding in the model to avoid
over-fitting.

Kriging is a type of Gaussian process regression that was first developed for gold mining
in South Africa. The underlying idea is to compute a weighted average of known points
around the point of interest. The definition of those weights is based on assumptions made on
the co-variances. Originally, this regression method was intended to predict realisations of a
random field; nowadays, it is also more and more used as a black-box model to interpolate
data from computer simulations [128]. Different types of auto-correlation can be defined
when applying Kriging to a data-set; most accurate predictions were obtained assuming an
exponential auto-correlation. Other model parameters were left as default as they seemed to

be performing best.

2.3.6 Optimisation algorithms

Based on preliminary studies (Bahar Rahmani’s master thesis [129]) and due to the fact
that the objective function was derived from stochastic simulations and had several local
optima, gradient-free global optimisation approaches were employed rather than gradient-

based optimisation approaches. The following algorithms implemented in Matlab Global
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Optimisation Toolbox were tested: direct search (function patternsearch), genetic algorithm
(function ga) and particle swarm optimisation (function pso) [130]. Such algorithms have
a higher computational cost than gradient-based algorithms; however, they were applied to
the surrogate function, much faster to evaluate than the bone regeneration simulation. Each
algorithm will be briefly described in the next paragraphs.

The direct search algorithm tests at each iteration a set of points (the mesh) around the
current best point, obtained by adding a scalar value multiplying a set of vectors (the pattern).
The new best point in the neighbourhood becomes the next starting point. This algorithm can
accommodate non-linear and linear constraints and needs an initial point to start the search
process. Its convergence to a local optimum is proved but it may get stuck in one basin of
attraction and thus miss the global optimum.

The genetic algorithm (GA) and the particle swarm optimisation (PSO) are both stochastic
optimisation processes, whose convergence is therefore not proved in the general case and
whose performance may vary at each run. The genetic algorithm is based on the natural
selection processes observed in nature. It has a population of points for which the objective
is evaluated. This population is improved generation after generation thanks to selection
(best individuals will contribute to the next generation), crossover (child points obtained from
parent points) and mutation (random changes) rules. The population evolves and converges
towards a (generally global) optimum over time.

Particle swarm optimisation is also a population-based algorithm inspired by bird
flocks or swarming insects, where a collection of particles moves through the variable space.
The objective function is evaluated for the whole population; based on the results, velocity
vectors are defined for each particle that is then moved towards a new position. The population

usually converges around one or a few optimal positions over time.

2.3.7 Summary of optimisation cases

A summary of all optimisation cases with objective, constraint and variable definitions and
surrogate model and optimisation algorithm choices is given in Tables 2.9 (cube geometrical
optimisation), 2.10 (cube material optimisation) and 2.11 (cylinder optimisation). Lower and
upper bounds for the pore sizes or the material properties are not given in the tables as they
were applied in all cases as described in the problem definitions (Section 2.3.3). The initial
sampling is described with the technique name (uniform or LHS) and the number of points in
parentheses.

For the cubic scaffold geometrical optimisation, cases 1-4 served as evaluation of the initial
sampling technique; cases 5-7 and 8-10 (performed with two different initial data-sets) served
to assess optimisation algorithm, surrogate models and influence of the initial data-set. Cases
11-12 and 16 evaluated the use of another surrogate model (MARS instead of Kriging) in the
surrogate optimisation process. When the direct search optimisation algorithm was employed,
the starting point was defined arbitrarily with all horizontal pores of size 0.5 mm and the

vertical pores of size 0.7 mm.
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Case Number of Constraint Initial Surrogate  Optimisation Loading
variables sampling model algorithm
1 2 P > 50% Uniform Kriging GA Compression
(181)
2 2 P > 50% LHS (10) Kriging GA Compression
3 2 P > 50% LHS (20) Kriging GA Compression
4 2 P > 50% LHS (40) Kriging GA Compression
5 4 P > 50% LHS (80) Kriging GA Compression
6 4 - LHS (80) Kriging PSO Compression
7 4 P > 50% LHS (80) Kriging direct search Compression
8 4 P > 50% LHS (80) Kriging GA Compression +
bending
9 4 - LHS (80) Kriging PSO Compression +
bending
10 4 P > 50% LHS (80) Kriging direct search Compression +
bending
11 4 - LHS (80) MARS PSO Compression +
bending
12 4 P > 50% LHS (80) MARS direct search Compression +
bending
13 7 P > 50% LHS (140) Kriging GA Compression +
bending
14 7 - LHS (140) Kriging PSO Compression +
bending
15 7 P > 50% LHS (140) Kriging direct search Compression +
bending
16 7 - LHS (140) MARS PSO Compression +

bending

Table 2.9 — Cube geometrical optimisation cases — P denotes the porosity

For the cubic material optimisation, a comparison was only made between the 3 optimisation
algorithms (direct search, GA, PSO) (Table 2.10). For the direct search, the starting point of

the algorithm was defined as [100, 10000, 100, 10000] MPa.

Case Surrogate model Optimisation algorithm Loading
17 Kriging direct search Compression
18 Kriging GA Compression
19 Kriging PSO Compression

Table 2.10 — Cube material optimisation cases

— all cases used an initial sampling defined by LHS with 80 samples.
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2.3 Scaffold design optimisation

For the cylinder optimisation, two different material properties were assumed for the
scaffold: titanium with Young’s modulus 104 GPa and a very soft, granulation-tissue-like
material with Young’s modulus 0.2 MPa. The 3 optimisation algorithms (direct search, GA,
PSO) were compared for their performance in finding the optimum design (Table 2.11). For
the direct search optimisation, the starting point was defined arbitrarily with horizontal pores

of size 2.05 mm and the vertical pores of size 1.65 mm.

Case Scaffold material Surrogate model Optimisation algorithm

1 Titanium Kriging Direct search
2 Titanium Kriging GA

3 Titanium Kriging PSO

4 Soft Kriging Direct search
5 Soft Kriging GA

6 Soft Kriging PSO

Table 2.11 — Cylinder optimisation cases
— Titanium refers to a scaffold material with Young’s modulus 104 GPa, whereas Soft refers to
a scaffold material with Young’s modulus 0.2 MPa (similar to granulation tissue); all cases

used an initial sampling defined by LHS with 60 samples.
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In silico investigation of
scaffold-supported bone regeneration

3.1 In silico model of fracture healing cannot explain bone

regeneration within scaffolds

Computer models that have been able to explain bone regeneration in uneventful bone
healing scenarios (when the bone repair is successful) [33, 49], were not able to explain tissue
distribution and regeneration dynamics during any of the two scaffold-supported regeneration
experiments investigated (with titanium and PCL scaffolds) (Figures 3.1, 3.4a). In addition,
the model was also not able to account for tissue patterning in an empty large bone defect
(Figure 3.4b). In all 3 cases, much more bone was predicted at the observation time points
(Figures 3.2, 3.3, 3.5 and 3.6) 24 weeks post-surgery for the titanium scaffolds, 3 and 12 months
post-surgery for the PCL scaffold and 3 months post-surgery for the empty defect, and followed
a different pattern than in vivo.

For the titanium scaffolds, bone was observed to closely follow the scaffold pores in vivo [13],
while the baseline fracture healing computer model predicted a homogeneous bone distribution
in the whole callus, and a large callus formation (Figure 3.1). In addition, the in silico model
predicted remodelling already after ca. 20 weeks for the soft scaffold, what did not happen in
vivo. Quantification further confirmed the over-estimation of bone formation by the computer
model compared to the in vivo data (Figures 3.2: case 1, Figure 3.3: case 13). Cartilage
quantification in the total region of interest fell within the experimental range, but towards
its lower value, with 0.7% compared to 0.3-4.2% for the soft scaffold; and 0.1% compared to
0-1.1% for the stiff scaffold.

Differences between in silico predictions and in vivo data were even more pronounced
for the PCL scaffold: while bridging was only partial after 12 months experimentally, the
computer model predicted healing after ca. 4 months (Figure 3.4a). Again, quantification

further confirmed a considerable over-estimation of bone volumes (Figure 3.5). The simulation
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3. In silico investigation of scaffold-supported bone regeneration
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Figure 3.1 — Titanium scaffolds — experiment and baseline simulation: (a-d) X-ray
pictures for (a) soft titanium scaffold, experiment; (b) soft titanium scaffold, baseline simulation
(1); (c) stiff titanium scaffold, experiment; (d) stiff titanium scaffold, baseline simulation (13);
(e-f) 24-week experimental (exp) and baseline simulated histology for (e) the soft titanium scaffold
(simulation case 1) and (f) the stiff titanium scaffold (simulation case 13). Scale bars represent
10 mm; the colour legend for the histology is given below; La, Me, Pr and Di indicate lateral, medial,
proximal and distal sides, respectively. Experimental images (a, c, e, f) from [13]. Reprinted with
permission from AAAS.
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3.1 In silico model of fracture healing cannot explain bone regeneration within scaffolds
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Figure 3.2 — Soft titanium scaffold set-up — quantification: experimental average and
detailed data (triangles) and simulation quantification for lateral, medial, central ROIs. Simulation
codes were defined in Table 2.6: (1) baseline; (6) combined osteoconduction and osteoinduction; (7)
graft-contained MSCs; (8) combined graft-contained MSCs with osteoconduction and osteoinduction;
(12) surface-guided ECM deposition with bone graft osteoconduction.
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Figure 3.3 — Stiff titanium scaffold set-up — quantification: experimental average and
detailed data (triangles) and simulation quantification for lateral, medial, central ROIs. Simulation
codes were defined in Table 2.6: (13) baseline; (14) surface-guided ECM deposition with bone graft

osteoconduction.
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3. In silico investigation of scaffold-supported bone regeneration
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Figure 3.4 — PCL scaffold and empty defect experiment and baseline simulation:
experiment and baseline simulation nCT and histology for (a) the PCL scaffold set-up, 3 and 12
months post-surgery; (b) the empty defect, 3 months post-surgery. Scale bars represent 10 mm;
the colour legend for the histology is given on the right. Experimental images from [9]. Reprinted
with permission from AAAS.

quantification for the PCL scaffold was actually even higher than the experimental data
obtained with the addition of growth factors [9], suggesting that the baseline model would in
reality correspond to a biologically highly stimulated case. Similar conclusions could be drawn
when using the baseline simulation set-up for the empty defect (Figures 3.4b, 3.6), where a
complete bridging and large amounts of bone were predicted, what did not reproduce the
experimentally observed non-unions. In fact, this rather corresponded to a further experimental

case with autologous bone grafting [9].
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3.2 Large bone defect and scaffold-supported regeneration can be explained by alterations

in biological activity
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Figure 3.5 — PCL scaffold set-up — quantification: experimental average and detailed data
(triangles) and simulation quantification for total, inner duct, scaffold walls ROIs
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Figure 3.6 — Empty defect set-up — quantification: experimental average and detailed data
(triangles) and simulation quantification for total ROI

3.2 Large bone defect and scaffold-supported regeneration can

be explained by alterations in biological activity

Experimentally, large bone defects have been shown not to heal spontaneously [1, 74], or

to have a very reduced healing capacity in the presence of a specific scaffold [9]. However,

fracture healing computer models predict defect bridging (with or without a scaffold); therefore,

computer model modifications were investigated to account for a lack of biological stimulation,

on the one hand, and biological stimulating effects (e.g. due to graft or specific biomaterial

presence), on the other.
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3. In silico investigation of scaffold-supported bone regeneration

3.2.1 A systematic analysis of the influence of cellular activity on predicted
bone regeneration within PCL scaffolds

As the PCL scaffold experimental set-up did not include any biological stimulation, it was
used to link cellular activity alterations to the observed impaired healing by performing a
systematic analysis of cellular activity (Table 2.5). The cell activity rate parametric study
(together with surface-guided ECM deposition) revealed the MSC differentiation rate to have
the highest impact on the predicted longer-term outcome (12 months post-surgery). Indeed,
simulation cases 3, 5, 7, 8 (all cases implementing a lower MSC differentiation rate) showed
marked lower regenerated bone volumes (Figure 3.7). The cell migration speed increase
resulted in a slightly faster healing process whose effect would however be negligible after 12
months: bone volumes were for instance higher for simulation case 2 compared to 1 (where
only migration speed was altered), and 6 compared to 4 (combined with a lower proliferation)
3 months post-surgery. Combined proliferation and differentiation rate reduction also affected
the bone regeneration outcome as can be seen by comparing case 7 (lower differentiation
and proliferation rates) to case 1 (baseline levels), both 3 and 12 months post-surgery. This
preliminary study emphasised the predominant effect of cell proliferation and differentiation

activity levels in the regeneration process.
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Figure 3.7 — PCL scaffold cell activity sensitivity analysis: simulation bone volume
quantification in total, inner duct and scaffold ROIs at 3 and 12 months post-surgery for cases: (1)
baseline activity levels; (2) higher migration speed; (3) lower differentiation; (4) lower proliferation;
(5) higher migration, lower differentiation; (6) higher migration, lower proliferation; (7) lower
differentiation and proliferation; (8) higher migration, lower differentiation and proliferation.
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3.2 Large bone defect and scaffold-supported regeneration can be explained by alterations
in biological activity

3.2.2 Altered biological activity in the empty and PCL scaffold defects

Based on the cell activity analysis (Section 3.2.1), the empty defect was simulated with
strongly reduced cell proliferation and differentiation rates (divided by 5) after a latency period
of 15 days, in addition to surface-guided migration and ECM deposition. This simulation
set-up yielded a good agreement with experimental observations, qualitatively (Figure 3.8 b)
and quantitatively (Figures 3.6). Very low amounts of regenerated bone were predicted and
followed the intact bone extremities, as observed experimentally on the distal side; however, no
bone marrow capping was predicted as seen experimentally on the proximal side (Figure 3.4 D).

For the defect complemented with the PCL scaffold, cell proliferation and differentiation
rates were only slightly reduced (divided by 2) to account for the positive effect of the ceramic
(TCP) contained in the scaffold material. Also in that case, the simulation set-up yielded a good
agreement with experimental observations, both qualitatively (Figure 3.8a) and quantitatively
(Figures 3.5). Bone volume quantification in the various ROIs was in good agreement with the
experimental data (Figure 3.5), and mineralised cone formation was predicted in the scaffold

pores and inner duct as reported in vivo [72] (Figures 3.4a and 3.8a).
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Figure 3.8 — PCL scaffold and empty defect set-ups — complemented simulation:
simulated pCT and histology 3 and 12 months post-surgery for (a) the PCL scaffold set-up and (b)
the empty defect. Surface-guided cell migration and tissue deposition is assumed in both cases;
impaired cell activity levels are assumed in the empty defect and stimulation by the tricalcium
phosphate present in the scaffold for the PCL scaffold case. Scale bars represent 10 mm; the colour
legend is given below.

3.2.3 Graft stimulating effects in the titanium scaffold set-up

A hypothetical non-stimulated titanium scaffold experiment (without any graft addition

in the scaffold pores) was simulated in simulation case no.2 with a lack of MSC migration
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3. In silico investigation of scaffold-supported bone regeneration

and proliferation after a latency period of 15 days. It resulted in a non-union after 24 weeks
with bone marrow capping (Figure 3.9 (2)), as observed experimentally in large bone defect

non-unions [74].
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Figure 3.9 — Titanium scaffold set-up — alterations in biological activity: 24-week
simulated histology for (2) non-stimulated regeneration; (3) graft stimulation on cell migration; (4)
graft stimulation on cell proliferation; (5) graft stimulation on cell differentiation; (6) combined
osteoconduction and osteoinduction; (7) bone graft-contained MSCs; (8) combined bone graft-
contained MSCs with osteoconduction and osteoinduction (Table 2.6). The scale bar represents
10 mm; the colour legend is given below.

The addition of graft in the titanium scaffold experiments was hypothesised to generate
biological stimulation via various mechanisms: stimulation of the MSC migration, proliferation
or differentiation and initial presence of MSCs contributing to the regeneration process.

Graft stimulation on MSC migration (case 3) or differentiation (case 5) alone did not
have any effect on the healing outcome compared to the non-stimulated regeneration (case 2)
(Figure 3.9). Due to their diminished proliferation capacity, MSCs were not present anywhere
else than close to the intact bone ends, and did thus not lead to osteoblast differentiation
and bone formation. Graft stimulation on MSC proliferation (case 4) showed a slightly
increased bone formation after 24 weeks in the scaffold pores, but was still far from a complete
bridging. When combining all graft stimulation effects together (case 6), the healing process
led to a complete bridging in ca. 20 weeks with regenerated bone following more closely the

scaffold pores (containing graft), similar to experimental observations. The resulting bone
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3.3 Scaffold surface guidance can explain tissue patterning in large bone defects
supported or not by a scaffold

quantification of the mid-sagittal plane was within the experimental range for the lateral and
central ROIs (Figure 3.2).

The addition of MSCs (both alone and in combination with the graft osteoconductive
effects, Figure 3.9: cases 7 and 8) led to a final bone distribution that was also in good
agreement with the experiments, in particular with a bone marrow cavity opening through
the middle of the defect and a lateral/medial difference in quantification as observed in vivo
(Figure 3.2: case 8). However, bridging was complete after ca. 10 weeks due to a very fast and
homogeneous bone deposition from the MSCs present in the graft. This did not reproduce
experimental observations where bone regeneration started from the intact bone extremities

and was not homogeneous throughout the defect (Figure 3.1a).

3.3 Scaffold surface guidance can explain tissue patterning in

large bone defects supported or not by a scaffold

To account for the experimental observations that scaffold surfaces act as templates for
bone in-growth, two different surface guidance features were investigated: surface-guided MSC
migration and surface-guided ECM deposition.

Surface-guided MSC migration considerably slowed down the healing process for the
titanium scaffold. In the non-stimulated simulation (Figure 3.10: case 9), the healing extent
was even smaller than for the non-stimulated case without surface-guided cell migration
(Figure 3.9: case 5). More importantly, even when combined with graft osteoconduction
(Figure 3.10: case 10), the defect was still far from bridged after 24 weeks. Surface-guided
migration thus represented a very strong healing hindrance for the titanium scaffold set-up.
This indicated that surface-guided MSC migration was likely not the driving guidance process
in this set-up.

Surface-guided ECM deposition led to a better agreement with experimental data. Case
12 (Figure 3.10a: case 12 and c) represented the surface-guided ECM deposition combined
with graft osteoconduction and showed a healing dynamics similar to the graft stimulation
(Figure 3.9: case 6), but with bone being further confined into the scaffold walls; quantification
was also in good agreement with the experimental data (Figure 3.2). However, when using
the same simulation set-up for the stiff titanium scaffold (Figure 3.10b and d), the predicted
healing process was very similar to the soft scaffold, and failed to reproduce the impaired
healing observed in vivo, namely a delayed union or non-union, and reduced bone proportions
in the quantified ROIs (Figure 3.3) [13].

For the PCL scaffold set-up, both surface-guided MSC migration and ECM deposition were
implemented, leading to a good agreement with experimental data in terms of bone regeneration
dynamics and patterning (Figure 3.8). In particular, the surface-guided migration allowed a
similar simulation set-up to also reproduce the empty defect non-union, with migration being
largely impaired in the absence of scaffold surfaces (Figure 3.8b). In addition, bone growth
onto the plate could be reproduced for both the empty defect (12 months post-surgery in the
in silico prediction and already 3 months post-surgery in vivo) and the defect complemented

with the scaffold (Figure 3.8), as seen in vivo (Figure 3.4).
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Figure 3.10 — Titanium scaffold set-up — effect of surface guidance: 24-week simulated
histology for (a) the soft titanium scaffold: (9) surface-guided migration; (10) surface-guided
migration with bone graft osteoconduction; (11) surface-guided ECM deposition; (12) surface-
guided ECM deposition with bone graft osteoconduction; (b) stiff titanium scaffold: (14) surface-
guided ECM deposition with bone graft osteoconduction (Table 2.6). Simulated X-ray for (c) the
soft titanium scaffold (simulation case 12) and (d) the stiff titanium scaffold (simulation case 14).
Scale bars represent 10 mm; the colour legend is given next to b.
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3.4 An application: cell-based therapeutic strategies

3.4 An application: cell-based therapeutic strategies

The presented computer model for scaffold-supported bone regeneration was further used
to investigate the mechanisms behind healing under a specific therapeutic strategy, the
initial seeding of MSCs in the implanted PCL scaffold [9] (Figure 3.11d). The effect on the
regeneration process and outcome of initially seeding different numbers of MSCs (100, 10 000

and 1 million cells) randomly distributed in the scaffold pores was studied.
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Figure 3.11 — MSC-seeded PCL scaffold outcome: nCT and histology-like images 3 and 12
months post-surgery: (a) 100 cells; (b) 10000 cells; (c) 1 million cells; (d) experimental data from
[9]; reprinted with permission from AAAS. The scale bars represent 10 mm.
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3. In silico investigation of scaffold-supported bone regeneration

When seeding initially 100 MSCs, the regeneration process was the same as without any
cells, and the outcome 3 and 12 months post-surgery (Figures 3.11a, 3.12) was similar to the
prediction with the scaffold alone. However, when seeding 10000 MSCs in the scaffold pores
initially, they were shown to contribute to the healing already 3 months post-surgery; large
amounts of bone were predicted in the whole callus (Figure 3.11b). Lastly, the case with 1
million initially seeded MSCs led to an even more complete bone healing already 3 months
post-surgery, but no marked difference 12 months post-surgery (Figures 3.11¢, 3.12). The
reason for that seemed to be the faster and more homogeneous tissue growth at the beginning
of the healing process, leading to a stiffer overall construct; therefore, the surrounding callus
was not favouring any tissue deposition because the stiff environment mostly led to a resorption
stimulus. Bone thus followed the intact bone geometries instead of forming in the peripheral
callus. A direct comparison to the experimental data was difficult as the number of seeded
cells in the computer model could not directly be related to a physiological cell number; indeed,
the implementation of lattice points that are larger than the typical MSC size meant that one
lattice point could contain many MSCs. Nevertheless, experimentally the addition of MSCs
did not show any effect compared to the defect with a PCL scaffold alone (Figure 3.11d); this
observation compares best with the case with the lower number of seeded MSCs (100 cells,
Figure 3.11a).
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Figure 3.12 — MSC-seeded PCL scaffold bone regeneration quantification 3 and 12
months post-surgery

3.5 Discussion

3D-printed scaffolds have been suggested as a promising treatment alternative for large
bone defects in various pre-clinical studies [7—15]. However, how exactly they interact with
the regenerating tissue has not been elucidated yet. This work aimed at using computer
models for bone regeneration to reveal specific features of scaffold-supported large bone defect
regeneration. The simulation results suggest that previously validated fracture healing models
could not account for scaffold-supported large bone defect regeneration; in fact, a general

biological activity reduction in large defects and scaffold surfaces acting as templates for
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3.5 Discussion

cellular migration and new ECM deposition could explain scaffold-supported large bone defect
regeneration.

Previously, some computer models have been used to predict bone regeneration within
scaffolds [51, 67, 70]. However, these models have been developed and validated for uneventful
bone fracture healing and further used to predict bone regeneration in different scaffold designs.
Only a few in silico studies of scaffold-supported bone regeneration were — at least partially —
validated against experimental data. Schmitt et al. performed a diffusion-based simulation with
a principal stress mechanobiological stimulus to predict bone regeneration in a mandible defect
supported by a porous titanium scaffold. They obtained good correlation with experimental
bone patterning but only considered MSCs and ossification in a 2D set-up, thus not taking
into account other tissues (cartilage, fibrous tissue) and the actual 3D geometry of the defect
and scaffold [71]. Paris and colleagues used a curvature-based computer model to predict
soft and mineralised tissue formation in the same PCL scaffold as studied here [72]. They
could reproduce experimental tissue patterning at the pore scale; however, their model did
not describe any interaction between tissue regeneration and mechanics and the effect of the
scaffold material properties. Liu et al. also had a micro-scale focus by restricting their study to
one representative unit cell in a rat scaffold instead of the full defect configuration [68]. Nasello
and colleagues investigated a femoral condyle defect regeneration, i.e. a different geometry
and context than segmental defects; they found the mechanoresponse of bone regeneration to
be dependent on location in the body and individual animal variations [131]. Therefore, the
studies presented here are the first that predict bone regeneration in (3D) large bone defects
complemented with scaffolds, validated against experimental data and including the various

phenotypes taking part in the bone regeneration process.

3.5.1 Large bone defect biological activity

The MBBR computer simulations revealed a first aspect not specific to scaffold-supported
regeneration but applicable to large bone defects in general, where lower cell activity levels
should be assumed compared to uneventful fracture healing. Experimentally, it is well known
that such defects do not heal spontaneously and that the healing situation stops evolving after
a few months, suggesting strongly impaired cellular behaviour; they result in non-unions with
a capping of the bone marrow cavity by regenerated bone [1, 74].

In the simulations, an approach previously described [54] was used where a latency period of
15 days was implemented after which some or all of the cell activities (migration, proliferation,
differentiation) were strongly impaired or completely stopped. This assumption was made to
reproduce the lack of biological stimulation observed in vivo, that may be caused by e.g. a lack
of growth factors or an impaired re-vascularisation. Because the titanium scaffold experiments
did not include any non-stimulated case (ABG was added in the scaffold pores), it was difficult
to use these experimental data to validate the approach; however, the empty 3-cm defect
could validate this approach, both qualitatively and quantitatively. Interestingly, when using
the baseline MBBR simulation in the empty defect (without a scaffold), regeneration was
comparable or even better than observed experimentally with ABG stimulation; similarly,

the PCL scaffold baseline simulation showed a better agreement with experimental BMP-7
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3. In silico investigation of scaffold-supported bone regeneration

stimulated cases than with the scaffold alone [9]. These two observations suggest that cell
activity rates used in fracture healing computer models reflect biologically stimulated situations
in large bone defects.

The computer model predictions suggest that the large defect impaired biological activity
could be partially restored to an intermediate level when implanting the PCL-TCP scaffold,
likely due to its ceramic content that is thought to enhance proliferation [115, 116] and
differentiation [117, 118]. In the computer model, this was implemented with intermediate
proliferation and differentiation rates between the empty scaffold non-stimulated case and the
baseline fracture healing scenario. This combination resulted in predictions in good agreement
with the experimental observations, both qualitatively and quantitatively. No computer
simulation so far modelled the effect of a specific scaffold material on the bone regeneration
process and cellular activity levels.

In the case of the titanium scaffold, the presence of ABG had a strong effect on the
regeneration process, as ABG alone has been previously shown to be sufficient to regenerate
a large bone defect [9]. However, the exact graft composition and the way it interacts with
bone regeneration remain unclear [3]. Different hypotheses were tested, among which the
graft osteoconductive properties, i.e. its necessary presence for cell proliferation and migration
to happen at "high" levels, seemed key in reproducing experimental observations. Similar
properties have been previously studied in a computer model where they were modelled by an
enhanced cell adhesion efficiency [51].

Although bone grafts are usually assumed to contain MSCs and/or osteoblasts that might
take part in the regeneration process [3], the simulation predictions suggest that they likely
have a very limited contribution. Indeed, if there were many active MSCs in the graft, the
predicted bone regeneration would have been faster and happening in a more homogeneous
way throughout the defect than seen experimentally. When focusing on the effect of initially
seeded MSCs in the PCL scaffold set-up, too low numbers of (active) MSCs were found to have
no effect on the regeneration process; in this set-up, a number of approximately 10000 seemed
to be the minimum to have a visible impact on the regeneration, leading to a faster and larger
bone formation. However, it should be kept in mind that the "cells" implemented in the in
silico model do not correspond to individual cells, but rather to a certain number of cells with
their corresponding ECM; this makes it difficult to derive an experimentally appropriate MSC
seeding number from in silico simulations. Interestingly, Reichert et al. also studied PCL
scaffold-implanted sheep defects with initial MSC seeding. They seeded 35 million cells in
each scaffold, but the outcome was very similar to the PCL scaffold alone [9]. Some MSCs
might not have stayed in the scaffold but been washed out, or not have been active enough
when implanted back in the animals. Other experimental studies reported a higher success in
seeding MSCs in bone scaffolds [132], and suggested that MSCs derived from the periosteum
performed better than from the bone marrow [133]. Besides, in the work presented here, the
number of initially seeded MSCs was also shown to influence the long-term tissue distribution:
because the homogeneous MSC presence in the scaffold pores contributed to tissue deposition
throughout the scaffold, the mechanics was notably different to the one obtained with bone
growth from the intact bone extremities. Consequently, tissue deposition and distribution in

the defect were different 12 months post-surgery.
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3.5 Discussion

3.5.2 Scaffold surface guidance

Experimentally, it has been reported that structured scaffolds act as templates guiding
bone regeneration [13, 42, 43]. In the simulation set-ups, two mechanisms were hypothesised
by which this guidance could happen: surface-guided MSC migration, namely the fact that
cells would go to a new position only if that position was adjacent to an existing tissue or
scaffold surface; and surface-guided ECM deposition, implemented by the fact that MSCs
would differentiate towards new phenotypes only at positions adjacent to existing surfaces. A
feature similar to surface-guided ECM deposition has already been described elsewhere [73],
where the authors assumed bone to be deposited only onto existing bone or scaffold surfaces
(thanks to their osteoconductive properties). In this thesis as well, the implementation of
surface-guided ECM deposition allowed good agreement with experimental data for both the
soft titanium and the PCL scaffolds.

The addition of surface-guided MSC migration was necessary to reproduce the empty defect
non-union and the still incomplete PCL scaffold defect healing; however, for the titanium
scaffold set-up, it resulted in a more impaired regeneration than actually seen in vivo. In
that latter case, the ABG presence was likely to over-rule surface-guided MSC migration by
providing a high stimulation and an appropriate environment for MSC migration everywhere

within the scaffold pores.

3.5.3 Limitations and suggestions for future work

The computer models for bone regeneration had several limitations due to hard-ware and
computing time constraints. First, re-vascularisation of the defect was not included in the
model as done previously [67, 134], although it can be critical in large defects [20, 59-61].
Possible lack of vascularisation was indirectly modelled by reduced cell activity levels, but
future studies could further investigate re-vascularisation in large bone defects and scaffolds
and its dependence on mechanical and biological factors. Second, the defect geometries were
idealised, with bone segments simplified as cylinders and using ideal instead of real 3D-printed
geometries of the scaffolds; the resulting mechanical environment should not be strongly
modified, but future studies should use experimental images to define regenerating defect
geometries, in particular in the case of patient-specific models. The FE discretisation was
fairly coarse and in the case of the PCL scaffold, relying on poor merging operations. However,
the mesh convergence analysis performed for the titanium scaffold suggested that this model
would appropriately describe the mechanical environment in the callus (Section A.2). In
addition, the ABM matrix points were larger than the actual cells they should represent;
this assumption impacted the regeneration dynamics predictions, but not the final tissue
distribution (Section A.5).

Some specific experimental features from the titanium scaffolds could not be reproduced
with the developed computer model: the limited bone growth under the plate (different from
the PCL scaffold case), fibro-cartilage deposition directly around the scaffold struts and in
general the impaired healing for the stiff scaffold. Further studies are needed to investigate
these features in detail. Specifically, surface treatment might be a reason why so few bone

grew onto the titanium scaffold struts [135-137]. A biological reaction or disrupted soft tissues
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3. In silico investigation of scaffold-supported bone regeneration

around the fixation plate might explain (in addition to low strains) the limited bone growth
under the plate. Additional mechanics influences not taken into account in the computer
model yet could explain the stiff scaffold impaired healing, e.g. on cell migration [138-140] or
proliferation [141-143].

Future work should further apply this model to different scaffold designs and experimental
settings to assess its predictive capability in a variety of situations. The comparison to more
experimental data would allow refining further the computer model and improve its generic

predictive ability of the scaffold-supported bone regeneration process.
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Scaffold design parametric studies

In this chapter, the results of the investigation of the influence of scaffold design parameters
on bone regeneration predictions are presented and discussed. First, the effect of scaffold
geometry and material property changes on bone regeneration outcome was investigated
on a simulation set-up similar to the experimental PCL scaffold (Section 4.1). Second, the
differences between initial mechanoregulation stimulus, bone regeneration predictions and
longer-term remodelling predictions were investigated on a set of cubic scaffold geometries

with varying cubic pore sizes (Section 4.2) [144].

4.1 Effect of PCL scaffold design parameters on bone regener-

ation

4.1.1 Influence of surface-area-to-volume ratio

The four scaffold design geometries used for the SA/V (surface-area-to-volume ratio) study
are shown on Figure 4.1a-d: D1 had the highest SA/V (278.21 mm~!) and D4 the lowest (31.79
mm~!). Even though their porosities were different (91 to 60%), all designs yielded comparable
strain levels in the defect region at the initial time-point (Figure 4.1e-h), corresponding to an
initial mechanoregulation stimulus favouring bone in a large majority of the callus volume. To
study the effect of the scaffold architecture independently from the mechanics, a fifth design
was used (D4_soft), namely D4 with softer material properties (Young’s modulus 70 MPa
instead of 400 MPa); the corresponding strain distribution post-implantation compared well
with design D1 (Figure 4.1¢,1).

The MBBR (mechano-biological bone regeneration) model, including surface guidance
and latency period implementations as validated for the PCL scaffold set-up, predicted large
variations in terms of bone regeneration outcome for these designs. Surprisingly, regenerated
bone proportion in the ROI (inter-cortices) was inversely correlated with the available surfaces
(Figures 4.1j-m, 4.2a). In D3 and D4, bridging was complete 12 months post-surgery, with 21

and 27% bone in the inter-cortices region, respectively, whereas D1 showed a very impaired
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Figure 4.1 — Surface-area-to-volume ratio effect — geometry, strain distribution and
pCT predictions: (a-d) scaffold designs (top and side views); (e-i) strain distribution post-
implantation; (j-n) pCT image prediction 12 months post-surgery for scaffold D1 (a, e, j), D2 (b,
f, k), D3 (c, g, 1), D4 (d, h, m) and D4_soft (d, i, n). The strain colour legend is given on the
top-right; the pCT scale bar represents 10 mm.

healing, with bridging seen mostly along the plate and only 9% regenerated bone in the
inter-cortices region.

Detailed analysis of the cellular activity in these scaffolds showed impaired MSC migration,
proliferation and differentiation (hence, tissue deposition) in D1 and D2 compared to D3 and
D4 (Figure 4.2b-d). Although the overall SA/V was higher in D1 compared to D4, each
individual scaffold surface was much smaller, thus reducing MSC possibilities to migrate or
differentiate locally.

Interestingly, the additional D4_ soft case yielded even better bone regeneration than D4
(Figures 4.1n, 4.2a) both 3 and 12 months post-surgery. Thus, the more strained environment
did not explain the differences observed between D1 (strain levels comparable to D4 _soft) and
D4, that should be mostly caused by the scaffold architecture.
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Figure 4.2 — Surface-area-to-volume ratio effect — quantification: (a) bone proportion in
the inter-cortical available volume 3 and 12 months post-surgery predicted by the MBBR model
with surface guidance and latency period; (b) average migrated distance by the MSCs over time;
(c) average MSC proliferation rate over time (max 30% after the latency period); (d) average MSC
differentiation rate over time (max 15% after the latency period).

4.1.2 Influence of geometrical and material parameters

One material and three geometrical parameters were studied on a similar PCL scaffold-
derived geometry by means of a 4-parameter, 3-level Taguchi array: scaffold Young’s modulus,
strut size, inner radius and inter-strut distance. For each scaffold design, the MBBR model
was used to simulate bone regeneration over 12 months. The outcome was defined as the
proportion of bone in the inter-cortices region after 12 months. Corresponding predicted pCT
are shown on Figure 4.3, where notable differences in terms of regeneration extent and bone
volumes can be seen. Bone proportion quantification in the inter-cortices further confirmed
the variation observed qualitatively (Figure 4.4), with the worst design (T5) leading to 1%
regenerated bone whereas the best design (T3) yielded more than 30% after 12 months.

The detailed analysis of the Taguchi array results was done by computing the average

outcome obtained for all (2 or 3) simulations at each parameter level (low, intermediate
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Figure 4.3 — Design parameter sensitivity analysis — nCT predictions at 12 months
post-surgery: (a) T2, (b) T3, (c), T4, (d) T5, (e) T6, (f) T7, (g) T8, (h) T9. The scale bar
represents 10 mm.

30% - T2
T3
g 25% - T4
= T5
:o; 20% 7 mmm T6 i
o . T7
— 0, - | |
8 15% 7 18 I I
[¢b)] =
g 10% Lt
@ B |
5%
3 months 12 months
Time point

Figure 4.4 — Design parameter sensitivity analysis — quantification: Bone proportion in
the inter-cortical shell available volume 3 and 12 months post-surgery as predicted by the bone
regeneration model with surface guidance and latency period
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4.2 Dynamics of the bone regeneration process in a cubic scaffold

or high) and the corresponding sum of squared deviations (the sum of squared differences
from the mean) (Table 4.1). This latter value is a measure of the individual influence of
a given parameter: the bigger the value is, the more influence the parameter has on the
outcome. All design parameters were found to have a marked effect on the regeneration
outcome. Scaffold’s Young’s modulus had the most pronounced effect, with lower Young’s
modulus values (400 MPa) being notably more favourable for bone regeneration. In particular,
the stiffest material (40 GPa) led to mechanoregulation stimuli lying in the bone resorption
zone, thus not favouring bone regeneration. Strut size and inter-strut distance came both as
next most influential design parameters, with higher values leading to more regenerated bone.
With too small struts or pores, healing was notably impaired (2.20% and 1.34% regenerated
bone in the inter-cortices, respectively). Lastly, the scaffold inner radius mimicking the bone
marrow cavity was found to have the least impact among the range studied (2, 4 and 6 mm).
Interestingly, in this case the variations were not monotonous, but both low and large values

seemed to be more favourable for bone regeneration than the intermediate one.

Parameter Low Intermediate High SSD
level level level

Young’s modulus 22.61% 7.91% 6.74% 0.0484

Strut size 2.20% 10.48% 17.78%  0.0373

Inner radius 18.43% 6.06% 11.38%  0.0237

Inter-strut distance  1.34% 12.77% 16.06%  0.0369

Table 4.1 — Design parameter sensitivity analysis. For each parameter, average regenerated
bone proportion in the inter-cortices at each level and sum of squared deviations (SSD) are given.

4.2 Dynamics of the bone regeneration process in a cubic
scaffold

In the following sub-sections, specific cubic scaffold designs will be referenced by capital

letters as follows (Figure 4.6 a-d represent the corresponding scaffold designs):
A A design with large horizontal pores: x; =0.9mm, xo =0.5 mm
B The design obtaining best outcome right after implantation: x; =0.5 mm, xo =0.9 mm
C The design obtaining best outcome after 60 days: x; =0.7mm, xo = 0.8 mm

D A design with small vertical pores, showing largest difference between post-implantation

and regeneration outcome: x; =0.6 mm, xo =0.1 mm

4.2.1 Initial mechanical signals within the scaffold pores

The initial mechanoregulation stimulus distribution within the cubic scaffold pores was
found to be strongly depending on the pore sizes in the 181 included scaffold designs: the
outcome ranged from 5 (darker red, Figure 4.5a) to 99% (darker green, Figure 4.5a) tissue
volume fraction under bone-favouring initial mechanical signals. In particular, large horizontal

pores (>0.8 mm) systematically led to non-favourable designs. This was for instance the case
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Figure 4.5 — Cubic scaffold parametric study — bone fraction outcome depending on pore
sizes: (a) tissue volume fraction under bone-favouring initial mechanical signals; (b) regenerated
bone volume fraction after 60 days

for scaffold design A (Figure 4.6¢). In this design, fibrous tissue was favoured in most of the
scaffold pores due to the large deformations; bone was favoured only in small areas on the top
and the bottom of the scaffold.

The design yielding best initial outcome was design B (Figure 4.6 b, ) with large vertical
pores and intermediate-size horizontal pores. For this design, initial mechanical signals favoured

bone in more than 99% of the available tissue space.

4.2.2 Bone regeneration predictions

Similarly, regenerated bone volume fraction after 60 days was also shown to be strongly
depending on the pore sizes in the 181 included scaffold designs and varied from 5 (dark red,
Figure 4.5b) to 44% (yellow, Figure 4.5b) regenerated bone in the available tissue space.
Designs with large horizontal pores, such as design A, also performed poorly when looking at
the full regeneration process, with a tissue distribution following closely the patterns predicted
by the initial stimuli (Figures 4.6e€, i).

However, other scaffold designs showed marked differences between the initial mechanical
stimulus and the regenerated bone volume predictions. For example, design B yielded 99%
tissue under bone-favouring initial mechanical signals but 40% regenerated bone after 60 days
(Figures 4.6 f, j). Design D showed an even stronger difference, with 98% bone-favouring initial
mechanical signals but only 16% regenerated bone (Figures 4.6 h, 1). In the latter case, the
difference was partly due to a more extended fibrous tissue and cartilage regeneration than
initially predicted; and mostly to a very slow regeneration process caused by the small vertical
pore size that impaired MSC infiltration into the scaffold. Actually, all tested designs with
0.1-mm horizontal pores showed poor healing outcome (Figure 4.5b).

According to the regeneration prediction, the best-performing design was scaffold C with

fairly large horizontal and vertical pores (0.7 and 0.8 mm, respectively); it yielded 44%
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4.2 Dynamics of the bone regeneration process in a cubic scaffold

regenerated bone after 60 days. Also in this case, there was a large difference when comparing
to initial mechanical signals that favoured bone in 99% of the tissue volume. After 60 days,
bone could still be seen in large parts of the scaffold pores (Figure 4.6k). However, large
extents of fibrous tissue were present close to the scaffold walls and in the middle of the scaffold,

where most of the deformation was concentrated once the rest of the tissue volume was filled

with stiffer bone.

regenerated cartilage fibrous scaffold
bone tissue

Figure 4.6 — Cubic scaffold parametric study — specific scaffold designs: (a-d) scaffold
design, (e-h) tissue distribution favoured by the post-implantation mechanical stimulus in the
mid-sagittal plane (depicted by the red dotted line on a), (i-1) tissue distribution after 60 days in
the mid-sagittal plane, for scaffold designs A (a,e,i), B (b,f,j), C (c,g,k) and D (d,h,1). Colour code
for the regenerated tissues or mechanical stimuli is given below; the scale bar represents 1 mm.
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4.3 Discussion

Computer models for scaffold-supported bone regeneration can be used to predict the effect
of specific scaffold design parameters and better inform future scaffold design, thus reducing
the need for costly and ethically questionable in vivo experiments. Here, the computer model
validated for the PCL scaffold set-up was used to investigate the effect of varying the SA/V by
means of changing the strut size; and the combined effects of strut size, pore size, inner hole
radius and material properties. In addition, the baseline computer model for bone healing
was used to investigate a simplified cubic scaffold geometry in a systematic manner, with a
focus on pore size and comparison between different time horizons (initial mechanical signals,

regeneration, long-term remodelling).

4.3.1 Strut size and surface-area-to-volume ratio

The SA/V study revealed that designing a scaffold with more surfaces, in particular a
higher SA/V, did not support better bone regeneration, although surface guidance of cell
migration and ECM deposition was hypothesised. The exact architecture and, in that case, the
extent of each individual surface seemed more critical to enhance bone regeneration. In this
study, designs D3 and D4 (with thickest struts and lowest SA/V) were found to perform best,
in particular due to a faster regeneration process compared to D1 and D2. MSC migration
and differentiation was enhanced due to the larger surfaces at hand; proliferation also showed
an increase as cell space was less crowded and more free space was available for new cells. In
addition, the lower porosity of designs D3 and D4 also increased the healing speed due to a
lower volume to fill with cells and tissues.

Experimentally, only a few studies investigated the impact of changing scaffold strut size.
Pobloth and colleagues showed 1.2-mm struts to be more beneficial for bone regeneration than
1.6-mm ones in a titanium honeycomb scaffold implanted in sheep [13]. However, in that case,
the different mechanics — due to a much stiffer scaffold material — likely explained the observed
discrepancy. In addition, the struts were very thick compared to the cases studied here and
resulted in SA/V of 4.8 and 3.7mm ™! for the 1.2 and 1.6-mm scaffold designs, respectively;
these ratios were orders of magnitude lower than the ones studied here. Stok and colleagues
saw no impact of the strut size (120 and 230 pm, yielding high SA/V) on another titanium
scaffold performance [10]. A further titanium scaffold was studied by de Wild and colleagues
who found struts of size 300-400 pm to yield highest bone regeneration volumes in rat calvaria
defects [145]. These best-performing designs corresponded to the biggest struts and lowest
SA/V (9-12mm™!) tested in the experimental study, which is in line with the in silico results

presented here.

4.3.2 Pore size and porosity

The parametric studies presented in this chapter showed contrasting results concerning
porosity: the PCL scaffold SA/V study suggested lower porosities (60%) to best support
bone regeneration, while the PCL scaffold combined effect analysis suggested bigger pores,

hence higher porosity, to achieve the best outcome. Lastly, the cubic scaffold study pointed
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towards high porosities as being very beneficial, within a range of ca. 70-90%; higher porosities
(>90%) caused too high deformation and fibrous tissue formation. This range is in line with
experimental observations [146]. Such contrasting results emphasise the importance of the
actual scaffold architecture over a pure macroscopic measure such as porosity to determine the
scaffold performance in a bone regeneration context. In fact, the combination and interplay of
different scaffold design parameters are critical and account for the contrasting predictions:
different porosities depend on the pore and strut sizes that both play a role on bone regeneration;
and the scaffold material properties lead, together with the scaffold structure, to a different
mechanical environment in the defect that can be favourable or detrimental for bone in-growth.

The PCL scaffold geometrical and material parameter study pointed towards larger pores
to be more beneficial for proper cell infiltration and bone formation in the range studied here
(600-2400 pm). The cubic scaffold study led to similar conclusions, although the studied range
was slightly smaller (100-900 pm): vertical pores should not be smaller than ca. 200-300 pm
for good cell infiltration; on the contrary, horizontal pores should not be too large (> 850 pm)
to avoid too deformable constructs leading to fibrous tissue formation. These results contrast
with experimental data suggesting rather small pores (ca. 300 pm) as most beneficial for cell
attachment, differentiation, migration and/or bone deposition [11, 19, 20, 147]; however, other
values have been reported depending on the exact experimental settings, e.g. 800 um [21, 145]
or 600-1000 pm [146]. Nevertheless, the pore size changes in the computer studies presented
here were closely correlated with porosity changes, which explains that bigger pores were more
beneficial; again, this highlights the relevance of actual scaffold architecture when investigating
scaffold performance. For instance, pore sizes could be considered as dictated by biological
requirements and a scaffold architecture could then be built by changing e.g. strut size and

arrangement.

4.3.3 Scaffold material properties

In the SA/V study, the fact that different strut sizes resulted in different porosities and
mechanics did not explain the more impaired healing for D1 and D2. Indeed, D4_ soft (with
strain levels comparable to D1) performed even better than D4, rather suggesting a favourable
effect of lowering the scaffold Young’s modulus. These results were confirmed by the geometrical
and material parameter sensitivity analysis, where a lower Young’s modulus was also predicted
to enhance the bone regeneration outcome. These results are in line with an experimental
study where scaffolds made of (soft) polyamide showed better healing outcome than made of
(stiff) titanium [14].

4.3.4 Dynamics of the bone regeneration process

The cubic scaffold parametric study is the first in silico study that analyses the influence
of the bone scaffold design on its mechanobiological performance at different time horizons.
Marked differences could be observed between initial (post-surgery) and regeneration outcome
predictions, suggesting that the post-surgery mechanical signals cannot be taken as an

approximation of the regeneration outcome. In particular, some designs yielded extremely
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favourable bone regeneration conditions right after implantation, but a poor healing outcome
when taking the actual dynamic regeneration process into account.

Only a few in silico studies so far have considered mechanobiological conditions in
bone scaffold design. Boccaccio and colleagues performed a series of scaffold unit cell
mechanobiological optimisation [70, 82, 104, 105, 148]. However, they took only the initial
time-point into account, with an optimisation objective consisting in maximising the amount of
tissue under bone-favouring mechanical signals. In a study considering a cubic scaffold of side
1.913 mm with square pores, a Young’s modulus of 1000 MPa and a pressure load of 1-2 MPa,
their optimal design had a lower porosity than the designs here, and lower bone-favouring
volume (only 30% of the tissue volume) [70]. A further in silico study used a similar geometry
(cubic scaffold of side 1.913 mm with square pores) to investigate the effect of porosity, Young’s
modulus, loading and degradation behaviour on predicted bone regeneration, taking the full
regeneration process into account [66]; with a Young’s modulus of 1000 MPa and under a
pressure load of 1 MPa, the more porous design (70% porosity) performed best and yielded
43% regenerated bone, close to the results presented in this chapter. Other in silico studies
compared initial and regeneration outcome in specific designs: a 2D segmental bone defect
scaffold [109] and a spine fusion device [69]. Both studies showed, similar to the findings of
the studies presented in this chapter, a large difference between initial mechanical signals and

actual regeneration predictions.

4.3.5 Limitations and suggestions for future work

The scaffold design parametric studies of this chapter include a few limitations. First and
foremost, the MBBR computer model used in the cubic scaffold study has not been validated
in a scaffold-supported context; in particular, surface guidance effects were not taken into
account. However, the conclusions regarding the relevance of different time horizons would
likely remain or even be exacerbated. The one used in the PCL scaffold studies has been
validated in a similar experimental set-up but might not be usable with every different scaffold
design. In particular, changing the material properties in the model would mean changing
the material in reality; thereby, not only would the material properties be different, but the
osteoinductive potential of the material (e.g. TCP) might be different. Here, the material
was hypothesised to create certain biological stimulation for the healing process; this might
not be true if the material is changed to e.g. an inert metal (to achieve a higher Young’s
modulus). Further validation against more versatile experimental studies would help gaining
more understanding on scaffold design parameters’ effect on bone regeneration and providing
a more generic predictive computer model. In addition, (re-)vascularisation was not taken into
account in the computer model, which can be critical in large bone defects [20, 61]; in fact, it
was assumed to be sufficient to allow bone growth, and was indirectly taken into account in
the biological activity impairment in the PCL scaffold studies. Future studies could specifically
investigate which scaffold design best promotes re-vascularisation of the defect.

In addition, these studies focused on the regeneration potential of scaffolds in the mid-term
(2 or 12 months, adapted to the scaffold size), but did not include other outcome such as

ensuring that the scaffold-tissue construct would not fail; a long-term stability following bone
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remodelling and a proper integration of the scaffold with the regenerated bone (only studied
for the cubic scaffolds, where a limited effect was found); or on the contrary a proper scaffold
biodegradation; and other biological or clinical requirements that would constrain some of the
design parameters. For instance, the PCL scaffold inner hole radius and pore sizes are design
parameters that might be dictated by experimental or clinical evidence: the inner hole should
follow the bone marrow cavity, and literature suggest rather small pore sizes in the range of
300-800 pm for best MSC infiltration, differentiation into osteoblast and bone mineralisation
[19, 21, 149].

The cubic scaffold study used a very simplified geometry and loading scenario (pure
compression) that is not relevant for direct clinical applications. It should only be seen as
a way to investigate certain basic properties of scaffold-supported bone regeneration, but
conclusions cannot be translated as such to a clinical setting. Future work should look at
more realistic geometries, e.g. derived from actual patient CT-scans, under realistic loading

conditions, to derive which scaffold design properties would best support bone regeneration.
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Scaffold design optimisation

In this chapter, the computer framework for scaffold design optimisation for bone
regeneration is presented. First, it was applied to a cubic scaffold design to study the
technical considerations needed to achieve reliable results; next, the framework was used for a

more realistic scaffold optimisation (cylindrical scaffold in a long bone large defect).

5.1 Cubic scaffold

5.1.1 Non-graded design: influence of sampling size and type

First, the non-graded scaffold design with two design variables (horizontal and vertical
pore sizes) was used to assess the initial sampling strategy, using a 181-input uniform sampling
as a reference (Table 2.9, optimisation cases 1-4; Table 5.1, Figure 5.1).

Among the uniformly sampled geometries, the scaffold defined by x; =0.7mm and
x2 = 0.8 mm yielded highest amount of regenerated bone after 60 days (44.05%). Consequently,
the surrogate optimisation case no.1 that used this initial data-set converged to an optimum
defined by x; =0.7001 mm and xo =0.8 mm yielding 44.34% regenerated bone (Table 5.1).
Tissue distribution in the mid-plane after 60 days showed bone in the scaffold pores close to
the top and bottom, and fibrous tissue around some of the scaffold struts and in the central
part of the scaffold (Figure 5.2: case 1).

When using the LHS technique for the initial sampling, optimums were not as good as the

one obtained with the uniform sampling (Table 5.1). In particular, using 10 initial scaffold

Case Initial sampling x; (mm) x2 (mm) Bone proportion

1 uniform (181) 0.7001 0.8000 44.34%
2 LHS (10) 0.7645 0.7055 40.20%
3 LHS (20) 0.7580 0.7533 41.95%
4 LHS (40) 0.7165 0.7833 44.10%

Table 5.1 — Non-graded cube geometrical optimisation — sampling influence
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Figure 5.1 — Influence of initial sampling and size — surrogate surface responses: the
surface response indicates the surrogate model prediction for given x1, xo values (according to the
colour scale given on the right); sampled points are shown additionally as black points.

geometries led to an optimum yielding only 40.20% regenerated bone. However, when using
40 initial scaffold geometries, the surrogate optimisation process converged to a scaffold design
close to the one obtained with the uniform sampling (x; =0.7165mm and x2 =0.7833 mm)
and performing similarly (44.10% regenerated bone, Figure 5.2: case 4). It was deduced from
this first study that the initial sampling size need to be 20 times the number of variables for
subsequent optimisation cases. With this approach, an optimum could be found in 72h on
a standard desktop computer instead of minimum 2-3 months using a classic optimisation
process (42 function evaluations instead of hundreds or thousands of evaluations).

The corresponding surrogate model surface responses (objective as a function of x; and
xg, Figure 5.1) also revealed a more similar behaviour with the initial data-set of 40 samples
obtained by LHS as compared to the uniform sampling. The main differences could be seen
for low values of x; and x9, where no data was included in the uniform sampling and that are

excluded from the optimisation process because they have too low porosities.
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Case 1 Case 4 Case 7A

regenerated  cartilage fibrous scaffold
bone tissue

Figure 5.2 — Optimal cubic scaffold geometries under compression — regeneration
histological prediction: middle slice in histology-like colours after 60 days for the optimal cube
obtained in cases 1, 4 and 7A. The optimisation cases were defined in Table 2.9.

5.1.2 Graded pore design optimisation

Second, a graded pore cubic scaffold design (four variables) was used to assess surrogate
model and optimisation algorithm performance (Table 2.9, optimisation cases 5-7 under
compression and 8-12 under compression and bending). Two different initial data-sets (named
A and B) were tested, both being obtained by a Latin hypercube sampling of size 80. Further
details on the performance of various surrogate models in this configuration are given in
Appendix B.1; here, only MARS and Kriging were investigated, that were both yielding a root
mean square error of approximately 5% when built on one data-set (A or B) and tested on the
other data-set (B or A).

5.1.2.1 Cubic scaffold under compression loading

The optimisation algorithm choice had a marked impact on the surrogate optimisation
outcome. For instance, using data-set A, the direct search algorithm performed better than
both GA and PSO, with a graded design close to the non-graded optimum obtained in the
previous section. This design yielded 44.01% regenerated bone after 60 days, comparable to
non-graded design optimisation (Table 5.2, Figure 5.2, case TA). Interestingly, the optimal
design was not taking much benefit from the grading possibility, with values x1-x3 being fairly
similar to each other. In addition to the optimisation algorithm influence, the actual data-set
used to initialise the surrogate model and the optimisation process was also shown to have
an impact: data-set A achieved better results than data-set B with GA and direct search

algorithms.
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Case Surrogate Algo- X1 X9 X3 X4 Bone
model rithm (mm) (mm) (mm) (mm)  proportion
A Kriging GA 0.5928  0.1058  0.1070  0.6768 43.66%
6A Kriging PSO 0.5989  0.1000  0.1070  0.6265 42.32%
TA Kriging direct 0.6549  0.7394 0.7198  0.7797 44.01%
search
5B Kriging GA 0.1653  0.7591  0.7287  0.7809 43.33%
6B Kriging PSO 0.1653  0.7591  0.7287  0.7809 43.48%
7B Kriging direct 0.1802  0.7591  0.7287 0.7584 43.22%
search

Table 5.2 — Graded cube geometrical optimisation under compression — optimisation

algorithm evaluation

5.1.2.2 Cubic scaffold under compression and bending loading

When the cubic scaffold was subjected to combined compression and bending loading, it

resulted in an overall lower bone regeneration potential due to more fibrocartilage formation

(caused by more deformation). In addition, in many cases the optimisation algorithm had

difficulty converging and the optimal design was actually the best design from the initial

data-set (cases 10A, 11A, 12A). The optimal design was obtained here with Kriging surrogate

modelling technique and the PSO algorithm.

In that case, the design was very graded

(x1 =0.46 mm while x =0.12mm and x3 =0.13 mm) and yielded 40.46% regenerated bone in

the scaffold pores. Lastly, also here the initial data-set was shown to have an influence, with

data-set A leading to consistently more optimal designs than data-set B.

Case Surrogate Algo- X1 X2 X3 X4 Bone
model rithm (mm) (mm) (mm) (mm) proportion

8A Kriging GA 0.3170  0.1218  0.1527  0.6926 39.44%

9A Kriging PSO 0.4555  0.1174  0.1317  0.6664 40.46%

10A Kriging direct 0.3170  0.1218  0.1527  0.6926 39.44%
search

11A MARS PSO 0.3170  0.1218  0.1527  0.6926 39.44%

12A MARS direct 0.3170  0.1218  0.1527  0.6926 39.44%
search

8B Kriging GA 0.5861  0.1795 0.3786  0.6793 38.91%

9B Kriging PSO 0.4967  0.1793  0.2469 0.7148 39.08%

Table 5.3 — Graded cube geometrical optimisation under compression and bending —
optimisation algorithm and surrogate model evaluation. For optimisation cases 10-12, only data-set
A was used as it performed better than data-set B

Based on the optimisation performed on the graded cubic scaffold under compression

alone and compression combined with bending, the best-performing optimisation algorithm

depended on each specific case. However, Kriging always performed better than MARS as a

surrogate modelling technique.
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5.1 Cubic scaffold

5.1.3 Graded design with different pore sizes in x and y directions

Different optimisation algorithms and surrogate modelling techniques were used for the
graded design optimisation with different pore sizes in x and y directions (7 variables) (Table 2.9,
optimisation cases 13-16; Table 5.4). These results further confirmed that Kriging allowed a

better surrogate optimisation process than MARS surrogate modelling technique (comparing
cases 14 to 16).

Case Surrog. Algo- X1 Xo X3 X4 X5 Xg X7 Bone pro-
model rithm (mm) (mm) (mm) (mm) (mm) (mm) (mm) portion
13 Kriging GA 0.6568 0.1034 0.1791 0.1198 0.1495 0.5855 0.7684 38.99%
14 Kriging PSO 0.4541 0.1067 0.1791 0.3023 0.1799 0.5927 0.7548 40.11%
15 Kriging direct  0.5313 0.4326 0.1608 0.1198 0.1077 0.1860 0.7595 39.73%
search
16

MARS PSO 0.7047 0.1000 0.7033 0.6007 0.1000 0.1064 0.7772 39.07%

Table 5.4 — Graded cube geometrical optimisation with different pore sizes in x and y
directions — optimisation algorithm and surrogate model evaluation

Having more design variables did not yield higher regenerated bone volumes; however, the
best design (obtained with Kriging and PSO, case 14) yielded a similar bone regeneration
outcome as the 4-variable design (40.11%) but with a more porous scaffold: 62.3% instead
of 49.7% (Table 5.4, case 9A). In that case, as for the 4-variable optimisation under mixed
loading scenario, the PSO algorithm performed best; however, this algorithm does not allow

the implementation of non-linear constraints (e.g. porosity).

5.1.4 Multiple material optimisation

A T-layer cubic scaffold assuming a symmetry through the mid-xy-plane was optimised for
the material properties of each layer; this resulted in 4 different variables (the Young’s moduli
in each layer) (Table 2.9, optimisation cases 17-19). Depending on the optimisation algorithm
used, the outcome varied substantially, leading to very different material property distribution
and regenerated bone volumes (Table 5.5). Regenerated bone proportion varied from 66.67 to
78.32%, the best case being obtained with the PSO algorithm. Scaffold material properties
did not show a similar distribution rule between the obtained optimums; the main common
observation was a consistently lower Young’s modulus for the top and bottom layers and a
very high Young’s modulus for the middle layer.

The regenerated tissue distribution also revealed that best-performing designs showed
larger amounts of resorption areas (white zones without any tissue, Figure 5.3: cases 17 and
19) in return for the reduced fibrous tissue extent.
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5. Scaffold design optimisation

Case Algorithm Eq Es Ej3 E4 Bone
(MPa) (MPa) (MPa) (MPa) proportion

17 direct search 5981 98697 9949 93502 75.63%

18 GA 679 14468 62967 92893 66.67%

19 PSO 5947 97962 24351 92792 78.32%

Table 5.5 — Graded cube material optimisation — optimisation algorithm evaluation. The
kriging surrogate modelling method was used in all cases.

Case 17 Case 18 Case 19

regenerated  cartilage fibrous scaffold
bone tissue

Figure 5.3 — Optimal cubic scaffold materials — regeneration histological prediction:
middle slice in histology-like colours after 60 days for the optimal cube obtained in cases 17, 18
and 19.

5.2 Cylindrical scaffold

5.2.1 Titanium scaffold optimisation

The initial data-set of 60 titanium scaffold designs led to large variations in the predicted
regenerated bone proportion, from 9.4 to 96.3%. Porosities of the tested designs (amount of
free volume within the hollow cylinder defined by inner radius 5 mm and outer radius 10 mm)
varied from 13 to 95%, and showed a moderate positive dependence with regenerated bone
volume proportion (Figure 5.4). However, very high porosities (>90%) led to low regenerated
bone volume predictions due to high deformations. For each porosity level, very different
regenerated bone volumes were predicted depending on the exact scaffold architecture, e.g.
from 35 to 90% regenerated bone around 55% porosity (Figure 5.4).

All optimisation algorithms led to a similar outcome in terms of optimal titanium scaffold
design (x1 =3.12mm, x93 =3.26 mm, x3=2.6 mm) and regenerated bone volume proportion
prediction (>95%); this optimal scaffold had 86% porosity. Figure 5.5 a shows the corresponding
predicted tissue distribution at the end of the regeneration process. Interestingly, the possibility

to have a graded design was not used in the optimum. However, some more graded designs
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5.2 Cylindrical scaffold

in the initial data-set led to >90% regenerated bone, with larger pores in the centre of the
defect and smaller pores close to the bone extremities. For instance, the design defined by
x1 =1.84mm, xo =3.45 mm, xr3=2.26 mm yielded 93% regenerated bone with 71% porosity
(Figure 5.5d). Compared to the optimal design, small regions of bone resorption along some

scaffold struts were predicted; the remaining of the scaffold pore volume was filled by bone.

1.0

0.8

0.6

0.4

Regenerated bone fraction

T T
0.0 0.2 0.4 0.6 0.8 1.0
Porosity

Figure 5.4 — Cylindrical titanium scaffold objective function of porosity: porosity of the
scaffold is defined as the amount of free volume within the hollow cylinder defined by inner radius
5mm and outer radius 10 mm; the regenerated bone fraction is counted within that scaffold pore
volume.

regenerated cartilage fibrous intact scaffold plate
bone tissue bone

Figure 5.5 — Optimal cylindrical scaffold designs — 24-week histology prediction: Effect
of varying loading conditions on the optimal titanium scaffold design (zq =3.12mm, x5 = 3.26 mm,
x3=2.6mm): (a)standard loading conditions, used to optimise the design; (b) loading values +50%;
(c) loading values -50%. (d) Good-performing more graded titanium scaffold design (zq =1.84 mm,
2o =3.45mm, r3=2.26 mm). (e) Optimal titanium scaffold design (z1 =3.12mm, z, =3.26 mm,
rg=2.6mm) with a softer material (Young’s modulus 0.2 MPa). (f) Optimal soft scaffold design
(1 =1.9mm, 22 =0.77mm, z3 =0.7 mm).
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5. Scaffold design optimisation

Loading conditions being only an approximation of the expected loading in the defect area,
an additional study was performed to compare the healing outcome in the optimal design with
higher (+50%) and lower (-50%) compression and bending loading values (Figures 5.5b, ¢).
Higher loading led to a slightly reduced regenerated bone proportion (90%); lower loading had
a stronger effect, leading to 79% regenerated bone and many resorption zones in the scaffold
pores.

On the technical side, too many optimisation iterations led to an over-fitting of the surrogate
model; in fact, the best design was usually achieved in the first 5 optimisation loops. The
optimisation process required approximately 2 weeks for the initial runs (60 simulations) and
3-5 more days for the optimisation loops (5 to 20 more simulations), instead of months or

years using a classic optimisation approach.

5.2.2 Soft scaffold optimisation

Simulating the same initial set of scaffold designs assuming a very soft material (Young’s
modulus 0.2 MPa) led to a marked difference in the regenerated bone predictions (Figure 5.6).
Overall, the soft scaffolds led to less regenerated bone (20 to 60%) than the titanium scaffolds.
In addition, less porosity was more favourable for bone regeneration because it decreased the
deformation leading to fibrous tissue or cartilage formation and reduced the free scaffold pore

volume to be occupied by bone.
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Regenerated bone fraction

Figure 5.6 — Cylindrical soft scaffold objective function of porosity: porosity of the
scaffold is defined as the amount of free volume within the hollow cylinder defined by inner radius
5mm and outer radius 10 mm; the regenerated bone fraction is counted within that scaffold pore
volume.

For instance, the titanium optimal design would perform very badly if made of that soft
material, yielding only 27% regenerated bone after 24 weeks instead of 95% (Figure 5.5¢€). In
that case, much more fibrous tissue and cartilage were predicted due to high deformations
(compared to Figure 5.5a).

On the contrary, the optimal soft scaffold design, obtained with the PSO algorithm,
was defined by z; =1.9mm, 22 =0.77mm, z3=0.7mm, with a very low porosity (24%)
(Figure 5.5f). This design was predicted to yield 67% regenerated bone after 24 weeks in the

scaffold pores; this outcome was not as good as with the titanium optimal design. Interestingly,
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5.3 Discussion

the soft scaffold optimum was a graded design, with larger pores close to the intact extremities

and smaller ones in the centre of the defect.

5.3 Discussion

5.3.1 Optimisation technical considerations

The preliminary optimisation studies presented here helped refining the technical
considerations of the optimisation framework. The use of a surrogate optimisation framework
allowed to find an optimum in a few days of simulation time on a standard desktop computer —
once the initial data-set (several days or weeks) was simulated — instead of months or years.

In more detail, an initial sampling based on the Latin hypercube sampling method
with 20 times the number of variables seemed to achieve reliable results for the subsequent
surrogate modelling and to represent a good trade-off between computational time and model
accuracy. The best-performing surrogate modelling technique was Kriging in all optimisation
cases tested in this work (see also Appendix B.1 for a comparison with further surrogate
modelling approaches); this is in line with previous use of this technique for computer model
approximations [124, 150, 151]. However, an over-fitting of the surrogate model was observed
when too many optimisation iterations were performed (cylindrical scaffold optimisation).
Therefore, the number of optimisation loops needs to be carefully controlled, high enough to
improve the accuracy around optimal points but not too high to avoid an over-fitting. In the
optimisation cases presented here, the optimisation loop was run up to 10 times for the model
accuracy improvement, and up to 10 times to improve the optimum. However, the optimum
was often found in the first few iterations.

Regarding the optimisation, various (non-gradient-based) algorithms were tested that
performed differently depending on each optimisation case. The PSO yielded the best optimums
for the mixed loading cases, whereas the direct search was more beneficial for compression only.
One of the main limitations of the PSO is that non-linear constraints cannot be taken into
account (e.g. porosity constraint). In addition, both PSO and GA are stochastic algorithms
whose performance can vary from one run to the next; on the contrary, the direct search is
more controlled, but depends on the initial guess and might therefore lead to a local optimum
[130]. Consequently, it might be worth checking different optimisation algorithms on a specific
optimisation problem, as the optimisation phase is computationally less costly than the initial
data-set simulations.

Lastly, the optimisation framework robustness was improved as it was particularly critical
for the cylindrical scaffold optimisation: simulation or meshing errors were handled to avoid
stopping the optimisation when one error happens; different (random) design points were
suggested when an optimum was too close to an already tested design to ensure a good coverage

of the design space and mitigate surrogate model over-fitting.

5.3.2 Optimal cubic scaffold designs

The cubic scaffold design optimised as a first step allowed to gain knowledge on the

optimal technical specificities for the surrogate optimisation framework (see above) and on
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5. Scaffold design optimisation

the importance of adapting the number of variables to what is actually needed. Indeed, when
comparing the graded to the non-graded designs under compression alone (4 vs. 2 variables),
or the 7- and 4-variable graded designs under compression and bending, no great improvement
of the optimal scaffold regenerative potential was achieved. However, adding more variables
led to a much longer initial data-set simulation step.

Apart from these technical considerations, similar conclusions could be derived from the
cubic scaffold geometrical optimisation as from the parametric study presented in Section 2.2.2.
Not too large pores in the horizontal directions were more beneficial as they avoided too high
deformation leading to fibrous tissue formation; while too small pores in the vertical direction
impaired the cell infiltration process. Consequently, optimal designs had values very close to
the ones found in the parametric study, around 0.7 mm for the horizontal pores and 0.8 mm for
the vertical pores. The addition of bending reduced the healing potential of all scaffolds due to
higher deformation; it also removed the symmetry of the design that was therefore making a
greater use of the grading possibility (Tables 5.3 and 5.4). These results are in good agreement
with a study by Boccaccio and colleagues who also found that grading was not beneficial under
compression alone, but improved the bone regeneration potential under a shear load [82].

The layered cubic scaffold material optimisation suggested very different local optima,
likely due to the large range of variations allowed for the variables (100 MPa to 100 GPa). It
was therefore difficult to yield a general conclusion from these results. The only similarity
between the optimums obtained by the different optimisation algorithms was that higher
material properties were consistently needed in the middle layer of the scaffold. This could
be explained by the higher strains produced there over the course of healing, as a small soft
layer gets squeezed between layers of newly formed bone (that grow from the intact cortices).
These results are further in line with another in silico study by Poh and colleagues where the
scaffold porosity was optimised throughout a large defect: their optimum had higher porosity
close to the extremities and lower porosity in the centre of the defect, what corresponds to

lower and higher effective mechanical properties, respectively [108].

5.3.3 Optimal cylindrical scaffold designs

The study presented here is the first example of a 3D full-size scaffold design optimisation for
a large bone defect using a validated mechanobiological computer model for bone regeneration.
Two different cases were optimised, assuming a scaffold made of (1) titanium and (2) a soft
material with Young’s modulus similar to granulation tissue. Compared to the experimental
softer honeycomb titanium scaffold (strut width=1.2mm) [13], both the porosity and the
amount of regenerated bone in the optimal titanium scaffold pores were comparable: 84%
porosity and 98% regenerated bone for the experimental scaffold predictions, compared to 85%
porosity and 95% regenerated bone for the scaffold optimum. These results show that even
with such a simple, regular initial scaffold geometry, a computer model can suggest designs
that are performing as good as more complex designs.

Previous in silico scaffold design optimisation approaches have focused on the resulting
bulk material properties [80, 86, 90, 95, 96, 99, 152]. Ounly a few studies used mechanobiological

approaches to optimise scaffold design for bone regeneration. Boccaccio and colleagues
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performed a number of studies on periodic scaffold unit cells to optimise the amount of tissue
under bone-favouring stimulus right after implantation [70, 104, 105]. However, the results
of Chapter 4 show that this approach does not ensure an actual better bone regeneration
due to the dynamics of the healing process. Poh et al used a simplified bone regeneration
model to optimise the 1D porosity distribution in a large defect scaffold and found that the
optimal polymer-ceramic composite scaffold should have higher porosities close to the intact
bone extremities and lower porosities in the middle of the defect [108]; however, their approach
did not include the scaffold micro-architecture optimisation. Nevertheless, a similar trend was
obtained here with the soft scaffold optimisation, where porosity was higher close to the intact
bone extremities and very low in the centre of the defect; on the contrary, good graded titanium
scaffolds showed higher porosity in the centre of the defect. The reason for it might be the
need for a more strained environment to stimulate bone growth, as the use of titanium results
in a stiff construct. Lastly, Wu and colleagues performed a time-dependent mechanobiological
topology optimisation of a scaffold for a 2D large bone defect [109]. Although limited to 2D,
their approach allowed a greater scaffold design freedom thanks to the topology optimisation
approach. However, their bone regeneration model was derived from remodelling theories and
did not include other cell types (chondrocytes, fibroblasts), thus making it less reliable in a
defect regeneration context.

The sensitivity of the scaffold healing potential to the loading conditions was rather low,
suggesting that the optimisation process is fairly robust to small loading condition variations.
More importantly, this study suggests that un-loading of the patient’s wounded limb is not
necessarily wished (comparing Figure 5.5¢ to a). Indeed, the standard loading (a) corresponds
to peak load values under normal walking conditions; while a very reduced loading (c) decreased
the regeneration potential due to greater bone resorption zones in the scaffold pores.

A tendency towards increased regenerated bone volume was found with increasing porosity
in the initial data-set simulations for titanium scaffolds (Figure 5.4). However, similar porosities
led to very different outcome, suggesting that the exact structure of the scaffold is more critical
than the resulting macroscopic porosity. These results are in line with observations discussed in
Chapter 4. On the contrary, the soft scaffolds showed a tendency for improved regenerated bone
volume with lower porosity; in fact, for those designs, the Young’s modulus was so low that
the deformations were high, leading to fibrous tissue and cartilage formation. Consequently,
the titanium optimal design, if made of that same soft material, would perform very badly
and yield only 27% regenerated bone; an optimal scaffold design therefore strongly depends
on the material used for the scaffold. Here, the optimal soft scaffold design was found to be
far less porous than the optimal titanium scaffold, with very small pores in the centre of the
defect and in the vertical direction; it yielded less regenerated bone than the optimal titanium
scaffold (67% vs. 95%). This low porosity allowed to limit deformation but also to artificially
increase the regenerated bone volume proportion. Thus, the optimal titanium scaffold pores
were predicted to be filled with 3900 mm? bone compared to 700 mm3 bone in the optimal soft
scaffold pores. This observation suggests to consider the absolute value of regenerated bone
as objective. In addition, so soft scaffolds have been shown not to be stable enough for bone
regeneration applications when used alone. For instance, a collagen unstructured scaffold was

implanted in rat large defects and was prone to mechanical failure or slipping out of the defect;
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however, it showed a very good regeneration potential as it triggered endochondral ossification,
the process by which cartilage is first deposited and then followed by bone mineralisation [37].
A solution to take advantage of such scaffolds while ensuring a proper mechanical stability

might be to combine them with stiffer support structures.

5.3.4 Limitations and suggestions for future work

The approach described here included a series of limitations. First, the choice was made
to use a surrogate optimisation approach and therefore to rely on a simplified relationship
(surrogate model) between the input (scaffold design variables) and the output (regenerated
bone volume in the scaffold pores). However, the surrogate model precision was assessed
during the optimisation process for each new case. Next, the MBBR computer models used in
both studies had limitations. For the cubic scaffold, the baseline bone healing model was used
that was shown not to yield reliable results for scaffold-supported regeneration (e.g. lack of
surface guidance); in addition, the geometry was not relevant for bone regeneration purposes.
For the cylindrical scaffold, the geometry was closer to a long bone defect but still simplified
(see Chapter 3 for further discussion on the assumptions made). In that case, the used MBBR
model achieved good results for one experimental study (softer titanium scaffold) but not in
another slightly different set-up (stiffer titanium scaffold with strut width 1.6 mm) (Chapter
3). Therefore, its prediction capability should be further assessed and improved for a broader
range of scaffold designs to draw more reliable conclusions from the optimisation outcome.

In addition, no constraints were applied to the optimisation process with regards to the
printability and producibility of the scaffold optimal designs, e.g. angles between successive
layers of material or a minimal feature size. Such constraints have been taken into account in
other scaffold design optimisation studies [89, 153]. Besides, a minimal porosity constraint was
applied to the cubic scaffold but not the cylindrical scaffold and might be needed for biological
requirements (proper re-vascularisation and nutrient supply).

Future work should further develop the more realistic scaffold design optimisation framework
and possibly adapt it to a real-case scenario. It would be particularly valuable to interact
with experimental studies to provide suggestions for improved scaffold design on the one hand,
and gain more data to improve and validate the computer model predictions on the other.
To envision the use of this computer framework in a more clinically relevant set-up, speed
should be further improved by optimising the regeneration computer model. Lastly, combining
a surrogate optimisation approach with topology optimisation would give more freedom in the
scaffold design, as already performed in 2D by Wu et al [109]; however, topology optimisation
relies on many variables and would likely require even higher computational times or other

mathematical techniques to deal with the increased complexity.
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6.1 Achievements and contribution to the field

Given a segmental large bone defect located in long bones (femur or tibia), the main
research question of the thesis was to investigate what scaffold designs would best support the
endogenous regeneration. Indeed, 3D-printed scaffolds are not the clinical gold standard so far
because their design relies on trial-and-error approaches and the healing outcome is unknown
a priori (Figure 6.1).

The first step of the thesis was the development and validation against experimental data
of a computer model describing scaffold-supported large bone defect regeneration (Chapter
3). To do so, a previously existing fracture healing model was complemented to account
for the specificities of large defects and scaffold presence. The predictive capability of the
model was assessed against sheep studies using titanium scaffolds, a PCL-TCP scaffold and an
empty large bone defect. The model could reproduce experimental results with a reasonable
qualitative and quantitative agreement. More importantly, the features implemented in the
model to achieve a good predictive capability revealed possible biological mechanisms at
hand in scaffold-supported large bone defect regeneration. First, the importance of biological
stimulation — or the lack thereof — was highlighted. In the absence of any stimulation (empty
defect), strong cell activity reductions had to be hypothesised to reproduce the experimental
observations; while certain scaffold material (TCP) or the presence of autologous bone graft
(titanium scaffolds) increased the cell activity levels and ensured a better healing capacity.
Second, surface guidance effects could explain the regeneration patterns observed in vivo, with
both migration (unless over-ruled by ABG presence) and tissue deposition following existing
tissue or scaffold surfaces. However, it remains to be elucidated why the internal fixation
plate showed a good guidance capability in one case (PCL-TCP scaffold) but not in the other
(titanium scaffolds).

The parametric studies performed on scaffolds derived from the PCL-TCP scaffold and on
a simplified cubic scaffold revealed a large influence of design parameters such as strut and pore

sizes and scaffold material properties on bone regeneration (Chapter 4). These parameters
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Figure 6.1 — Graphical abstract: starting from a large bone defect, healing could be predicted
using an in silico model and the effects of different scaffold design parameters were investigated;
lastly, a framework for parametric optimisation of a scaffold for a given defect was developed, to
ensure maximal bone regeneration. Main findings are described in dark green.
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influenced the healing outcome thanks to a more appropriate mechanical environment (more
favourable mechanoregulation stimulus) over time, and/or locally larger surfaces allowing a
faster cell migration and tissue deposition. In addition, the cubic scaffold systematic study
confirmed the relevance of considering the complete dynamic regeneration process when
designing a scaffold and not taking only the initial mechanical environment into account. We
previously coined this principle as a multi-dynamic optimisation approach [84].

The last part of the thesis was dedicated to the implementation of a scaffold design
parametric optimisation framework (Chapter 5). Because of the need to include the complete
regeneration process, a surrogate optimisation approach was adopted that allowed to yield
results in a reasonable, yet long, time (a few weeks including the initial data-set simulations).
Results obtained for the various geometries revealed that the choice of design variables should
be made carefully as more design variables did not necessarily yield a better healing outcome.
The exact loading conditions applied on an optimal design had a rather limited impact,
suggesting the optimum to be robust for imprecise loading conditions. Conversely, changing
the material properties of the scaffold had a stark effect: the titanium optimal scaffold for a
large bone defect was a very porous design, whereas assuming a much softer material resulted

in a more bulky optimal design with smaller pores and thicker walls.

6.2 Computational efficiency

As a critical point for eventual applications in a clinical context, computational efficiency
was consistently improved wherever possible in this thesis. The in silico models were based on
simple geometries and did not include the vascularisation process. FE and lattice discretisations
were relatively coarse, but still yielding reliable results according to preliminary results. The
FEA frequency was reduced to remain accurate enough in depicting the callus material changes
but decrease the simulation time needed. The choice of purely elastic instead of a poro-elastic
analysis in some cases (PCL scaffold and cubic scaffolds) also led to a reduced computing
time. For the PCL scaffold, using a material pooling to describe the elements in the callus
was necessary to obtain a reasonable simulation time (1 day instead of 10). In addition, small
optimisation of the C4++ code were performed, in particular in the way to browse elements
randomly to ensure no bias in the simulations while keeping them fast.

In the optimisation process, the choice of a surrogate modelling strategy was dictated by
computational efficiency; proper definition of the design variables was also necessary to avoid
too costly initial runs and unreliable optimisation outcome.

However, despite these improvements, the computer code is still not fast enough for
clinical applications. Future work should focus on systematically improving the code, further

simplifying the models and making a broader use of parallel computing possibilities.

6.3 Recommendations for future work

The focus of this work was put on sheep lower limb long bones with critical-sized segmental
defects. However, the principles and developed computational framework could be extended

and adapted to any type of bone and any species — in particular for human clinical purpose,
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provided that the healing mechanoregulation is known. Such a framework could be employed
in a personalised medicine approach if the specific healing potential of an individual is known
(e.g. influenced by factors such as smoking, diabetes, etc.).

Future work should aim at tackling the limitations of this thesis. With regards to scaffold-
supported large bone defect regeneration, the computer model could be further complemented
to improve its predictive capability. In particular, it failed at describing the stiff titanium
scaffold results, suggesting that more mechanics-dependent behaviours should be taken into
account (e.g. cell migration, proliferation or differentiation rates). Besides, further comparisons
to in vivo studies would improve the confidence in the model predictions and ensure more
general predictive capabilities, not fitted to a specific experimental case. Additional behaviours
such as bone remodelling and scaffold degradation behaviour should be integrated to ensure a
global understanding of the regeneration process.

Further parametric studies should investigate other design variables and other types of
scaffold designs (e.g. comparing different scaffold architectures); ideally, these should also be
compared to some experimental data to ensure the reliability of the conclusions. Thus, the
computer framework could help extrapolating results from an experimental study to similar
scaffold designs.

Future work should aim at applying the optimisation framework to realistic geometries,
based on experimental or clinical cases. Despite the afore-mentioned computational efficiency
issues, such work would help designing scaffolds with higher healing potential and reduce the
amount of experimental studies. Ideally, this computer modelling work should be performed
alongside with experiments to improve knowledge on both sides: focusing on most promising
scaffold designs on the one hand and improving the knowledge and model predictive capability
on the other. For that purpose, a more integrated and user-friendly interface of the computer
model would be a great asset for eventual clinical applications.

In addition, sensitivity of the optimisation process to the loading conditions, the geometry
of the defect and the choice of design variables should be performed to better understand the
outcome of the optimisation process and evaluate its robustness to uncertainties. In particular,
this would help assessing the reliability of the suggested optimums and their range of use.
Scaffold degradation behaviour could be incorporated in the optimisation framework and thus
include a further dynamic effect in the regeneration process.

Besides, additional constraints should be implemented for the scaffold optimisation process,
e.g. related to the production of the scaffold or biological requirements. These could include
constraints on the geometry to ensure that the scaffold is printable by the chosen production
technique; and inter-connectivity of the pores, minimal porosity or minimal pore size constraints
to allow a good re-vascularisation and nutrient supply inside the scaffold pores.

In a later step, topology optimisation approaches could be developed, as they would allow
a more complete freedom of design for the bone scaffold. However, the coupling of topology
optimisation technique with a stochastic bone regeneration computer model would likely yield

very complex mathematical questions and even higher computation times.
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Mechanaobiological bone regeneration

model evaluations

A.1 Influence of the implementation of stochastic processes on

bone regeneration predictions

The in silico MBBR simulations included stochastic processes in the agent-based model
(cellular activity implementation), as new cell positions for migration, and cells for proliferation,
differentiation and apoptosis are picked in a random way. These processes therefore depend
on the random seed defined at the beginning of the simulation. However, due to the time
necessary to run only one such simulation, each simulation case could not be run several times
as needed [154, 155]. Therefore, a few simulation cases were run with different random seeds to
evaluate the confidence that can be given to the results obtained in all simulations in general.

Two specific models developed for the titanium scaffold simulations were run five times each,
with the soft scaffold geometry (strut width 1.2mm): (1) baseline (fracture healing model)
and (2) surface-guided ECM deposition and graft osteoconductive properties (migration and
proliferation enhanced only in graft presence in the scaffold pores). Resulting tissue distribution
predictions over time and bone and cartilage quantification in the mid-sagittal plane after 24
weeks (Figure 2.4a) were compared between the different simulation runs.

Quantification after 24 weeks showed very similar values between the different runs, with
less than 5% relative difference for most of the bone quantification, although one "outlier"
could be observed in the baseline simulation cases (run 4 in the medial ROI) (Figure A.1).
In addition, the lateral, medial and central ROI quantified bone amounts from all baseline
simulation runs were clearly distinct from all complemented model runs. For instance, the
quantification in the lateral ROI varied from 65 to 69% for the baseline simulations and from
61 to 62% for the complemented model runs; 52-59% compared to 60-61% in the medial ROI,
and more than 70% compared to 40-41% in the central ROI.
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A. Mechanobiological bone regeneration model evaluations

Furthermore, the pairs of most different runs for each simulation set-up were in very
good qualitative agreement between each other, showing similar tissue distributions at the
different time points of interest (4, 8, 12, 16, 20, 24 weeks) (Figure A.2). Healing dynamics
and approximate bridging times were the same in all runs for each simulation set-up.

Based on these observations, one run for each simulation set-up was assumed to give enough
confidence when comparing different simulation set-ups with each other and with experimental

results (where relative variations between animals and the average went up to 50%) [13].
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Figure A.1 — Stochasticity evaluation — quantification: bone proportion in the medial, lateral
and central ROIs and cartilage proportion after 24 weeks for five runs of (a) the baseline model;
(b) the model complemented with surface-guided ECM deposition and graft osteoconduction.
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Figure A.2 — Stochasticity evaluation: histology pictures after 4, 8, 12, 16, 20 and 24 weeks
in the mid-sagittal plane for run cases showing largest differences: (a) baseline model, run 4; (b)
baseline model, run 5; (¢) model complemented with surface-guided ECM deposition and graft
osteoconduction, run 4; (d) model complemented with surface-guided ECM deposition and graft
osteoconduction, run 5.

A.2 Mesh convergence analysis

A mesh convergence analysis of the callus and titanium soft scaffold was performed to
evaluate which precision could be expected from the chosen mesh size. Characteristics of the
tested meshes are given in Table A.1. The analysis was limited by the software capacity to

mesh the complex geometries.
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Case Callus Scaffold Run First Second Third
seed size seed size time principal principal principal

range range (s) strain strain strain
(mm) (mm) (maximal) (minimal)

1 0.7-7 0.12-1.2 19’117 5.60E-3 1.78E-3 -7.41E-3

2 0.2-2 0.07-0.7 38’51” 5.30E-3 1.48E-3 -6.80E-3

3 0.1-1 0.05-0.5 2h36’12”  3.93E-3 9.63E-4 -4.94E-3

4 0.03-1 0.04-0.4 3h17°34”  4.20E-3 1.46E-3 -5.72E-3

Table A.1 — Scaffold-supported large bone defect mesh convergence analysis: scaffold
and callus mesh characteristics, corresponding simulation run times and averaged principal strain
values in a set of highly strained elements (central pore on the lateral side, depicted on Figure A.3)

When comparing the initial strain prediction (right after scaffold implantation, i.e. with a
callus filled with soft granulation tissue) between the 4 different cases, lower deformation was
observed for the finer meshes (Figure A.3). This qualitative observation was further confirmed
by the quantification of the principal strain values in a set of elements located in the central
pore on the lateral side (Figure A.3d), as the most strained regions of the callus showed up to
30% difference between the coarsest mesh (case 1) and the finest mesh (case 4) (Table A.1).
However, most of the strain values were still within the bone-favouring range for all cases;
those differences were therefore assumed to have no effect on the bone regeneration prediction
and the coarsest mesh was used for the bone regeneration simulations. This allowed to stick to
a reasonable FEA running time (20 minutes instead of more than 3 hours), what was crucial

as the FEA had to be repeated several times for each regeneration simulation.

Absolute maximum
principal strain

0.007
0.0035
0.0
-0.0035
-0.007

L.

Figure A.3 — Soft titanium scaffold and callus mesh convergence analysis: initial absolute
maximum principal strain distribution in the mid-sagittal plane with different mesh sizes: (a) case
1 (coarsest mesh); (b) case 2; (c) case 3; (d) case 4 (finest mesh). The white rectangle on (d)
depicts the region where the principal strain values were averaged for a quantitative analysis.

A.3 FEA frequency analysis

To improve the overall bone regeneration simulation speed, the frequency of FEA runs was
investigated. In previous works, a run at every iteration (one day) was usually performed [33].

However, the tissue deposition and maturation and subsequent material property changes are
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known to be slow. Here, healing predictions with a reduced (one FEA every 3 iterations) and
higher frequency (one FEA every iteration) were compared.

Figure A.4 shows the predictions of the baseline model and the model complemented with
surface-guided ECM deposition and graft osteoconduction, respectively, both having a higher
FEA frequency (every day); they can be compared with Figure A.2 (a,b for the baseline
and c,d for the complemented model). Similar predictions were made in both cases for the
complemented model. At 24 weeks post-surgery, bone quantification in the ROIs was similar:
61, 61 and 41% in the lateral, medial and central ROIs, respectively, for the model with a higher
FEA frequency; compared to 60, 60 and 40% for the lower FEA frequency. The baseline model
also showed similar bone regeneration patterning and dynamics until 20 weeks post-surgery;
the 24-week time point was, however, much more depending on the FEA frequency, with a
stronger remodelling prediction for the lower FEA frequency and stronger differences in the
quantification: 60, 47 and 56% in the lateral, medial and central ROIs, respectively, compared
to 67, 53 and 72% for the lower FEA frequency. This can be explained by the fact that bone
resorption is sensitive to very small mechanical environment changes, thus making it necessary
to have finer and more frequent FEA. However, because this remodelling did not happen in
vivo and was one of the baseline model flaws, the lower FEA frequency (every 3 days) was
considered to achieve reliable results. This resulted in overall simulation times nearly divided
by 3 (as the FEA runs are the most time-consuming part of the simulation), i.e. 1 instead of 3

days.
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Figure A.4 — Bone regeneration model — FEA frequency evaluation: histology pictures
after 4, 8, 12, 16, 20 and 24 weeks in the mid-sagittal plane for: (a) baseline model, FEA run every
iteration; (b) model complemented with surface-guided ECM deposition and graft osteoconduction,
FEA run every iteration.
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A.4 Callus size effect on bone regeneration simulation

A further analysis was performed on the callus size implemented in the bone regeneration
model. As the experimental data did not show any notable callus, the implemented callus was
not directly related to biological data. It delimited the space in which the ABM cells could
move, proliferate and deposit new tissues, but the focus was mostly set on the central part of
the defect, between both intact bone extremities. The effect of the defined callus size on bone
healing predictions in this region was therefore investigated by running a simulation with a
twice wider callus (circle arcs of maximum width 20 mm instead of 10 mm at mid-height).

The size of the callus did not affect the predicted regeneration dynamics and only slightly
affected the tissue patterning from 20 weeks post-surgery on (Figure A.5 compared to
Figure A.2a, b). As mentioned before, the different patterning here was due to the remodelling

predictions of the model that were more sensitive to the mechanical environment.

4 weeks 8 weeks 12 weeks 16 weeks 20 weeks 24 weeks

<L
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Figure A.5 — Bone regeneration model — effect of the callus size definition: histology
pictures after 4, 8, 12, 16, 20 and 24 weeks in the mid-sagittal plane for the baseline model with a
bigger callus.

A.5 ABM point size analysis

The effect of the ABM point size definition on the bone regeneration model predictions
was investigated. In the past, smaller cubic points (of size 10 pm) have been used in similar
computer models for bone regeneration [49, 156]. These smaller points are more appropriate
to represent one unique cell [112]. However, because the studies of this thesis focused on large
defects in a large animal (sheep), using such small matrix points would have resulted in very
large matrices, leading to slow simulations and large memory requirements.

To assess the validity of using cubic cell volumes with size 100-pm, the baseline model
predictions (Figure A.2a, b) were compared to the same simulation set-up predictions obtained
with smaller points (50 pm) (Figure A.6). The comparison revealed a marked effect of the
ABM point size on the regeneration predictions and especially on the healing dynamics:
smaller points led to a slower healing process, due to a reduced effective migration speed. The
24-week time point of the smaller-point model corresponded to the 16-week time point of the
bigger-point model. As the computer model (with bigger points) was predicting slower bone

regeneration than observed in vivo, migration speed or other parameters might need to be
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adapted to better reflect the experimental reality, but the model predictions were considered

reliable to predict the regeneration process.
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Figure A.6 — Bone regeneration model — effect of the ABM point size definition:
histology pictures after 4, 8, 12, 16, 20 and 24 weeks in the mid-sagittal plane for the baseline
model, with smaller matrix point size (50 pm).

A.6 Material pools for PCL scaffold simulations

As briefly described in Section 2.1.2.2, the PCL scaffold simulations used a material
definition simplification based on 35 material pools defined in Table 2.2. For each FE, the
average Young’s modulus value obtained from the rule of mixtures was compared to the
material pools’ extrema and the element was attributed to the corresponding material pool.
For each material pool, a solid section was then defined in the Abaqus input file containing all
elements of the given pool; this solid section had the material pool mechanical properties (both
Young’s modulus and Poisson ratio) (Table 2.2). To evaluate the impact of this simplification
on the simulation predictions, the following analyses were performed:

— the element pool sizes were evaluated at 3, 6 and 12 months post-surgery

— the average Young’s modulus for each pool was derived from the detailed FE material

properties and the error relative to the pool’s implemented Young’s modulus was
computed at 3, 6 and 12 months post-surgery

— qualitative comparison between the material pools and full material description models

was performed using the predicted pCT images

— bone volumes were quantified in the ROIs defined for the PCL scaffold set-up

(Figure 2.4 D)

The analysis revealed non-homogeneous distribution throughout the material pools, some
containing only a few hundreds elements and others tens of thousands (Figure A.7a). However,
Young’s modulus errors in each material pool were in general lower than 5%; larger errors (ca.
10%) occurred only for the least populated pools, so with an expected low influence on the
simulation predictions (Figure A.7b).

When comparing baseline simulation predictions with a full material description or a
material pool implementation, no marked differences were observed. pCT data showed very
similar patterns 3 and 12 months post-surgery (Figure A.8). Moreover, the quantified bone

volumes in the ROIs were similar in both simulation set-ups, with less than 2.5% relative error
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Figure A.7 — PCL scaffold material groups analysis: (a) number of finite elements in a
given pool; (b) average relative error done on the FE Young’s modulus due to the material pool
implementation. Both graphs show data at 3, 6 and 12 months post-surgery.
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3 months

12 months

Figure A.8 — PCL scaffold material groups — nCT predictions: baseline predictions 3 and
12 months post-surgery for (a) the model implementing material pools; (b) the model implementing

a full description of the callus FE material properties.

in all quantification data except for the inner duct 12 months post-surgery (18.4%) (Table A.2).
The conclusions made using the material pool model were therefore considered reliable. This

reduced the simulation time from 10.5 days to 0.7 day.

Time point ROI Full material description Material pools

3 months Total 5758 5885
3 months Inner duct 757 760

3 months Scaffold 1959 1966
12 months Total 15819 15752
12 months  Inner duct 1615 1318
12 months Scaffold 3344 3290

Table A.2 — PCL scaffold material groups — quantification: bone volumes are given in mm3
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Optimisation preliminary studies

B.1 Surrogate model evaluation

Different surrogate modelling techniques were assessed using two independent data-sets of
graded cubic scaffolds (80 scaffold geometries for each, obtained with the Latin hypercube
sampling technique). For each technique, a first model ("model A") was built using data-set
A and tested on data-set B; and a second model ("model B") was built using data-set B and
tested on data-set A. To assess the predictive capability of the surrogate model, the root mean
square error (RMSE) of the predictions on the testing set was computed. The only surrogate
modelling technique that achieved less than 5% error for both data-sets was Kriging, and
MARS showed nearly as good results (slightly above 5%) (Figure B.1). All other modelling
techniques led to errors ranging from 6 to 9% and were therefore not considered suitable for

the surrogate optimisation framework.

B.2 Symmetric cylindrical scaffold half model evaluation

To reduce the optimisation computational time, the symmetry of the cylindrical scaffold set-
up used for optimisation was exploited to simulate only half of it in the FEA and the ABM. To
ensure the validity of this approach, one specific scaffold design defined by x1 = 2 = x3 = 2mm
was studied: mechanics was evaluated in the post-implantation situation and bone regeneration
was simulated according to the simulation set-up validated for the titanium scaffold. Initial
strain distribution (considering the full callus as granulation tissue) were similar between full
and half models (Figure B.2a, b). In addition, the bone regeneration simulation led to a
similar 24-week histology prediction (Figure B.2¢, d), that showed, however, a reduced amount
of regenerated bone along the plate (more resorption stimulus) in the half model compared to
the full one. These differences led to 80% regenerated bone in the scaffold pores for the half
model compared to 90% for the full model; they were considered small enough to use the half

model for the cylindrical scaffold optimisation studies.
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B. Optimisation preliminary studies

Kriging

MARS

SVM

GPR

Surrogate model

NN

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
RMSE

Figure B.1 — Surrogate model evaluation: RMSE obtained for models A and B using different
surrogate modelling techniques; the red line depicts the 5%-error limit; MARS, SVM, GPR, RBF
and NN denote multivariate adaptive regression splines, support vector machines, Gaussian process
regression, radial basis functions and neural networks, respectively.
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Figure B.2 — Half model symmetry evaluation: (a, b) post-implantation strain distribution
in the callus mid-sagittal plane; (c, d) histology predictions in the mid-sagittal plane 24 weeks

post-implantation for (a, ¢) full and (b, d) half models. Colour scales are described on the right.
The scale bar represents 10 mm.
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