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Abstract

Tendons fulfill an important musculoskeletal function by enabling energy-efficient force transmission between
muscles and bones. The tendon is a collagen-rich connective tissue that adapts to mechanical loading through
mechanobiological processes. The tendon contains a hierarchical collagen fiber structure that displays complex
mechanical behaviour by storing and dissipating energy. Current understanding of how tendon properties adapt to short
and long-term mechanical loading is limited, but is key to prevent tendon disease and design optimal rehabilitation
protocols after tendon rupture. Recently, an increasing amount of small animal experiments have investigated how
intact and healing tendons adapt in vivo upon different mechanical loading regimens. Yet, limited numerical models
have investigated tendon mechanobiology; even though existing modeling tools from other research fields are
available and the amount of experimental data for validation is growing.

The aim of this thesis was to investigate the mechanobiology of intact and healing tendon by utilizing and
developing advanced numerical models. First, a 3D finite element framework was used to determine the constitutive
viscoelastic material properties of intact healthy tendons in rats. The material properties were fitted to experimental
data from rats that were subjected to two loading regimens, i.e. free cage activity (full loading) and reduced loading,
for five weeks. The resulting material properties showed strong differences in both elastic and damping properties of
the collagen between the rats that were subjected to full or reduced loading.

Using this material model, a finite element mechanobiological healing framework for Achilles tendons was
developed. The adaptive healing model investigated how principal strain and cell infiltration can govern tissue
regeneration. The tendon model was stimulated with different levels of external loading, mimicking physiological and
sub-physiological load levels explored in animal experiments. Model predictions of the spatio-temporal evolution of
tissue distribution, collagen alignment and mechanical properties (stiffness, creep behaviour and strain levels) were
validated by comparison with experimental measurements from rat Achilles tendon throughout the first four weeks of
spontaneous healing after rupture. Interestingly, both strain-dependent and cell density-dependent tissue production
were identified as possible explanations for decreased tissue production in the tendon core during healing.

The healing framework was expanded to predict formation of different tissue types during healing. According to
established tissue differentiation frameworks in bone fracture healing, different mechanobiological factors were
explored to regulate the formation of different tissue types, i.e. tendon-, cartilage-, fat- and bone-like tissue. This
framework is the first to reproduce experimental observations of these tissues. It provides several potential
mechanisms of mechanobiological regulation of the formation of different tissue types during tendon healing.

In summary, this thesis investigated mechanobiology in intact and healing tendon. An adaptive framework was
developed that enabled the prediction of heterogeneous tissue distribution, organization, differentiation, and evolution
of mechanical function during tendon healing. The spatial distribution of mechanical stimuli, particularly strain, but also
biological stimuli such as cells and oxygen, were identified as potential mechanisms to regulate tendon healing by
influencing formation of different tissue types, tissue alignment and the recovery of mechanical properties. Further
development and thorough characterization of these models could expand our understanding of mechanobiological,
biomechanical or biological processes in intact, diseased or healing tendons. Ultimately, these models could help
designing optimal loading regimens to prevent chronic tendon disease or stimulate tendon healing after rupture.
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Popularvetenskaplig
sammanfattning

Hilsenan forbinder hilbenet med vadmusklerna. Senor bestar till stdrsta del av
kollagenfibrer som kan overfora stora krafter. Fibrerna ir inbiddade i en mjuk,
proteinrik vivnad som innehéller stora mingder vatten. Olyckligtvis har
hilsenerupturer blivit allt vanligare till foljd av ett 6kat intresse for sportaktiviteter
hos allminheten. Trots att det finns mainga olika behandlingar och
rehabiliteringsprotokoll efter en hilsenruptur, 4r det fortfarande oklart vilken
behandling som medfér bést resultat. Detta beror delvis pa att vi saknar en djupare
forstaelse for hur den likande hilsenan anpassar sig till olika typer av fysisk
aktivitet. De olika rehabiliteringsprotokollen, t.ex. immobilisering genom
gipsning, passiva ankelrorelser, ging, att springa och/eller hoppa, utsitter senan for
olika nivder av mekanisk belastning. Mekanobiologi ar studien om hur fysiska
krafter paverkar respons och funktion hos celler och vivnader. For att forstd senans
mekanobiologi har djurexperiment undersdkt hur senor reagerar pd olika
belastningsprotokoll. I den hir avhandlingen presenteras forst en sammanstéllning
av litteratur dir bide den intakta och den likande senans mekanobiologi har
studerats experimentellt.

Att forstd hur belastning paverkar senans egenskaper 4r utmanande. I detta
avseende dr berikningsmodeller virdefulla verktyg. Idag finns dock endast en
handfull olika berikningsmodeller som kan beskriva de mekanobiologiska
processerna i senan. Den hir avhandlingens mal var atc utveckla
berikningsmodeller for att underséka hur den friska och den likande senans
egenskaper paverkas av mekanisk belastning. En materialmodell anvindes for att
beskriva de mekaniska egenskaperna hos kollagenfibrerna, den mjuka vivnaden
och vattnet inuti senan. Materialmodellen fingade det mekaniska beteendet hos
kollagenfibrerna genom att bide beskriva senans elastiska och tidsberoende
egenskaper. Materialmodellen har anvints f6r att undersdka hur de mekaniska
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egenskaperna hos hilsenan 4ndras nir senans belastning fran vadmusklerna
reduceras under fem veckor. Resultaten visade atc bade de elastiska och
tidsberoende mekaniska beteendena hos kollagenet dndrades i de senor som
utsattes for nedsatt belastning,

En ny berdkningsmodell som undersokte spatiala dndringar i senans egenskaper
under likningsprocessen utvecklades for forsta gingen. Modellen anvindes for att
utforska hur lokala deformationer, t.ex. tdjning, ger signaler till celler att producera
kollagen. Modellen forutspadde vildigt hoga tdjningar i den inre delen av den
lakande senan i jimforelse med de yttre delarna av senan. Den mest lovande
modellen férutspidde att kollagenet skulle produceras i de yttre delarna forst och
inte i den inre delen, dir stor t8jning himmade kollagenproduktionen. Intressant
nog s stimde det hir vil 6verens med experimentell data. Det finns ocksd andra
processer som kan paverka kollagenproduktionen, t.ex. celler som rér sig in i den
skadade zonen for att bérja reparera senan. Att ligga till den hir cellaktiviteten
forbdttrade modellens forméga att beskriva de experimentella observationerna av
att kollagenet forst produceras i senans perifera omraden.

Litteratursammanstillningen identifierade en kande mingd bevis pa att dven
fett-, brosk och benliknande vivnader bildas under likningsprocessen av hilsenor
i rattor och moss. Bildningen av dessa vdvnadstyper har tidigare undersékts med
berikningsmodeller vid likning av benfrakeur. Till att forutsiga hur olika
vivnadstyper bildas beroende pa mekanisk belastning implementerades liknande
berikningsmodeller for den likande senan. Detta méjliggjorde att modellen kunde
prediktera bildningen av fett-, brosk och benliknande vivnader, vilket i stort
liknande de experimentella observationer som gjorts under senans lakningsprocess.
Resultaten antyder att mekanobiologi kan spela en viktig roll i bildningen av olika
vivnadstyper under senans likningsprocess.

Sammanfattningsvis undersdkte denna avhandling mekanobiologiska processer
i friska och skadade senor med hjilp av berikningsmodeller. Likningsprocessen
hos senor undersoktes genom att utforska mojliga mekanismer som kan forklara
hur den spatiala distributionen av deformation och celler kan paverka heterogen
vivnadsproduktion och differentiering. Dessa berikningsmodeller ir viktiga
verktyg for att uppnd en dkad forstdelse om senans beteende, da experiment ir
kostsamma, tidskrivande, svira att genomfora och ofta resulterar i data som ar svir
att tyda. Ramverket f6r modellerna som utvecklats i den har avhandlingen, samt
ytterligare utveckling av dessa eller liknande modeller, ar ett virdefullt bidrag for
att  identifiera de processer som paverkar senans respons tll pa
belastningsprotokoll. Dessa insikter kommer i sin tur att kunna tillata utveckling
av behandlingar och rehabiliteringsprotokoll for patologiska eller skadade senor.



Abstract

Tendons fulfill an important musculoskeletal function by enabling energy-efficient
force transmission between muscles and bones. The tendon is a collagen-rich
connective tissue that adapts to mechanical loading through mechanobiological
processes. The tendon contains a hierarchical collagen fiber structure that displays
complex mechanical behaviour by storing and dissipating energy. Current
understanding of how tendon properties adapt to short and long-term mechanical
loading is limited, but is key to prevent tendon disease and design optimal
rehabilitation protocols after tendon rupture. Recently, an increasing amount of
small animal experiments have investigated how intact and healing tendons adapt
in vivo upon different mechanical loading regimens. Yet, limited numerical models
have investigated tendon mechanobiology; even though existing modeling tools
from other research fields are available and the amount of experimental data for
validation is growing.

The aim of this thesis was to investigate the mechanobiology of intact and
healing tendon by utilizing and developing advanced numerical models. First, a
3D finite element framework was used to determine the constitutive viscoelastic
material properties of intact healthy tendons in rats. The material properties were
fitted to experimental data from rats that were subjected to two loading regimens,
i.e. free cage activity (full loading) and reduced loading, for five weeks. The
resulting material properties showed strong differences in both elastic and damping
properties of the collagen between the rats that were subjected to full or reduced
loading,

Using this material model, a finite element mechanobiological healing
framework for Achilles tendons was developed. The adaptive healing model
investigated how principal strain and cell infiltration can govern tissue
regeneration. The tendon model was stimulated with different levels of external



loading, mimicking physiological and sub-physiological load levels explored in
animal experiments. Model predictions of the spatio-temporal evolution of tissue
distribution, collagen alignment and mechanical properties (stiffness, creep
behaviour and strain levels) were validated by comparison with experimental
measurements from rat Achilles tendon throughout the first four weeks of
spontancous healing after rupture. Interestingly, both strain-dependent and cell
density-dependent tissue production were identified as possible explanations for
decreased tissue production in the tendon core during healing.

The healing framework was expanded to predict formation of different tissue
types during healing. According to established tissue differentiation frameworks in
bone fracture healing, different mechanobiological factors were explored to
regulate the formation of different tissue types, i.e. fibrous (like tendon or
ligament), cartilage, and bone. This framework is the first to reproduce
experimental observations of these tissue. It provides several potential mechanisms
of mechanobiological regulation of the formation of different tissue types during
tendon healing.

In summary, this thesis investigated mechanobiology in intact and healing
tendon. An adaptive framework was developed that enabled the prediction of
heterogeneous tissue distribution, organization, differentiation, and evolution of
mechanical function during tendon healing. The spatial distribution of mechanical
stimuli, particularly strain, but also biological stimuli such as cells and oxygen,
were identified as potential mechanisms to regulate tendon healing by influencing
formation of different tissue types, tissue alignment and the recovery of mechanical
properties. Further development and thorough characterization of these models
could expand our understanding of mechanobiological, biomechanical or
biological processes in intact, diseased or healing tendons. Ultimately, these models
could help designing optimal loading regimens to prevent chronic tendon disease
or stimulate tendon healing after rupture.
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1 Introduction

The Achilles tendon is a soft connective tissue that transmits load between three
calf muscles and the calcaneus bone. Several studies reported increasing incidence
of acute tendon ruptures throughout the last 50 years (Figure 1.1) [1-5]. Typically,
men are more prone to Achilles tendon ruptures [2, 3, 5, 6]. Particularly men aged
30-40 years old comprise the highest risk group [3]. Another recent study found
that Achilles tendon ruptures occurred mostly in men aged 20-39 years and in
women aged 40-59 years, and they observed the largest increase in incidence rate
for men and women aged 40-59 years old [5]. On the other hand, a study
identified an increase in tendon rupture for all age groups [4]. The increase in
tendon ruptures is mainly contributed to increasing participation in sports [4, 5].
Following rupture, the risk of re-rupturing the same tendon or rupturing the
contralateral tendon is substantial. A study found a 7.1% risk of re-rupture at 8
weeks following non-operative treatment with functional rehabilitation [6].
Another study estimated that upon Achilles tendon rupture there was a 5-6.5%
risk of rupturing the contralateral Achilles tendon and a 2.7-13.6% risk of re-
rupturing the same Achilles tendon [7]. This study also found that age (30-39 years
old) was a risk group for contralateral rupture.

Even though Achilles tendon rupture is quite frequent, there is no consensus on
the optimal treatment after a rupture. One of the first clinical questions is whether
to suture-repair the rupture tendon or not. Many reports have shown no or limited
differences between surgical and non-surgical treatment [8, 9]. Additionally,
minimally invasive treatments and open surgery have been found to lead to similar
healing outcomes [10]. Typically, surgical treatment increases the risk of
complications [11] and less-invasive therapies have improved over the last decades
[10]. Consequently, surgical treatment is becoming less frequent [1, 2]. One study
in Denmark observed an over 50% decrease in surgical treatment between 1994
and 2013 [1]. The rehabilitation regimen following the initial treatment could
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Figure 1.1. Evolution of the incidence rate of Achilles tendon rupture throughout
the last 50 years. All studies showed an increase in incidence rate through time.
The studies represent data from Denmark [1], Finland [3, 4], Sweden [2] and the
Us [5].

play a key role in determining the healing outcome [8]. For instance, early
mobilization combined with ankle motion had positive effects on tendon healing
compared to cast immobilization [12]. Besides the different types of rehabilitation
activities, also the timing of treatments could play an important role in
determining the healing outcome. However, several reviews have reported similar
healing outcomes for early or late functional mobilization [13] or full
weightbearing [9]. In summary, there is a wide range of possible treatments
following Achilles tendon rupture and no consensus exists on the optimal
rehabilitation regimen to stimulate tendon healing. One important reason for this
is that our understanding of how tendon healing is affected by different levels and
types of mechanical loading protocols, e.g. (im)mobilization, passive movements,
training or exercise, is very limited.

It is well known that soft connective tissues such as tendons, cartilage and
ligaments respond and adapt to mechanical loading. Mechanobiology, is an
umbrella term that describes how the tissue adapts to external mechanical loading
[14, 15]. In recent years, an increasing interest in tendon mechanobiology has led
to a rapid advancement and insights into unraveling how the tendon responds to
different external loads in both healthy and ruptured tendon. These experiments
typically characterize how tendon composition, structure and mechanical
properties develop and change as a function of different levels of external



mechanical loading. However, the complex data coming from these
mechanobiological experiments is often challenging to interpret.

Computational modeling can be a valuable tool for gaining insight in tendon
mechanobiology  [16]. Numerical frameworks can help identifying
mechanobiological mechanisms underlying complex features observed in
experimental data. Although elaborate adaptive frameworks have investigated
mechano-regulated healing and degeneration in other tissue, e.g. bone [17] and
cartilage [18], very few computational models have investigated
mechanobiological processes underlying intact tendon adaptation or tendon
healing after rupture. Only recently, two studies have investigated how mechanical
loading can affect tendon healing after rupture [19, 20]. These interesting works
address different mechanobiological processes governing tendon healing by
predicting the temporal evolution of tendon properties as a function of mechanical
loading. Yet, these studies do not address the heterogeneity, i.e. the sparial
distribution, of different tendon properties during healing, and do not investigate
different mechanisms that may be involved in tendon heterogeneity. Interestingly,
recent experimental studies have shown that tendon properties are heterogeneously
distributed throughout healing [21]. Identifying possible (mechano)biological
mechanisms underlying these spatial variations may be key to fully understand the
benefits or drawbacks of mechanical loading in tendon healing. Additionally, a
multitude of publications has shown the presence of cartilage-like [22, 23], bone-
like [24] and fat-like [21] tissue properties throughout tendon healing. The
occurrence of these different tissue types could be a result of tissue differentiation.
Tissue differentiation in soft connective tissues, is the process where mesenchymal
stem cells differentiate into more specialized tissue cells, such as fibroblasts,
chondrocytes, osteocytes and adipocytes that subsequently produce fibrous-,
cartilage-, bone- and fat-like tissue. There is ample experimental evidence that
mechanical loading can play a key role in the formation of different tissue types
during healing [25-27]. Utilizing existing adaptive bone healing frameworks [17]
can be a valuable methodology to investigate how mechanobiology can play a role
in tissue differentiation and the formation of different tissue types during healing.
A better understanding of tendon mechanobiology, particularly during healing,
can be an important tool for developing rehabilitation regimens to stimulate
tendon healing.






2 Aim and design of the study

The overall aim of the thesis was to investigate mechanobiological mechanisms in
intact and healing tendons after rupture by using and developing adaptive
computational models.

The specific objectives were:

e To further validate an existing material model for intact tendon and to
assess the mechanobiological adaption in viscoelastic mechanical

properties upon a period of reduced daily loading (Study II).

e To develop a mechanobiological framework for describing collagen
production, reorientation and mechanical properties during tendon
healing after rupture (Study III).

e To characterize and validate the developed framework by
investigating the effect of reduced load levels and cell infiltration on
spatio-temporal predictions of tendon healing (Study IV).

e To explore different mechanobiological mechanisms underlying the
formation of different tissue types by combining the developed tendon
healing framework with existing mechanobiological tissue differentiation
and formation frameworks (Study V).

The different objectives described above were addressed in five scientific
studies (I-V) depicted in Figure 2.1. Although experimental studies have
investigated tendon mechanobiology, only a very limited number of
computational investigations have tried to identify principal mechanisms of
mechanobiology. Therefore, computational modeling was performed in this
thesis to investigate and identify mechanobiological mechanisms in intact and
healing tendon. In particular, this thesis utilized an existing material model for
tendon tissue and investigated mechanobiological adaptations in intact



tendon. Subsequently, an adaptive framework was developed to identify key
mechanobiological processes involved in tendon healing. The spatial
distribution of mechanical stimuli and tendon properties has not been
extensively studied. To address this aspect, the finite element method was
utilized in this work to account for the 3D geometry of tendon and allow the
investigation of the spatial distribution of tendon properties and (mechanical)
stimuli that may play an important role in tendon mechanobiology. This work
addressed the heterogeneity of tendon healing, and investigated different
mechanobiological mechanisms that may be involved in tendon heterogeneity.
The developed computational framework was combined and validated with
recent data from animal experiments on intact [28] and ruptured [21] Achilles
tendons.
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Figure 2.1. Overview of the study design. The Roman numerals I-V refer to the
papers appended in the thesis and are linked to the aforementioned objectives.



3 Background

3.1 Tendon composition & structure

Tendon is a load-bearing connective tissue that consists mainly of water (55-70%
wet weight) and a highly aligned collagen type 1 matrix (60-85% dry weight) [29].
The collagen matrix is organized in a hierarchical manner ranging from collagen
molecules to fascicles (Figure 3.1 and 3.2) [30]. The collagen molecule is a long
rod-like structure (1.5 nm diameter, 300 nm length; [31]), which self-assembles
[32] into a fibrillar structure (20-280 pm diameter; [33]; 400-800 pm length; [34,
35]). The collagen molecules within the fibrils organize into a staggered
arrangement at a characteristic distance (-67nm), called D-spacing [36]. The
collagen molecules make a 5° angle compared to the fibril axis and fibrils are long,
heterogeneous in size and tightly packed in parallel [37]. The fibril is reinforced
by (non)reducible inter- and intrafibrillar crosslinks that strengthen and stabilize
the fibril [38, 39]. Bundles of collagen fibrils form collagen fibers (diameter: 1-300
pm; [33]). These fibers display a waviness, also called crimp [40-42]. Large fibre
bundles may organize into separate fascicles.
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Figure 3.1. The composition and structure of a tendon, displaying its main
constituents and the hierarchical collagen structure.



Collagen type 1 is the most abundant protein in the extracellular matrix (ECM).
The other 15-40% dry weight consists of ‘minor’ collagens (type 3, 4, 5, 6, 9, 11,
12, 14) and other ECM proteins such as small leucine-rich proteoglycans (SLRPs;
e.g. cartilage oligomeric matrix protein, decorin, biglycan, lumican, fibromodulin,
tenascin-c, periostin), large proteoglycans (versican, aggrecan), elastin, matrix
metalloproteases (MMPs), tissue inhibitors of matrix metalloproteases (TIMPs), a
desintegrin and metalloproteinase with thrombospondin motifs (ADAMT) and
lysyl oxidase (LOX) [29]. Matrix proteins such as proteoglycans, e.g. decorin,
fibromodulin, lumican, can bind to collagen fibrils [43-48]. Proteoglycans have
glycosaminoglycan (GAG) chains that can bind water. However, it is unknown
whether these proteoglycans contribute to the mechanical properties of the tendon.
It was proposed that proteoglycans transmit and resist interfibrillar load [49],
contribute to fibrillar strength and may even facilitate sliding [50, 51]. However,
some studies showed that the contribution of proteoglycans to overall tensile
strength is marginal [52, 53]. Yet, the exact structure-function relationship for
many proteoglycans remains unclear [29, 54].

The tendon consists of different compartments, which contain different cells
and proteins [29]. The intrinsic tendon compartment is the actual load-bearing
collagen matrix with a low density of tenocytes (tendon fibroblasts; cell mass only
1-3 wt%) [55], which is surrounded by an extrinsic compartment called the
paratenon which contains fibroblasts and progenitor cell populations [56, 57].
Intrinsic tendon cells are diverse [58], but have a limited metabolic rate and they
show limited capacity to stimulate healing [57, 59, 60]. The extrinsic
compartments are connected to the vascular, immune and nerve system [57].
Healthy tendon is relatively avascular [61]. The Achilles tendon consists of three
subtendons as it has separate connections to the three calf muscles (Figure 3.2).
Recent studies have identified a distinct compartment called the interfascicular
matrix that contains elastin, more round cells, more collagen type 3, more
proteoglycans and less collagen type 1 [62-64]. Additionally, there is a tendon
running adjacent to the Achilles tendon, called the plantaris tendon [65].
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Figure 3.2. The hierarchical structure of rat Achilles tendon, ranging from
molecules to three distinct subtendons that are connected to calf muscles (soleus,
SOL; lateral and medial gastrocnemius, LG and MG). Republished with
permission of John Wiley & Sons - Books, from Comparative multi-scale
hierarchical structure of the tail, plantaris, and Achilles tendons in the rac,
Anatomical Society of Great Britain and Ireland, 234, 2, 2019; permission
conveyed through Copyright Clearance Center, Inc.

3.2 Tendon deformation mechanisms and
mechanical properties

The whole tendon displays highly nonlinear stress-strain behaviour (Figure 3.3)
[66, 67]. This is particularly true for the so-called toe region at low strains, where
the nonlinearity comes from several structural features such as the naturally
occurring tendon crimp, observed as a wavy collagen pattern identified at both the
fibril and fiber level [41, 42, 68]. Throughout the toe and linear region, there are
many structural collagen features that contribute to the overall tendon mechanics
[69] such as intra- and inter-fibrillar crosslinks, crimping and helical twist on the
fibrillar and fiber level, fibrillar branching that links fibrils together at regular d-
period [69], molecular stretching and slippage [70]. Additionally, tendon
elongation is governed by sliding at different length-scales, from fibrils to fascicles
[30, 71-75]. Multiple studies showed that over 50% of macroscale tendon
deformation was due to interfibrillar sliding [72, 76], which could be facilitated
by the proteoglycan-rich and water-filled ground substance. All the
aforementioned deformation mechanisms contribute to a complex transfer of
macroscopic tissue level strains to the smaller length scales of the matrix (fiber, cell,
fibril, molecule level), also referred to as strain transfer [77]. These strains may not
be distributed evenly throughout the tendon tissue. Tensile tests on tendon
fascicles showed heterogeneous strain distributions within the tendon fascicle [71].
For example, the minimum and maximum longitudinal strains were found to be
20% and 300% compared to the mean longitudinal strain, respectively.
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Figure 3.3. The typical nonlinear stress — strain response displayed by tendon
tissue upon tensile loading resulting from various structural features, such as the
wavy fiber structure, that contributes to the toe region, whereas alignment and
straightening of collagen upon further tensile loading lead to a rather linear
response.

What is also known, is that collagen has an excellent intrinsic elastic resilience
[72]. It was hypothesized that the matrix in between fascicles, the so-called
interfascicular matrix, contributes to recoil and elastic properties [78]. Elongation
within the toe-region has been described to be fully elastic, yet elongation beyond
it may damage the tendon structure and the waviness may be lost [40]. Upon
stretching, microscopic failure occurs between 6-10% macroscopic strain, and
macroscopic failure between 8-10% strain [15]. During fatigue loading, a similar
progression of microscopic damage evolves into macroscopic damage [79].

Tendon displays viscoelastic properties which may be contributed to the
interaction between collagen and ground substance, i.e. proteoglycans and water
(71, 80, 81]. Tendon viscoelasticity is characterized by stress-relaxation, creep, and
hysteresis behaviour [82]. Additionally, tendon displays a strain rate-dependent
stiffness, such that stiffness and load-bearing increase at higher strain rates [55,
83]. Moreover, tendon has been shown to have a large Poisson’s ratio (>0.5), which
potentially contributes to compressive forces in the tendon substance [71].
Proteoglycans may release water under compression, thereby contributing to
stress-relaxation behaviour [84]. This mechanism may explain why fluid is
squeezed out of the tendon during tensile loading [85, 86]. Overall, these
multiscale tissue properties are known to vary, e.g. with tissue type, age and cross-

linking density [52, 87-91].



11

3.3 Tendon mechanobiology

Tendon cells and tissue respond and adapt to altered levels of physical activity [14,
92, 93]. Physical training can affect tissue properties such as strength, stiffness,
collagen and proteoglycan content, weight, cross-sectional area, fibril diameter,
fibril density and alignment [92]. Yet, different degrees of mechanical loading can
affect the tendon differently. Freedman et al. (2015)[93] described how moderate
loading can induce mostly positive effects whereas over- and unloading may induce
unwanted changes. Positive effects of moderate loading are increases in collagen
production, cross-sectional area, tenogenic differentiation and tensile strength. On
the other hand, over- and unloading may induce unwanted changes like collagen
degradation, decreases in tensile strength, collagen organization, increased
inflammatory markers and potential transdifferentiation into non-tendon tissue
types. Different levels of load may also induce the production of different collagen
types. For example, moderate loading may induce production of collagen type 1,
overloading may induce collage type 3 production (as seen during the development
of chronic tendon disease), whereas compressive loading may induce a more

cartilage-like phenotype by inducing collagen type 2 [14].

To study mechanobiology of tendon, different experimental techniques have
been used for small animal models to subject the Achilles tendon to different levels
of mechanical load (Figure 3.4). The default loading regimen is free cage activity
where the Achilles tendon is subjected to full physiological mechanical loading
during gait and all normal activities of the animal. The loading of the Achilles
tendon may be reduced through induction of paralysis by intramuscular Botox
treatment [94], tail suspension [95] or immobilization by cast [96] or orthosis [97].
The Achilles tendon may also be subjected to training-like exercise through
treadmill running [95]. These types of experiments have been widely used to
investigate the effect of exercise and immobilization on tendon in rats and mice.
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Figure 3.4. Overview of different experimental techniques utilized in small animal
studies to investigate the effect of different loading regimens on the evolution of
tendon properties in intact and healing tendon. The arrows indicate the load level.
These techniques may also be combined to cause a further reduction in load level.

Mechanical loading typically improves biosynthesis. For example, daily
treadmill running increased the number and size of collagen fibrils, and cross-
sectional area within one week of running in mice [98, 99]. However, prolonged
treadmill running reduced the mean diameter of the fibrils to values below the
control group. A longer study in rats showed that twelve weeks of daily treadmill
running caused increased collagen type 3 production, no change in collagen type
1, decreases in various other proteins (fibromodulin, biglycan, MMPs, TGE-b1),
and increased stiffness and ultimate stress [100]. Twenty weeks endurance training
in the Senegal bushbaby did not affect the strength of the Achilles tendon, but did
increase the strength of patellar and extensor digitorum longus tendon [101].
These results display how the mechanobiological adaptation can lead to complex
changes of the tendon structure and composition. Additionally, it also exemplifies
that prolonged physical exercise may induce more catabolic (degradation) changes,
opposed to initial anabolic changes, in different structural and compositional
properties.
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Different techniques for achieving reduced mechanical loading and the duration
of reduced loading may affect the tendon in different ways. Three weeks of
hindlimb suspension resulted in a decreased modulus and peak stress of the
Achilles tendon [102]. After three weeks of stress deprivation in rabbit patellar
tendon, degenerative changes (increased cross-sectional area, decreased ultimate
strength, stiffness) were observed [103, 104]. Five to six weeks of reduced loading
affected the weight, modulus, collagen content, collagen dispersion, and different
viscoelastic properties (creep, stress-relaxation, hysteresis) in an intramuscular
Botox-unloading model in rat Achilles tendon [28, 94]. Nine weeks of joint
immobilization of the knee did not affect the collagen mass but increased collagen
turnover in the rabbit patellar tendon [105]. Ten weeks of stress-shielding barely
affected viscoelastic properties in a mouse patellar tendon model [106], whereas
these stress-shielded tendons displayed a more uniform distribution of smaller
diameter fibrils, lacking the presence of large diameter fibrils observed in normal
tendon [107]. These different animal studies display the complexity of identifying
general changes in tendon properties upon different methods and durations of
reduced loading.

These mechanobiological changes of tissue properties result from the response
of the cell to mechanical loading. On the cell level, several reviews have described
the complex nature of mechanotransduction pathways [14, 93, 108]. Mechanical
stimulation by strain can regulate collagen production in tendon cells. For iz vitro
experiments with rat fibroblasts, collagen (type 1 and 3) gene-expression increases
with increasing strain magnitude up to 15% applied strain, but it remains unclear
whether collagen gene-expression and content remain elevated for high strain levels
(Figure 3.5). In addition to its effects on collagen synthesis, tendon cells subjected

to 8% strain displayed upregulated pro-inflammatory signaling and other matrix
proteins or enzymes, e.g. COX-2, PGE2 and MMP-1 [109, 110].
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Figure 3.5. Summary of strain-dependent collagen (type 1 and 3) gene-expression
and content in iz vitro experiments in rat fibroblasts. All values are normalized to
static treatment (no mechanical stimulation). The data was obtained from the
following literature: [111-127].

3.4 Tendon healing in rodents after rupture (I)

Tendon healing is a complex process that aims to repair the damaged tissue. For
an overview of different aspects of tendon healing, see Figure 3.6. A critical part of
tendon healing is the production and restoration of the collagen matrix, which is
responsible for load bearing, such that the tendon can fulfil its function as soft
connective tissue. Tendon healing displays classical wound healing characteristics,
such as an initial acute inflammatory phase that lasts a few days. The early healing
process depends heavily on surrounding tissues providing blood supply, immune
cells, nerve system and fibroblastic cells [57]. Throughout healing the tendon is
filled with different cell populations [128]. Pro-inflammatory markers are
upregulated for a week and markers for angiogenesis are upregulated for at least 2
weeks [129]. Loading during the first days of healing was found to upregulate
inflammatory markers [130].
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Figure 3.6. Overview of the tendon healing process.

After a few days of healing the reparative phase starts. This phase is characterized
by significant cell infiltration and proliferation, as well as ECM production.
During early tendon healing, a preliminary matrix is produced that consists mainly
of collagen type 3. This network will restore mechanical integrity of the tendon,
but it can also potentially accommodate cell behaviour, e.g. cell migration and
mechanotransduction [131, 132]. Throughout healing, collagen production shifts
from predominantly type 3 to type 1, e.g. [133]. In terms of collagen structure,
collagen fibril diameters do not return to intact levels within eight weeks of healing
[22]. One study described that the healing tendon has increased elastin content
compared to the intact tendon [134], potentially affecting the elastic fiber
formation and elastic behaviour of the tendon.

In terms of collagen organization, the majority of alignment occurs within the
first four weeks of healing [135-137], yet the collagen remains more disorganized
than in the intact tendon, up to 16 weeks of healing [138, 139]. The collagen
organization, however, improved with increasing dorsiflexed angle during cast
immobilization [140]. In terms of other ground substance proteins, gene
expression of MMPs peak at two to four weeks of healing, while tissue inhibitors
of MMPs peak earlier, i.e. one to two weeks of healing. Gene expression of
different proteoglycans varies (upregulated: aggrecan, biglycan and versican,
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downregulated: decorin and fibromodulin) throughout the first weeks of healing
[129]. However, histological staining of proteoglycans showed that proteoglycan
content peaked at eight weeks in the healing tendon and was significantly
decreased at 17 weeks again [139].

Throughout tendon healing, the size and mechanical properties of the tendon
evolve as a function of external mechanical loading. Most structural mechanical
properties (e.g. stiffness, peak force and work) return to intact values within two
to four weeks of healing (Figure 3.7). Oppositely, material properties (e.g. Young’s
modulus and peak stress) do not return to intact values (Figure 3.7). One study
showed that geometrical properties of the healing tendon, e.g. cross-sectional area
and gap distance, typically increase with loading [95]. Aligned with this finding,
unloading or immobilization appears to “slow down” the recovery of nearly all
material properties (Figure 3.7). Yet, there is limited characterization of important
mechanical properties such as viscoelastic properties (creep, stress-relaxation,
hysteresis), and fatigue (cycles to failure) during tendon healing.
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Figure 3.7. Evolution of mechanical properties in rodent studies investigating
Achilles tendon healing. The experimental data is subdivided in animals that were
subjected to: free cage activity (loaded), constant form of unloading (e.g. Botox
injection, tail suspension, or cast immobilization) or a mix of the aforementioned
loading scenarios (mixed loading). The intact-normalized data in this figure is
based on the following references for loaded [21, 23, 95, 141-163], mixed loading
[95, 96, 140, 164-168], unloaded [21, 149, 150, 164, 165, 167-170].
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Cells play an important role in repairing the ruptured tendon. Cell proliferation
and cell density peak at around one to two weeks of healing [171-175] and decrease
thereafter, but remain elevated for several weeks. A wide range of cell types have
been observed, e.g. immune cells (macrophages, neutrophils, mast cells),
fibroblast-like cells (epitenon, myofibroblasts), tendon stem/progenitor cells,
bone-marrow derived cells [128], fat-like, cartilage-like [21] and bone-like cells
[24]. There has been an increasing amount of literature reports on aberrant
formation of different tissue types during healing, including cartilage-, bone- and
fat-like tissues and corresponding cells and gene-expression. Recently, Huber et
al., (2020)[25] found that joint immobilization could prevent bone-like tissue
formation. They proposed that joint immobilization could induce a decrease in
fiber alignment and cell spreading, hereby decreasing TAZ signaling and inducing
adipocyte differentiation. Oppositely, fiber alignment, cell spreading and TAZ
signaling increase upon loading, potentially inducing bone-like tissue formation.
Similarly, bone volume after six weeks of healing was highest for loaded tendon
[26], yet partial immobilization decreased fibrocartilage formation [27] and bone
volume [26] compared to full immobilization.

Recently, a few experimental studies have identified heterogeneous tendon
properties, e.g. collagen [21, 136, 176] and cell distribution [171, 173, 174, 177-
180] during healing. Throughout healing, the core of the healing callus may be
deprived of cells, blood supply and oxygen, which may biologically limit early
healing in the tendon core. However, it is unknown what role mechanical loading
may play in the heterogeneous restoration of tendon properties.

Clinical treatment of tendons aims to stimulate regeneration without extensive
scar formation, but understanding of ‘scarless” healing and scar formation is lacking
(59, 181]. An interesting new animal model (MRL/Mp] mice) has shown
improved healing compared to other animal models, which will allow investigation
of key aspects of ‘scarless” healing [182]. Studies investigating tendon healing in
young and mature animals have found interesting differences in collagen
properties, cell differentiation and mechanical properties [22, 183, 184]. These
studies may prove vital in identifying key processes underlying scarless and
regenerative healing, observed in young animals.

Opverall, mechanical loading has been shown to affect tendon properties during
carly tendon healing in rodents. Still, a deep understanding of mechanobiology
during tendon healing is lacking. This is partially related to the limited number of
properties investigated by single studies and the lack of consistency in experimental
protocols between studies. To create a deeper understanding of tendon
mechanobiology, there is a need for generalized experimental protocols combining
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multiple mechanical loading scenarios, in combination with characterization of a
wide spectrum of tendon properties e.g. mechanical, histological, compositional,
structural and ambulatory analysis of healing tendons. In terms of tendon
function, mechanical characterization should not only address stiffness or strength,
but also the evolution of viscoelastic properties (e.g. stress-relaxation, creep, and
hysteresis) and fatigue properties (e.g. cycles to failure and dynamic modulus).
Investigating all these different properties will give valuable insight as to which
tendon properties are restored to intact values during healing, and which properties
are (permanently) altered after rupture, as a function of the particular treatment.
Additionally, future experiments should investigate effects of more long-term
rehabilitation protocols, since multiple studies have shown that the initial effect of
the mechanical loading protocols diminishes through time [21, 185].

3.5 Mechanical modeling of tendon

3.5.1 Constitutive material modeling

Computational modeling has been used to describe the mechanical properties of
tendon and investigate deformation mechanisms on multiple length-scales of the
tendon structure. Mechanical modeling of tendon and soft tissue has focused
mainly on describing collagen on different length-scales [16, 54], i.e. on the
molecule [186-193], fibril [194-198] and fiber [199-201] level as it is the main
load-bearing constituent of tendon. Some studies have started to identify
mechanisms of load/strain transfer between length-scales [187-189, 202-204].
Still, much work is left to be done to fully grasp the transfer of loads and
deformations throughout the hierarchical tendon structure [205]. A realistic multi-
scale model, that integrates structure-function relationships on all length-scales
could be a key advancement in understanding biomechanics of tendon [15].
Several modeling techniques have been utilized to describe deformation of the
tendon or collagen on different length scales, such as atomistic and molecular
dynamic simulations, analytical or mathematical frameworks and finite element
simulations. Atomistic and molecular simulations focus on describing the
interactions between atoms and molecules, for example in a collagen molecule or
small fibril [186-193]. These simulations are computationally costly and cannot
describe the tendon deformation on the tissue level, yet these approaches are very
relevant for determining deformation mechanisms on the nano- or micro-scale
which are typically difficult to measure experimentally. On the other hand,
analytical or mathematical frameworks allow the description of the tendon
mechanics on the tissue scale, but they often assume a simplified tendon geometry
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or assume homogeneity of the tendon material [52, 195, 206-216]. Both
atomistic/molecular simulations and analytical/mathematical frameworks display
a limited capability to describe the heterogeneous biomechanics during tendon
healing. However, finite element simulations allow computational analysis of the
whole tissue level and have been used to investigate the contributions of more
realistic and complex tendon geometry and heterogeneous properties to the overall
mechanical behaviour [199, 202, 217-225]. Furthermore, the finite element
method enables the characterization of tissue-level and local deformation
mechanisms and spatial distribution of various mechanical quantities such as
strain, stress or fluid flow. Siill, many different material models, both analytical
and in finite element frameworks, have investigated different mechanical

behaviours of tendon (Table 3.1).
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Table 3.1. Overview of the different types of mechanical behaviours in tendon investigated
by computational modeling. These studies mostly used tissue scale experimental data for
validation of the model parameters.

Article Quasi- | Relaxation | Creep | Cyclic Strain
static stiffening

Analytical models

Ciarletta et al., 2006 [206] X X X

Ciarletta et al., 2008 [195] X X X X

DeFrate and Li, 2007 [207] X X X

Duenwald et al., 2009 [208] X X X

Duenwald et al., 2010 [209] X

Fang et al., 2014 [210] x

Johnson et al., 1994 [211] X X X

Kahn et al., 2010 [213] X X

Kahn et al., 2013 [212] X

Pioletti et al., 1998 [214] X X

Provenzano et al., 2002 [215] X X

Puxkandl et al., 2002 [52] X X

Sopakayang & De Vita, 2011 [216] X X

Finite element models

Ahmadzadeh et al., 2013 [217] X

Atkinson et al., 1997 [218] X

Fessel and Snedeker, 2011 [219] X

Herchenhan et al., 2012 [202] X

Khayyeri et al., 2015 [220] X X X X

Khayyeri et al., 2016 [221] X X X

Machiraju et al., 2006 [222] X

Obrezkov et al., 2021 [223] be X X X

Reese et al., 2010 [199] X

Swedberg et al., 2014 [224] X X

Troyer & Shetye, 2012 [225] X X

3.5.2 Microstructural tendon modeling

A fundamental effort in material modeling of soft tissues was done by the works
of Lanir [226-228] which described a microstructural and thermodynamical
constitutive framework for soft tissues by assuming that the total tissue mechanics
is the sum of the mechanical contribution by individual fibers. Additionally, these
works considered different structural and mechanical features, e.g. anisotropy,
nonlinear stress-strain behaviour and viscoelasticity. This framework was expanded
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by adding a statistical distribution of collagen fibers and by modeling fiber
recruitment [229]. Various other material models considered structural features of
the hierarchical collagen structure, e.g. fiber or fibril distributions [200, 230],
crimp or recruitment [216, 226, 231-238], crosslinking [198, 239, 240], the
helical superstructure of the fibrils [199], and even stiffness, viscosity, stress-
relaxation and creep on the single fibril level [187-189].

3.5.3 Phenomenological tendon modeling of
viscoelasticity

Several studies have modeled the viscoelastic behaviour of tendon. One of the
earliest phenomenological continuum frameworks to describe viscoelasticity in soft
tissues is the quasi-linear viscoelastic theory [241]. This framework divides tendon
mechanics into a strain-independent and time-independent contribution. Yet, this
framework has shown limited capability to predict the mechanical behaviour of
tendon under multiple loading conditions [208, 225]. There are several other
phenomenological models that describe elastic and dissipative contributions of
tendon behaviour on the tissue scale. These material models focused on describing
single fibrils [188, 242], tail [52], patellar [214], subscapularis [222], Achilles
(212, 220, 221, 223, 225] and digital flexor tendon [210]. Pioletti et al.
(2008)[214] used independent elastic (strain-dependent) and viscous (strain-rate
dependent) stress contributions. On the other hand, several studies used a
Maxwell-Weichert approach that combines an elastic contribution in parallel with
one [212, 220, 221], two [210], four [225], or eight Maxwell elements [222]
(Figure 3.8). The advantage of having multiple Maxwell elements is that every
element may have a unique characteristic time-scale for relaxation or creep,
therefore, multiple Maxwell branches may describe stress-relaxation or creep
behaviour on multiple time-scales.
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Figure 3.8. Schematic depiction of the different phenomenological models
combining different elastic (spring-like) and dissipative (damper-like)
contributions to constitute the time-dependent behaviour.

These phenomenological models can capture different types of loading on the
tissue-level biomechanical behaviour. Although these models are easy to
implement, they have limitations. For instance, this approach typically does not
allow for multi-scale investigation or strain transfer, typically does not consider the
interplay with the ground substance and the constitutive parameters do not always
represent  physiological or structural features [54]. However, some
phenomenological models have described more specific structure-function
relationships, e.g. by considering fiber recruitment in the elastic element in a
Zener-type model (see figure 3.8) [212] or fiber dispersion [223]. Another early
study implemented two Kelvin-Voigt elements in series to model the elastic and
dissipative contributions for collagen and ground substance separately [52]. On
the fibril level, viscoelasticity was modeled by coupling a Kelvin-Voigt element,
describing intrinsic collagen fibril crosslinks, in series with two Maxwell elements
that described the interfibrillar and interfiber ground substance [243]. An isolated
collagen fibril was modeled in Maxwell-Weichert fashion with two Maxwell
branches [188, 242]. Gautieri et al. (2013) even used molecular dynamics
simulations to model creep of the collagen molecule and subsequently fitted a
Kelvin-Voigt model to the simulated creep data [188].

3.5.4 Models considering ground substance and water

Some modeling studies have focused on identifying the mechanical contribution
of ground substance, with a particular interest in the role for proteoglycans, to
overall tendon mechanics [52, 204, 217, 219, 244-249]. For example, Fessel and
Snedeker (2011)[219] and Ahmadzadeh et al. (2013)[217] investigated how
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proteoglycans could crosslink discontinuous fibrils and proposed possible
explanations for the experimental observation that tendon mechanics is rather
insensitive to the deletion of these proteoglycan crosslinks. Predictions from these
so-called shear lag models showed that interfibrillar shear load transfer between
discontinuous fibrils may be responsible for strain transfer across different length
scales [54], and some even see it as the main loading mechanism for tendon fibrils
[247]. A shear lag model including fluid, predicted experimentally observed
tendon features i.e. a high Poisson’s ratio and fluid exudation tensile load [244].
Additionally, modeling efforts considered plasticity of the interfibrillar matrix
upon deformation [245, 246, 250]. Also, the contribution of water to overall
tendon mechanics has been heavily discussed. Some studies explicitly account for
water in tendon by modeling the tendon as poroelastic [217, 218, 224, 244, 251,
252]. Smith et al. (2013)[205] proposed a need for a poro-visco elastic material
model to investigate viscoelastic behaviour, observed in tendon, that is partly
explained by fluid flow.

3.5.5 A representative finite element model of the
tendon

To address the need for a tissue-scale viscoelastic material model with collagen,
proteoglycans and water, a fibril-reinforced poro-visco-elastic material model for
describing articular cartilage [253] was further refined to describe the mechanical
behaviour of tendon tissue [220, 221]. Specifically, the collagen behaviour was
modeled with a visco-hyper elastic standard linear solid formulation with
exponential stress-strain behaviour. A poroelastic formulation with nonlinear
strain-dependent permeability was implemented to model hydrostatic stress and
to predict fluid flow. The ground substance was modeled as transversely isotropic
hyperelastic in Khayyeri et al. (2016)[221]. The developed material model was
promising as the model could capture many different mechanical features observed
in tendon, i.e. strain-stiffening, creep, stress-relaxation, hysteresis during cyclic
loading [220] and fluid exudation upon tensile loading [221]. Yet, a drawback of
this material model is that it does not explicitly describe the mechanical
contribution of specific structural features, such as collagen crimp or crosslinking,
but rather describes the nonlinear, elastic and dissipative mechanical behaviour of
collagen on the tissue scale.
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3.5.6 Adaptive modeling in healing

There is little literature on adaptive modeling in tendon. Several overview articles
expressed a need for computational modeling to reinforce experimental
investigations of mechanobiology in intact and healing tendon [16, 69, 108].
Adaptive models for describing tendon homeostasis have been reviewed [205].
Another overview article discussed the broad spectrum of mathematical modeling,
e.g. continuum level, partial differential equations, finite elements, agent-based
modeling, lattice approach, that can be used to investigate mechanobiology during
growth, remodeling and healing of tissues [254]. To address the need for adaptive
modeling in tendon mechanobiology, this thesis focused on developing and
exploring such a framework.

One of the first mathematical frameworks to describe mechanobiology in intact
tendon described the temporal evolution of the geometry (tendon length, cross
sectional area) and material properties (stiffness, ultimate stress) [255-257]. A
more recent study uses a multi-scale modeling approach to predict remodeling of
the tendon fiber length upon damage and repair [258]. This study used a dynamic
tendon-muscle model to describe the Achilles tendon force during gait.

Only recently, two numerical frameworks for tendon healing [19, 20]
investigated mechano-regulated processes underlying the temporal evolution of
tendon properties (cell distribution, collagen alignment and content). Specifically,
Richardson et al. (2018)[19] used an agent-based modeling approach to describe
cell migration and they explored strain-dependent collagen production,
degradation, damage to predict collagen content and alignment. This work
identified an optimal strain-range for maximizing the collagen content and
alignment. A follow-up study by Chen et al. (2018)[20] implemented a multi-scale
approach to investigate the effect of mechanical loading and suture repair on
temporal evolution of collagen content and alignment in rat Achilles tendon
healing. First, a musculoskeletal model of the rat hindlimb was used to estimate
tissue-level strains in the healing Achilles tendon during gait. Subsequently, cell
alignment and collagen production rates were predicted and combined in a tissue-
level agent-based model. Interestingly, this approach provided a possible
mechanism for understanding complex effects of mechanical loading and the effect
of suture-repair on the temporal evolution of tendon properties, e.g. cell alignment
and collagen production, during healing.

Another interesting feature of tendon healing is the formation of different tissue
types during tendon healing. Yet, no tendon model has investigated this. However,
several computational models have been utilized to investigate mechanobiological
regulation in regeneration of other musculoskeletal tissues, especially during bone
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healing [259, 260]. Different finite element frameworks utilized biophysical
stimuli [17, 261], in combination with angiogenesis and oxygen [262-264] to
predict heterogeneous cell behaviour (differentiation, migration, proliferation,
apoptosis) [263, 265], and heterogeneous production of different tissue type, e.g.
cartilage, (im)mature bone, bone marrow, granulation tissue, fibrous tissue. These
models considered differentiation and de-differentiation of mesenchymal stem
cells into fibroblasts, chondrocyctes, osteoblasts and adipocytes. A wide range of
biophysical stimuli has been considered to guide tissue differentiation and the
subsequent formation of different tissue types, e.g. principal strain, octahedral
shear strain, pore pressure, hydrostatic stress or fluid flow [17]. In addition to these
stimuli, also considered mechano-regulated angiogenesis, local tissue stiffness and
oxygen concentration to affect tissue differentiation and tissue formation in bone
[262]. These aforementioned frameworks were considered in this thesis to affect
the heterogeneous formation of different tissue types during tendon healing.

In summary, many different material models have been used to investigate
tendon mechanical behaviour on different length scales. One finite element study
[221] showed promising results by describing different aspects of complex
biophysical behaviour of tendon, including fluid exudation, creep, relaxation and
hysteresis, of tendon on the tissue scale (see Table 3.1), whereas other studies
focused on describing only one or two types of mechanical loading. Also, the finite
element method enables modeling of the tendon geometry and allows investigation
of the spatial distribution of various mechanobiological stimuli, e.g. strain, stress
or fluid flow, and other heterogeneously distributed properties that may govern
tendon mechanobiology and healing. Additionally, a limited amount of numerical
studies have investigated mechano-regulatory processes governing tendon
homeostasis and tendon healing. Yet, more elaborate mechanobiological
frameworks have investigated tissue- and cell-level differentiation in bone.
Together, different aspects of existing adaptive mechanobiological frameworks are
combined in this thesis to investigate mechanobiology in intact and healing
tendon. Since only a limited number of experimental studies and no numerical
studies have investigated the heterogencous properties of tendon, the
computational modelling in this thesis particularly focused on investigating spatial
characterization of mechanobiological stimuli that may govern principal
mechanisms and the heterogeneous nature of tendon regeneration.



4 Methods

This chapter describes the methods adopted in this thesis. The constitutive
material description used to model the tendon is introduced. This material model
was used to determine mechanical properties of intact tendon in Study II. Then,
the adaptive framework used to study mechanobiological aspects of tendon
healing, used in studies I1I-V, is described.

4.1 Constitutive material model

An existing fiber-reinforced poro-visco-hyperelastic formulation with a
transversely isotropic matrix was used to describe the mechanical contributions of
collagen fibers, ground substance and fluid in tendon mechanics (Figure 4.1)
[221], according to:

Ototal = Of + Oy — pl €Y)

with total stress (Gtotqr) consisting of the stress in the collagen fibers (7) and
ground substance (0,) and hydrostatic pressure p with unit tensor I from the fluid
phase.
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Figure 4.1. Schematic drawing of the standard linear model, consisting of an
elastic spring in parallel with a Maxwell spring-dashpot, the transversely isotropic
ground substance and void-ratio dependent fluid flow.

4.1.1 Collagen mechanics

The mechanical behaviour of collagen was described by a standard linear solid
model (Figure 4.1) which includes one elastic (spring) and one damping (spring
and damper) contribution. The springs were described with an exponential stress-
strain behaviour (Eq. 2) that consisted of linear (Ey, E3) and nonlinear (K7, K»)
stiffness parameters, whereas the damping constant (1) described the strain-rate
and time-dependent behaviour (Eq. 3). The total collagen behaviour was expressed
in terms of the first Piola-Kirchhoff stress according to:

— En (eKngn_l)' €n>0 —
P"_{O, £ <0 forn=1,2 (2)
de,
& =&+ &), (4)
Pr= Pyt Py= P4 0 p gt 5)
F=r 2 = ndt_ 1T 1 dt dt)'

where Py, P;, P, and &; , &, &, refer to the first Piola-Kirchhoft stress and strain

in the spring and the damper, respectively. The Cauchy stress of the collagen was
then defined as:

I
O'f = jpfef e)f f (6)
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e; — — o .
with 4 = —”|g|” the fiber stretch, and unit vectors (€5 and €5 ) describing the
1.0

current and initial fiber direction respectively. The fiber strain was defined as a
logarithmic function of the stretch (¢; = log(A)). Fiber orientation was updated
using deformation tensor F according to:
F-e
o = o )
7 erol

4.1.2 Ground substance

The ground substance was modeled with a transversely isotropic strain-energy
formulation [266] following:

3 3
1
WOTt = Ez ClijtT(E . Lii)tT(E . L”) + Z GUtT(E . Lii -E- L”) , (8)
iL,j i,j#1

with Green-Lagrange strain tensor (E) and L;; = I; @ I; where i=1, 2, 3 a set of
orthogonal unit base vectors with transversal (i=1, 3) and longitudinal (i=2)
orientation. The stiffness tensor is a;; (i,j = 1, 2, 3) with components according

to:
1 — Vi Vki
a;; = i#; (9)
Vij +ViVie
a;=E—~—2=,(i+j+k (10)

A

E;
. — — J
Wlth A=1- V12V21 - V23V32 - V31V13 - 2V21V32V13 and VL']‘ = Vji _Ei. For a

transversely isotropic model the five independent material parameters were defined
as:

Ey =E;3 =Ep, E, = Ep,

Vi3 = V31 = Vp, V12 = V32 = Vpn, V21 = V23 = Vpp
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where E, G,V represent elastic modulus, shear modulus and Poisson’s ratio in the
transversal (p) plane or normal (n) directions, respectively. The Cauchy stress-
formulation for the ground substance was then defined as:

1 ow

=—F.—. FT
T
1 3 3
a'm :7F- Zal]tT(E.L”) Lii + 2 Z Glj Lii . E‘ LJJ -FT_ (11)
b i,j#1

4.1.3 Strain-dependent fluid flow

The permeability is dependent on the void-ratio [267], according to:

1+e

k=k
0(1+eo

M, (12)

Where the permeability (k) and the nonlinear tuning parameter (M},) describe the
nonlinear dependency of permeability, on initial permeability (k) and void-ratio.
In addition, the water mass fraction (15 ,,) was used to estimate the water volume
fraction [268] according to:

psn
ng = — bBsipm (13)
1—nf‘m+nf‘mps

with water volume fraction (nf), water mass fraction (ns ) and the mass density
of the solid matrix (ps).
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Table 4.1. The constitutive parameters for the fluid flow parameters (kq, M) and ground
substance parameters (Ep, Eny Vpn, Vp, Gpn) that were used in Studies II-V. The ground
substance parameters were chosen to ensure numerical stability and predict fluid exudation
upon tensile load whereas the fluid flow parameters were adopted from Khayyeri et al.
(2016)[221].

Parameter | ko (mm/s) M, E, MPa) | E, (MPa) | vy, | Vp Gy (MPa)
Value 1.43 107 0.424 0.5 1.0 0.3 | 0.45 0.27

4.2 Intact tendon properties (ll)

To model the geometry and mechanical properties of intact tendon, experimental
data from Achilles tendon in rats was used [28]. In this work, female Sprague-
Dawley rats (aged 16 weeks) were subjected to free cage activity (full loading). Half
of the animals received an intramuscular Botox injection in the calf muscles of the
right hindlimb to induce muscle paralysis, in order to reduce active loading of the
Achilles tendon. After five weeks, the tendons were harvested, geometries were
measured, and mechanical tests for viscoelastic properties were performed using a
creep and stress-relaxation test.

* Creep: pre-load 0.1 N, rate 1.0 mm/s, hold phase: 20 N for 200 seconds

* Stress-relaxation: pre-load 0.1 N, rate 0.1 mm/s, hold phase: 2.0 mm for 200
seconds.

The constitutive material was implemented in Abaqus (v6.17-1, Dassault
Systemes, France). Two 3D quarter-cylinder geometries were created to represent
the tendons undergoing full and reduced daily loading, with length 10.84 mm
(1140 elements) and 13.38 mm (1254 elements) respectively, and radius 0.9mm
(Figure 4.4). Eight-node trilinear displacement and pore pressure brick elements
(C3D8P) were used. In terms of boundary conditions, the nodes on the bottom
and top surface were constrained in all directions, symmetry conditions were used
to mimic a full cylindrical geometry, and zero nodal pore pressure was prescribed
on the outer surface (Figure 4.3). The in silico mechanical tests were performed to
mimic the experimental creep (20N) and stress-relaxation test (-2mm
displacement). The fmincon optimization algorithm in MATLAB (R2017a, The
MathWorks, Inc., US) was used to fit the 5 collagen parameters (Ey, Ky, E3, K5, 1)
while the parameters for ground substance and fluid flow were kept constant
(Table 4.1). The model was fitted using the error (Eq. 14) between experimental
data (¥}yp) and model output (Viroder)s averaged for N data points according:
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N
1 . )
Error = N § (Yéxp - y;nodel)z' (14)

i=1

For the creep and stress-relaxation simulations, strain-time and stress-time
output were fitted, respectively. The model was fitted to creep and stress-relaxation
separately (unimodal fitting) and simultaneously (bimodal fitting) by combining
the normalized errors of both tests according to:

Errorcreep Errorstress—relaxation (1 5
max max : )

Yexp,creep Yexp,stress—relaxation

ETrotyimodal =

To assess the final quality-of-fit, the normalized root-mean-squared error

(NRMSE) was computed according to:

N . .
\](yelxp - y;nodel)z (16)

1
NRMSE = 2
Yexp N

i=1

with normalizing to the maximum experimental value ( ygxp*

4.3 Framework to predict tendon healing (l1I-V)

4.3.1 Experimental data

In studies III-V, experimental data from Khayyeri et al. (2020)[21] was used to
construct the tendon geometry and validate spatial predictions of collagen
production and temporal predictions of mechanical properties (stiffness, Young’s
modulus, creep magnitude and ratio, and strain levels) during rat Achilles tendon
healing (Figure 4.2). In the experimental study, the Achilles tendon of female
Sprague-Dawley rats was transected and left to heal without surgical repair of the
rupture. Subsequently, the rats were subjected to full loading (free cage activity) or
received intramuscular Botox injection in the transected limb to reduce daily
loading during healing. After 1, 2 and 4 weeks of healing the tendons were
harvested and characterized for compositional, structural and organizational
(histology and small angle x-ray scattering; SAXS), geometrical (cross-sectional
area, gap distance) and mechanical (creep tests) properties. In particular, SAXS was
used to visualize the heterogeneous distribution of collagen properties throughout

early healing.
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Figure 4.2. Overview of the experimental data used to design and validate the

Mechanical test

tendon model. In particular geometrical, mechanical and spatial collagen
properties were determined in rat Achilles tendons healing for four weeks after
transection of the tendon. The Achilles tendons were subjected to full or reduced
in vivo loading through free cage activity or Botox injection, respectively.

4.3.2 Mechanobiological healing framework

A healing framework was developed to investigate the effect of mechanical loading
and cell distribution on the heterogeneous evolution of collagen production,
alignment and the temporal evolution of mechanical properties in comparison
with experimental data. Mechano-regulated collagen production and collagen
reorientation were simulated to mimic the healing process on a day-to-day basis
(Figure 4.3). In Studies 111V, tissue production was strain-regulated and collagen
was reoriented towards the direction of maximum principal strain. In Studies IV-
V, cell infiltration into the healing callus was simulated and tissue production was
dependent on the local cell density.



34

v 111V
A Load level (0.25-0.5-1.0-2.0N) . _
| Production Cell infiltration
I Biophysical stimulus
E Max. principal strain N ¥
/Y LV =
g Time i i}
IS o+
= Reorientation IV-V

Update e_p’ ef,lieL
\\ P / €ro
~

Matrix density
Collagen orientation

intact

II1-v

Figure 4.3. Schematic overview of the healing framework used in studies III-V.
FE simulations of daily loading were performed to predict the maximum principal
strain distribution in the healing callus. Tissue production was regulated by local
strain magnitude (Eq. 19-20) and cell density (Eq. 23) and collagen fibrils (Eq.
21) were reoriented towards the maximum principal strain direction. Each
iteration of the framework represents 1 day of healing. The tendon was stimulated
with various load levels to mimic full physiological load (2.0N) and different levels
of reduced loading (0.25N, 0.5N, and 1.0N).

4.3.3 Finite element meshes and boundary conditions

Two quarter-cylinder geometries (Figure 4.4) were developed for studies I1I-V,
using the experimental data from the full and reduced loading group at 1 week
post-rupture [21]. Boundary conditions describe clamping of the bottom stump,
symmetry conditions to mimic a full cylinder, zero nodal pore pressure on the
outer surface. Daily loading is applied on the upper end of the tendon, where nodes
are only allowed to displace along the longitudinal axis. The meshes have 1206
and 876 brick elements (C3D8P) for the full and reduced load level meshes with
characteristic element length of 0.298 and 0.264 mm, respectively.



35

FE meshes Boundary conditions
Foru
RN 09 09 8"1“8 8}.—‘—@?‘ MF
1 : b L
4.65 4.65 ! Vi j
] b 1
10.84 13.34 H i E_ :
[ % AN A
5.45| 545 : !
: A
full 1 Vi i
reduced ! v . Vi
M : Vi o
reduced ! v L
full full el bd b
1I 111 IvV-v v II 111 V-V
.Intact
.Healing

Figure 4.4. Model geometries and boundary conditions used in studies I[-V for
the full and reduced load level models consisting denoting intact tendon (red) and
the healing callus (blue). Model dimensions (mm) are based on experimental
observations in intact [28] and healing [21] Achilles tendon from rats subjected
to free cage activity (full load) or Botox -treated (reduced load level). In studies
II-V, an external force (F) is applied to the upper end of the tendon, where in
Study II also a displacement (u) is prescribed during stress-relaxation.

Every day of healing, a mechanical load was applied to the tendon. The applied
force consisted of a preload of 0.1 N (loading rate: 0.1 N/s), followed by an
external tensile load (loading rate: 1.1 N/s). The “full’ loading level in studies I1I-
V was 2.0 N tensile load, to represent the maximum ground reaction force during
gait in adult female Sprague-Dawley rats [269], whereas multiple ‘reduced’ loading
levels were tested in Study IV, 0.25 N, 0.5 N, and 1.0 N, representing 12.5-50%
of the physiological loading during gait. For all load scenarios, the applied loading
is 0.25N at day 1 post-rupture and incrementally increased towards the final load
level to avoid excessive deformation (>60% strain) during the first days of healing

(Figure 4.5).
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Figure 4.5. Different load levels explored in studies III-V to mimic physiological
loading during gait and reduced load, comparable to certain unloading or
immobilization techniques such as intramuscular Botox injection [21].

4.3.4 Density implementation

In studies III and IV, a density function p was implemented to scale the Cauchy
stress exerted by the collagen and ground substance in intact tendon to callus
properties according to:

collagen __ collagen

callus P intact (17)
ground substance __ ground substance
callus =P intact (18)

The initial callus density (collagen and ground substance) was set to 1% to
match experimental measurements of the tendon stiffness reported at the third day

of healing [149].

4.3.5 Strain-regulated tissue production laws

Tissue production was implemented similarly to earlier work of Richardson et al.
(2018)[19] and Chen et al. (2018)[20] where tissue production modeled to be
strain-regulated (Law 1 in Figure 4.5). However, a thorough literature study of
strain-regulated collagen type 1 and 3 gene expression and production in
fibroblasts showed that there is little experimental data for high strain magnitudes
(>10%) and that they have mixed results. /n vitro studies showed that collagen
production was highest for strain levels around 10% and decreased for strain levels
above 10% [270-272]. Considering these experimental results, a second
production law was proposed that describes the initial increase of production in
response to increasing strain (as seen in production law 1), followed by a decrease
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of collagen production upon ‘overstimulation’ by strains over 15% (Figure 4.5).
The strain-regulated production laws were defined similarly to Richardson et al.
(2018)[19] according to:

1
Production Factor = —
1+ e_kSig(sprin_Cl)
max max, transition
for Sprin < Sprin (19)
1

Production Factor = 1 — —
1+ e_kSig(sprin_CZ)
for Sglrzilg > sgqrz;r)i, transition (20)
leading to the following production laws (Figure 4.6), with different shape

arameters (kgjo: 75, C1: 7%, Cy: 3%, €, 5 : 15%), depending on the
p (ksig: 75, Cy: 7%, Ca: 3%, eprn T"'"°™: 15%), depending on th
maximum principal strain (gp3). In Study III, production law 1 and 2 were
explored, whereas in Studies IV-V only production law 2 was used.

Strain-regulated production

== Lawl 1II
—Law 2 IV

Collagen production(-)
-~
n

0 10 20 30
Strain (%)
Figure 4.6. Strain-dependent collagen production laws estimated based on

literature [111, 112, 117, 121, 273-277], where strain is the maximum principal
strain. The production law 2 was used in Studies III-V.
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4.3.6 Tissue production rates

During tendon healing, restoration of the extracellular matrix depends mainly on
the timely restoration of the collagen architecture. Several experimental studies in
rodents reported that the bulk of collagen production occurred in the first four to
six weeks of healing [129, 149, 154, 172, 175, 278-282], implying a production
rate of 2-4% per day. Based on this, a maximum amount of collagen produced per
day of 2% of the intact collagen content was assumed. In Study V, the maximum
production rate for tendon-, cartilage- and fat-like tissue was 2%/day and
1.2%/day for bone-like tissue according earlier frameworks in bone healing [17].
Additionally, as one tissue type is produced, the other tissue types are degraded at
the same rate of the particular tissue type that is produced. In studies III-V,
inflammatory-driven collagen production was considered during the first 4 days of
healing [283]. To model this, mechano-regulated production (maximum 1%/day)
was combined with a fixed inflammatory-driven baseline production rate of 1%
per day, to maintain a total production of 2% per day. Subsequently, from day 5
on, daily production rate was purely dependent on mechano-regulated production
(maximum 2%/day). Additionally, the ground substance was assumed to be
produced at a similar rate as collagen, thus the spatio-temporal evolution of
collagen and ground substance occur similarly.

4.3.7 Collagen reorientation and alignment

Throughout healing, the alignment of the collagen matrix evolves from a random
isotropic matrix into a highly aligned organization. For intact tendon and tendon
stumps in studies II-V, collagen was assumed to be perfectly aligned in the
longitudinal direction. However, for the healing callus in studies III-V, a collagen
organization with 13 different collagen fibrils with random orientations was
implemented [18, 253] to capture the initially disorganized matrix during early
healing. These fibrils were reoriented towards the local maximum principal strain
throughout healing, inspired by an existing implementation in articular cartilage
[18] according to:

€f new = exp(kaR)es 21)

with the angle (@) between the current fibril direction m ) and the direction of
maximum principal strain, reorientation rate parameter (k), new fibril orientation
(€f new ) and a rotation matrix (R) that rotates the fibril towards the direction of
maximum principal strain. The reorientation rate (k) was set to 0.06 to ensure that
the collagen network is fully aligned in the longitudinal direction by four weeks of
healing [135, 136]. To quantify the collagen alignment an established criterion
[20] was used:
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N
1
S = NZ cos(2a) for N fibrils. (22)
i=1

4.3.8 Cell infiltration and density dependent tissue
production

To investigate the effect of cells on tendon healing, cell infiltration from the
extrinsic compartment into the healing callus was considered in studies TV-V,
depicting both migration and proliferation, similar to Isaksson et al. (2006)[17].
Cell infiltration was modeled using a diffusive process, where the diffusion
constant in Fick’s law describes the rate of cell infiltration and the nodes on the
outer surface of the callus were set as constant cell sources. The value of the
diffusion constant was set such that the average cell density in the callus reached
95% after 2 weeks (Figure 4.7). This reflects measurements on the temporal
evolution of cell density and proliferation in tendon healing. These studies
identified maximum cell density and proliferation rate at 1-2 weeks post-rupture

[171-175].
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0

Figure 4.7. Spatio-temporal evolution of cell density as a result of cell infiltration,
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reported weekly during healing. Mean cell density reached 95% after 2 weeks.
Used in studies [V-V.

In Studies IV-V, cell density-dependent tissue production was implemented by
scaling the mechano-regulated production (Ppechanicar) to the local cell density
(Pcer; ranging from 0-100%) according:

Piotat = Peett * Pmechanical (23)
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Hence, no tissue production occurs if there are no cells present, regardless of the
mechanical cue, and tissue production can occur to the full extent if there is 100%

local cell density (g = 100%).

4.3.9 Tissue differentiation frameworks

To investigate the formation of different tissue types during tendon healing, the
developed healing framework (Studies I1I-IV) was extended by incorporating the
mechanobiological production and considering the material properties of cartilage-
, bone- and fat-like tissue, in addition to tendon (Figure 4.8). A range of existing
frameworks considered multiple ranges and combinations of biophysical stimuli,
i.e. principal strain, hydrostatic stress, pore pressure, octahedral shear strain, fluid
flow, oxygen concentration or angiogenesis (blood vessel presence), to govern the
formation of different tissue types (Table 4.2). The hydrostatic stress and
octahedral shear strains were calculated according to:

tr(a) _ (011 + 022 + 033)

Onydrostatic = 3 = 3 (24)
— 1 max __ cmin 4 (gmax _ mld + mid min 2 25
€os = 3 ( prm prm) (sprin prm) (Eprm prin ( )

where hydrostatic stress (Onyarostatic) is defined as the trace of the stress tensor
(0) in cartesian format and octahedral shear strain (g,5) depends on the maximum

(gprin)> mid (Sglrii%) and minimum (€glriir111) principal strains.
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Table 4.2. Overview of thresholds and daily production rates used for the tissue production
of tendon-, cartilage-, fat- and bone-like tissue, depending on different biophysical stimuli,
i.e. maximum principal strain (PE, %), hydrostatic stress (HS, MPa), pore pressure (PP,
MPa), octahedral shear strain (OSS, %), fluid flow (FF, pm/s), oxygen concentration
(OXY, %) and angiogenesis (%), from [262, 284-286]. The octahedral shear strain and
fluid flow algorithm is based on a general stimulus (i) that is calculated according: i =
OSS8/3.75 + FF/3 [286]. The asterisk (*) denotes that these models produced tendon

according to the strain-dependent production law 2 presented in Figure 4.6.

. . Princ. strai
Biophysical Princ. strain Princ. strain Octahedral shear strain . . rinc. strain
. . . K Princ. strain Oxygen
stimuli: Hydrostatic stress Pore pressure Fluid flow ‘ .
Angiogenesis
Abbreviation: PE-HS PE-PP OSS-FF PE PE-OXY
Ref Carter et al. Claes and Heigele Lacroix and Prendergast Burke et al.
eference: -
(1988) [284] (1999) [285] (2002) [286] (2012) [262]
>15;>0.15 -33;<90*
Tend. 3 <0.2 i>3 4%
endon >55< >5; <-0.15 or >0.15 g g 2-253>3;>90*
Cartilage <5;>0.2 <15;>0.15 1<i<3 2-4 -3<3;-
Bone <53<0.2 <53 <+0.15 i>1 <2 <23-3;>90
Fat - - - - >253-35>90

To model the material properties for fat-, cartilage-, tendon- and bone-like
tissue, a new tissue type-dependent material behaviour was defined (Eq. 26). This
implementation allowed the scaling of different stiffness properties for the fat-,
cartilage- and bone-like tissue compared to the intact tendon properties defined in
Study II. To ensure a decrease in stiffness for fat-like tissue [262], compared to
tendon, a scaling coefficient for fat-like tissue (0.5 in Eq. 26) was implemented.
The scaling coefficients were determined to ensure that the cartilage- and bone-
like materials were 5 and 500 times stiffer than the tendon, respectively. The ratio
of the stiffness for the different tissue types follows from an earlier computational
framework for predicting tissue differentiation in bone healing [17]. The material
behaviour also included a density-dependency for all tissue types, defining the local
material properties in the healing callus as:

intact
Tendon

Callus

tissue — (pF 0.5+ pT + p€ % 2.62 + p? % 40.40) *

fOFM = E]_JEZJKIPKZ’ Ep;Enp Gpn (26)

where the generalized material parameter (M) in the healing callus depends on the
local fat (pF) tendon (pT), cartilage (0¢) and bone (p®) density. The densities
affected the stiffness properties in our model for both the collagen
(E,E; Ki,K5;Eq.2)  and  for  the
(Ep, En, Gy Eq.9 — 11

transversely  isotropic  matrix
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Figure 4.8. Overview of the iterative healing framework that predicts the
formation of different tissue types (Study V). Every iteration of healing, a 2N
mechanical load was applied and a wide range of biophysical stimuli (see Table
4.2) were calculated to predict tendon-, cartilage-, bone- and fat-like tissue
production. Similar to Study IV, cell infiltration occurred in two weeks, affecting
tissue production (Eq. 23). For the principal strain and oxygen framework,
according Burke et al. (2012)[262], simulations of angiogenesis and oxygen
diffusion were utilized to predict oxygen-dependent tissue formation.
Angiogenesis was only allowed in elements with less than 6% octahedral shear
strain, and oxygen was consumed by cells.

The previous mechanobiological algorithms predicted bone-like tissue
formation based on local mechanical stimuli or the presence of blood supply.
However, bone formation during tendon healing has been claimed to occur only
through endochondral ossification [24], i.e. bone formation that occurs through
the ossification of cartilage or further ossification of existing bone. Therefore, this
hypothesis was explored using the principal strain model (PE). In particular, bone-
like tissue formation was only allowed to occur if the two following requirements
were met:

e  Maximum principal strain < 2%
e Threshold value of cartilage (0¢ >20%; p¢ >25%) or bone (p? > 0%)

tissue densities where two different threshold values for the cartilage density (20%
and 25%) were explored. This algorithm was referred to as PE-ENDO.
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Following the mechanobiological framework of Burke et al. (2012)[262],
angiogenesis (blood vessel formation) and oxygen concentrations were predicted
in the healing callus. At the start of healing, the callus was completely deprived of
blood vessels and oxygen. Subsequently, every iteration of the healing framework
(-1 day) angiogenesis and oxygen diffusion were simulated similarly to the cell
infileration simulations presented in Figure 4.7. Thus, all nodes on the external
surface of the callus were sources for angiogenesis and oxygen. Angiogenesis was
allowed to occur in elements where the octahedral shear strain was lower than a
threshold value (default value: A-OSS = 6%; from [262, 287]). When the
angiogenesis concentration reached 90%, the material point was considered an
‘established blood supply’, and this location was added as an additional source for
oxygen diffusion. Furthermore, cellular oxygen consumption was considered (C =
0.5; maximum 50% of oxygen was consumed at 100% cell density).

The predicted angiogenesis and oxygen distributions then affected tissue
formation (see PE-OXY in Table 4.2). In particular, cartilage production was
predicted under hypoxic conditions (<3% oxygen concentration), whereas
presence of a blood supply (>90% angiogenesis) was a prerequisite for either bone-
like (<2% strain) or fat-like (>25% strain) tissue formation. Tendon formation was
predicted in the non-hypoxic environment (oxygen concentration >3%) and for
the strain levels (2-25%) if a blood supply was present.

A parameter sensitivity analysis was performed to determine the sensitivity of
the temporal formations of the different tissue types with regards to different
angiogenesis- and oxygen-related parameters, i.e. the diffusion constant for
angiogenesis (A = 0.25 - 0.5 - 1.0) and oxygen (O = 0.25 - 0.5 - 1.0), the extent of
cellular oxygen-consumption (C = 0.25 - 0.5 - 0.75) and the octahedral shear
strain-threshold for angiogenesis (A-OSS = 3 - 6 - 12 %), performed similarly to
the original framework [262].

4.3.10 Validation of predicted mechanical properties

Predicted mechanical properties of the healing tendon tissue were compared
directly with experimental data from Khayyeri et al. (2017 and 2020)[21, 28]. In
Studies I1I and V, stiffness values were validated at 2N load. In Study IV, a creep
test was simulated (load rate: 1.1N/s, holding load: 5N) to determine creep
magnitude and ratio, strain (at 2N load), stiffness and Young’s modulus (at 4-
4.5N) identical to the mechanical analysis in the experimental study.






5 Results

5.1 Mechanobiological changes in intact collagen
properties (II)

The existing material model was utilized to determine the change of viscoelastic
mechanical properties upon a period of reduced daily loading in intact tendon.
The collagen material parameters (Eq, E3, K1, K3, 1) were successfully fitted
(NRMSE: 1.03 - 2.65%, Table 5.1) to the creep and/or stress-relaxation data
(Figure 5.1) from rats subjected to five weeks of full (free cage activity) or reduced
(Botox-treated) daily loading. For the unimodal optimization strategy (considering
only creep or stress-relaxation data), collagen material parameters both increased
and decreased for the reduced loading data compared to the full loading data. Also,
these optimized parameter sets showed a low predictive power when simulating
the test that the model was not calibrated to, i.e. running the creep test with the
parameters fitted to stress-relaxation and vice versa. For the bimodal optimization
strategy (considering both creep and stress-relaxation data simultaneously), the
identified collagen material parameter sets were different from the resulting
parameter sets obtained using unimodal optimization. Interestingly, an overall
increase in all collagen properties was observed for the reduced loading model
compared to the full loading model.
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Table 5.1. Collagen parameters fitted to group-averaged creep (CR) and/or stress-
relaxation (SR) data from rats subjected to five weeks of full (free cage activity) or reduced
(Botox-treated) daily loading. The A denotes the relative change (%) in parameter value
for the reduced compared to the full loading parameter set. The quality-of-fit is expressed
as NRMSE (%) for the different models. Adapted and reprinted from Study II with

permission from Elsevier.
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Figure 5.1. Overview of the fitted creep and stress-relaxation behaviour for the
unimodal (fitted to creep or stress-relaxation data) and bimodal (fitted to both
creep and stress-relaxation data) optimization strategies. The experimental data
was obtained from rat Achilles tendon that was subjected to five weeks of full (free
cage activity) or reduced (Botox-treated) daily loading. Adapted and reprinted

from Study II with permission from Elsevier.
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5.2 Mechanobiological mechanism underlying
tendon healing (llI-V)

5.2.1 Principal mechanisms of tendon healing (llI)

A mechanobiological framework was developed to investigate heterogeneous tissue
production and temporal evolution of collagen alignment and mechanical
properties during tendon healing after rupture. The finite element model predicted
high strain levels (>15%) that were heterogeneously distributed, i.e. higher in the
tendon core compared to periphery (Figure 5.2A). Also, high strain levels were
observed at the stump interface throughout healing. Early tissue production was
predicted to occur predominantly in the core between the tendon stumps and at
the stump interface (production law 1; Figure 4.6) or predominantly in the
periphery of the callus (production law 2; Figure 4.6) (Figure 5.2B). The high
strains at the stump interface and in the tendon core prevented early collagen
production at these locations in simulations with production law 2. The majority
of collagen alignment occurred within 4 weeks of healing (Figure 5.2C) and this
prediction did not depend on the production law. The predicted evolution of
stiffness was well within the range of experimental data at all timepoints (Figure
5.3D), yet the healing model with production law 1 predicted a higher stiffness
throughout the first weeks of healing. The healing model with production law 2
predicted heterogeneous recovery of collagen content, similar to the experimental
data in Khayyeri et al. (2020)[21], by predicting that early tissue production
mainly occurs in the periphery of the callus and not in the callus core. Therefore,
the models in Studies IV and V all utilized production law 2.
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Figure 5.2. Overview of the predicted tendon properties during early healing for
a tendon stimulated with full load level (2.0N) and the two strain-regulated
production laws. The spatial prediction of maximum principal strain (A), collagen
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content in the undeformed state (B), the temporal evolution of collagen alignment
(C) the evolution of stiffness (D) compared to experimental data (meantstandard
deviation) [21]. Adapted and reprinted from Study III licensed under CC BY 4.0.

5.2.2 Effect of reduced load level and cell infiltration (IV)

The developed mechanobiological framework was characterized and validated by
investigating the effect of reduced load levels and cell infiltration on spatio-
temporal predictions of tendon healing. The main effect of a reduced daily load
level in combination with production law 2 (Figure 4.6) was that the model
predicted reduced strain levels, which allowed more tissue production throughout
the initial healing stage (<2 weeks of healing), yet it predicted less tissue production
between two and four weeks of healing (Figure 5.3). Similar to Study III, strains
were persistently higher in tendon core compared to the periphery in all models,
regardless of the load level. The main effect of including cell infiltration during
tendon healing was that the predicted tissue production was higher in the
periphery of the tendon callus, versus the tendon core, throughout four weeks of
healing for all load levels (Figure 5.3-5.4). Including cell infiltration in our healing
framework strengthened the prediction for the spatio-temporal evolution of
collagen properties measured by Khayyeri et al. (2020)[21], where collagen
production occured in the callus periphery first, for rats subjected to cither full
(free cage activity) or reduced daily load (intramuscular Botox injection).
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Figure 5.3. Spatio-temporal evolution of maximum principal strain and tissue
production with production law 2 for tendon models with full (2.0N) or reduced
(0.5N) load level. The values are plotted along a whole-width profile at the
midtendon cross-section only. Simulation output is from healing simulations with

homogeneous cell distributions or cells infiltrating for 2 weeks.
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Figure 5.4. Spatio-temporal evolution of tissue production with production law 2
for tendon models with full (2.0N) or reduced (0.5N) load level in the whole
callus (B) or a whole-width profile at the midtendon cross-section only (E).
Simulation output is from healing simulations with cells infiltrating for 2 weeks
(B, E). Model predictions are compared to the spatio-temporal evolution of the
SAXS imaging data (A, C, D, F) from rats subjected to free cage activity (A, D)
or Botox-treated (C, F) healing tendon [21], where intrafibrillar order reflects the
collagen matrix. The spatial maps (A, C) are unique samples, where the
midtendon profiles (D, F) are group-averaged at 1, 2 and 4 weeks of healing.

The healing simulations predicted most mechanical properties (stiffness,
Young’s modulus, strain level, creep magnitude and ratio) within 1 standard
deviation of the experimental data in Khayyeri etal. (2020)[21] or at least captured
the trends in the experimental data when comparing the full (free cage activity)
and reduced load level (Botox unloaded). (Figure 5.5). Interestingly, the predicted
stiffness resulting from the healing models with a reduced daily load level was
increased compared to the full load models throughout the initial stage of healing,
similar to experimental data. The different reduced load models predicted rather
similar evolution of the mechanical properties.
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Figure 5.5. Temporal evolution of mechanical properties (stiffness, Young’s
modulus, strain level, creep magnitude and ratio) for the models with production
law 2, cell infiltration for 2 weeks and full (2.0N) or reduced (0.25; 0.5; 1.0N)
load level. Predicted mechanical data is compared to experimental data (mean =+
standard deviation) from free cage activity loaded and Botox unloaded tendons
[21].

5.2.3 Formation of different tissue types (V)

The different mechanobiological algorithms predicted a sequential evolution of
tendon-, cartilage- and bone-like tissue formation throughout the first 20 weeks of
healing (Figure 5.6). All frameworks predicted an initial production of tendon-like
tissue, and ended with a significant production of bone-like tissue. The principal
strain and oxygen algorithm (PE-OXY) predicted that the healing callus was
predominantly tendon-like for the longest time, with the latest occurrence of
production of bone-like tissue. Oppositely, octahedral shear strain and fluid flow
algorithm (OSS-FF) predicted the shortest time span of tendon formation and the
earliest bone formation of all models. Principal strain combined with hydrostatic
stress (PE-HS) or pore pressure (PE-PP) predicted slow but gradual cartilage
production throughout healing. On the other hand, the other algorithms (PE; PE-
OXY; OSS-FF) predicted a cartilage production over a shorter time span.
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With the production of tendon-, cartilage- and bone-like tissue, the stiffness of
the healing tendon progressively increased throughout the first weeks of healing,
followed by an asymptotic flattening. The principal strain and oxygen stimulus
(PE-OXY) displayed the slowest stiffness evolution, yet the predicted stiffness in
this model was within the experimental data within the first weeks of healing and
reached intact levels of stiffness at 20 weeks of healing. The other
mechanobiological algorithms (PE; PE-HS; PE-PP; OSS-FF) predicted that intact
levels of stiffness would be reached within four to twelve weeks of healing.
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Figure 5.6. Evolution of tendon, cartilage and bone tissue density and overall

stiffness throughout 20 weeks of healing. The stiffness data is compared with
experimental measurements (mean + standard deviation) from intact (IT) [28]
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and post-transection healing rats subjected to free cage activity loading [21] after
1, 2 and 4 weeks of healing.
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All mechanobiological algorithms predicted heterogeneous tissue formation
throughout 20 weeks of healing (Figure 5.7). The initial production of tendon-
like tissue was predicted to occur in the periphery of the callus (similar to study
IV), followed by a homogeneous production. Most algorithms (PE-HS; PE-PP;
PE; OSS-FF) only predicted a rather short time span of tendon-like tissue
formation. However, the principal strain and oxygen algorithm (PE-OXY)
predicted that the typical heterogeneous initial formation of tendon, with
increased tendon-like tissue in the callus periphery, was maintained for over 10

weeks of healing.

Cartilage-like tissue production was less prominent than either tendon- or bone-
like tissue production for all mechanobiological algorithms. The principal strain
and pore pressure (PE-PP) algorithm predicted long term cartilage production at
the stump interface. The principal strain and oxygen (PE-OXY) algorithm was the
only algorithm to predict cartilage production in the callus core. Production of
bone-like tissue generally started in the periphery of the callus, before spreading to
the callus core and throughout the whole callus. Yet, for the principal strain and
oxygen (PE-OXY) algorithm, bone-like tissue production was predicted rather late
and did not spread throughout the whole callus at 20 weeks.
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Figure 5.7. Evolution of tendon, cartilage and bone tissue density for the different
mechanobiological algorithms at 5, 10, 15 and 20 weeks of healing.
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Allowing bone-like tissue formation only to occur endochondrally (PE-ENDO
20% and 25%), decreased the formation of bone-like tissue, and increased the
long-term presence of both tendon- and cartilage-like tissue, compared to the
default principal strain model (Figure 5.8). The endochondral algorithm is the
only one to predict co-existence of tendon-, cartilage- and bone-like tissue at 20
weeks of healing.
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Figure 5.8. The effect of allowing production of bone-like tissue only through the
endochondral pathway (PE-ENDOQ) in combination with the strain-dependent
algorithm (PE). Two cartilage density threshold values (20% and 25%) were
explored to observe the effect of allowing bone-like tissue formation only via
endochondral ossification on the spatio-temporal evolution of the different tissue
types throughout twenty weeks of healing.

The parameter sensitivity study performed for the algorithm regulated by
principal strain and oxygen (PE-OXY) showed large variations in the predicted
temporal evolution of tendon-, cartilage-, bone- and fat-like tissue production
throughout 20 weeks of healing (Figure 5.9). Parameter perturbations that
increased the process of angiogenesis or oxygen concentration (A=1.0, A-OSS =
12%, C = 0.25, O = 1.0), generally predicted less cartilage formation, whereas all
perturbations that created more hypoxic conditions (A = 0.25, A-OSS = 3%, C =
0.75, O = 0.25) predicted more cartilage formation. Different perturbations, both
increasing and decreasing blood vessel formation and oxygen levels or decreasing
these, led to increased levels of predicted bone-like tissue formation. Only one
parameter set (A-OSS = 12%) predicted early production of fat-like tissue.
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Figure 5.9. Overview of the results of the parameter sensitivity study for the
principal strain and oxygen framework (PE-OXY) and the temporal evolution of

the tendon, cartilage, bone and fat density, throughout the first 20 weeks of
healing.

The principal strain and oxygen (PE-OXY) algorithm predicted spatio-temporal
evolution of angiogenesis (blood vessel formation) and oxygen levels (Figure 5.10).
The spatial maps displayed the gradual infiltration of blood vessels and oxygen
saturation from the periphery of the callus into the callus core, within four weeks
of healing. The angiogenesis and oxygen levels saturated (100% angiogenesis and
oxygen levels) in the whole callus within the first 8 weeks of healing.
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Figure 5.10. The spatio-temporal evolution of angiogenesis (blood vessel
formation) and oxygen levels in the strain and oxygen framework (PE-OXY)
throughout the first eight weeks of healing.







6 Discussion

6.1 General

The aim of this thesis was to investigate mechanobiological mechanisms in intact
and healing tendon by using and developing computational models. Towards this
aim, the thesis summarized important (mechanobiological) features of tendon
healing (Study 1), validated an existing tendon material model with
mechanobiological data from intact tendon (Study II) and utilized this material
model to develop an adaptive mechanobiological healing framework (Studies I11-
V). Extensive experimental data, i.e. geometrical, mechanical, structural
properties, from rat Achilles tendon was used to design and validate the intact and
healing tendon models [21, 28]. In particular, the experimentally observed changes
in viscoelastic properties upon reduced daily loading in intact tendon could be
captured by a combination of elastic and dissipative collagen properties (Study II).
Subsequently, the developed healing framework with strain-regulated tissue
production in combination with cell infiltration and collagen alignment, predicted
heterogeneous evolution of collagen properties and the evolution of mechanical
properties as observed experimentally in tendons subjected to full (Studies III-IV)
and reduced (Study IV) daily load levels. Finally, the predictive capability to
reproduce experimental observations of tissue formation with the healing
framework was explored by developing and adopting existing mechano-regulatory
tissue differentiation schemes for tendon-, cartilage-, bone- and fat-like tissue

formation (Study V).

In Study II, the material model was successfully utilized to capture mechanical
behaviour of intact rat Achilles tendon subjected to full or reduced daily loading
(through intramuscular Botox injection). The material model was able to describe
creep and stress-relaxation behaviour independently and simultaneously. Also, our
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results displayed the capability of the material model for describing
mechanobiological adaptation of mechanical properties in rat Achilles tendon. In
particular, reduced daily loading affected the elastic (linear E; and exponential Ky
stiffness; Section 4.1, Eq. 2) and damping properties (linear E,, exponential K,
and damping time-constant 7; Section 4.1, Eq. 3). The increase in elastic
properties represents an increase in stiffness and elastic energy storage. The increase
in damping properties (linear, exponential and damping time-constant) described
an increase in dissipated energy that is dissipated over a longer time span. The
differences in elastic properties may be related to different structural changes in
the ECM such as the crosslinking density or collagen content, whereas the
prolonged viscoelastic response could be related to decreased collagen
organization, increased crimp or slower fiber recruitment. The mechanical
properties were identified by using a group-averaged tendon geometry that was
fitted to group-averaged mechanical data. This approach allowed us to look at
general differences between the two groups, yet it did not allow us to study subject-
specific differences in tendon behaviour. In summary, Study II provided a
validated material model for intact rat Achilles tendon that could be utilized when
investigating the tissue response to external mechanical loading in rats.
Additionally, the material model showed the capability to describe the
mechanobiological changes in mechanical properties for rat Achilles tendon after
a period of reduced loading,.

Study I summarized and generalized literature findings regarding temporal and
spatial evolution of tendon properties during tendon healing in rodents.
Additionally, the effects of different mechanical loading protocols, gender and
suture-repair were investigated. The study also identified that there is a limited
understanding of long-term recovery of the tendon properties and how the loading
protocols can affect this. In addition, it is rather unknown whether
mechanobiology plays an important role in cell and tissue differentiation and
subsequent formation of different tissue types that is observed during tendon
healing. Furthermore, it is unknown how the formation of fat-, cartilage- and
bone-like tissue affects the outcome of the healing process and how these tissues
affect the local, heterogeneous and overall biomechanical function of the tendon.
Also, a wide range of cell populations have been identified to be present in the
callus tendon healing, yet the exact function and spatio-temporal distribution of
many cell populations is rather unknown [128]. Recently, different experimental
works have observed heterogencity during tendon healing in terms of collagen
features, cell populations and their distributions, or different tissue types, i.e.
formation of fat-like, cartilage-like or bone-like regions in the tendon during
healing. It is unknown to what extent mechanobiology plays a role in the
heterogeneous recovery of tendon properties during tendon healing. Spatial
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changes in biophysical stimuli may affect tendon mechanobiology in a
heterogeneous manner, yet no experimental or numerical study has investigated
the spatial distribution of mechanical stimuli during tendon healing. To address
some of the aforementioned gaps in knowledge, this thesis investigated the
heterogeneous evolution of tendon properties (collagen production, alignment and
mechanical properties) during tendon healing as function of mechanical loading.
To achieve this, a numerical framework was developed (in Studies I1I-V) that
could predict and investigate some of the main processes of tendon healing that
were identified in Study 1.

The main focus of this work was to develop a computational healing framework
that could describe and investigate the evolution of tendon properties with a
particular focus on identifying mechanobiological mechanisms observed in
experimental data. Interestingly, recent experimental work showed early recovery
of collagen properties in the periphery of the healing tendon, and not in the tendon
core [21]. The developed healing model incorporated a mechanobiological
mechanism predicting this experimental observation. In short, the combination of
finite element predictions of high levels of (principal) strain in the tendon core,
combined with a strain-regulated production law that predicts decreased collagen
production for high strain levels, predicted decreased collagen production in the
tendon core during early healing. Future experimental measurements of the spatio-
temporal evolution of strains in the healing callus, combined with spatial
measurements of collagen formation can validate or scrutinize this hypothesis.
Another interesting observation of the investigated strain-dependent collagen
production was that healing tendons subjected to reduced daily loading displayed
increased early collagen production compared to the fully loaded tendons. This
was predicted because the reduced load levels resulted in lower strain levels, thereby
avoiding high strain levels where collagen production was predicted to be decreased
(production law 2). More elaborate spatio-temporal measurements of collagen or
tissue production throughout early healing, for tendons subjected to different
mechanical load levels, could provide valuable data for validation or redesigning of
the implemented strain-regulated production laws.

In addition to strain-regulated tissue production, the spatial distribution of
matrix-producing cells may affect spatial tissue production. Therefore, cell
infiltration from the periphery into the empty tendon core was considered to
contribute to early tissue production in the tendon periphery throughout the first
two weeks of healing. Implementing this cell activity strengthened the prediction
that collagen production occurs first in the tendon periphery, regardless of the load
level. This was similar to observations in experimental data, where rats showed
early collagen production occurring first in the tendon periphery, both for rats
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subjected to full (free cage activity) or reduced daily loading (through
intramuscular Botox injections) [21]. Future experiments should combine spatial
measurements of tissue production and cell distribution to determine the
importance of accounting for the distribution of matrix-producing cells to healing.

The healing framework was further developed in Study V to explore a range of
existing mechanobiological frameworks for predicting the formation of different
tissue types. Different biophysical stimuli, e.g. principal strain, hydrostatic stress,
pore pressure, octahedral shear strain and fluid flow, angiogenesis and oxygen
concentration were considered, according to earlier work in bone healing [17, 262,
265]. The developed framework was able to predict experimentally observations
of cartilage-like [22, 23, 139] and bone-like tissues [24, 138, 288, 289] throughout
the first 20 weeks of tendon healing. This work supported that mechanobiology
may play a role in tissue differentiation during tendon healing, as proposed in
Huber et al. (2020)[25].

The healing framework predicted heterogeneous evolution of different tissue
types throughout healing. Generally, initial tendon-like tissue formation was
followed by temporal production and degradation of cartilage-like tissue and
progressive production of bone-like tissue. Tendon- and bone-like tissue
production started mostly in the periphery of the callus and spread later
throughout the callus. Similar to Studies III and IV, tendon-like tissue production
occurred early in the periphery due to production law 2 and as a result of cell
infiltration. Formation of bone-like tissue was predicted in the periphery of the
callus since the strain levels are lower in the periphery than in the tendon core and
low strain levels are required for bone formation. Typically, there was less cartilage-
like tissue formation predicted, compared to bone- or tendon-like tissue. Allowing
bone-like tissue formation to only occur endochondrally (PE-ENDO), as
suggested by experimental data from Lin et al. (2010)[24], increased the predicted
formation and persistence of tendon and cartilage. On the other hand, it limited
the predicted bone-like tissue formation, compared to the default strain model.
This prediction of tissue formation was deemed more realistic since it reproduced
the experimental observations of long-term (>15 weeks) presence of cartilage [139]
in co-existence with more isolated islands of bone-like tissue [290], instead of a
fully ossified callus without any cartilage present. Yet, two long-term healing
studies showed that the bone-like volumes may span the full length of the tendon
and may take up a large volume of the tendon after 15 [289] and 16 weeks [138]
of healing. In agreement with these experimental observations, most
mechanobiological algorithms in Study V predicted a vast amount of bone
formation in the whole callus.



61

In addition to purely mechanical stimuli, the potential role of angiogenesis and
oxygen levels in formation of different tissue types was explored. The principal
strain and oxygen-dependent algorithm (PE-OXY), similar to Burke et al.
(2012)[262], predicted less excessive bone-like tissue formation, and predicted
significant cartilage production in the callus core. This algorithm captured the
experimental observations that cartilage production (chondrogenesis) is likely to
occur under hypoxic conditions [24] whereas bone-like areas have been found to
be surrounded by blood vessels [290]. However, the predicted bone-like tissue
production occurred at a late stage of healing (>15 weeks) and potentially
underpredicted the amount of bone-like tissue formation observed in experimental
data. Yet, the parameter sensitivity analysis showed significant variation of the
predicted formation of the different tissue types with changes in different
parameters that remain uncertain. Future experimental studies should perform
spatio-temporal measurements on oxygen concentrations, and blood vessels

formation, to enable validation of these frameworks, similar to Burke et al.
(2012)[262].

In summary, different mechanobiological mechanisms were identified in Scudy
V to contribute to heterogeneous tissue formation and differentiation. Similar to
Studies III-1V, cell infiltration may contribute to early (tendon) tissue production
in the periphery and the finite element simulations predicted higher strain levels
in the core and lower strains in the periphery. Lower strain levels in the periphery
will allow earlier cartilage- and bone-like tissue formation in the periphery.
Additionally, the heterogeneous process of angiogenesis and the oxygen
distribution may regulate spatial patterns of tissue formation. In particular,
hypoxic conditions promotes cartilage formation whereas blood supply has to be
present for formation of bone- and fat-like tissue. Therefore, early cartilage
formation was predicted in the hypoxic tendon core. The superposition of the
oxygen and strain field imply that bone formation may occur earlier in the
periphery given the lower strains and the presence of blood supply. On the other
hand, high strain levels combined with blood supply may relate to fat formation.
Yet, the strain and oxygen framework predicted very little fat formation, as it takes
a while for blood supply to establish, and the high strain levels associated with fat
formation are only predicted during very early healing.

Other than tssue production, also the gradual alignment of the collagen
structure throughout the first month of healing was considered to affect the global
and local mechanical behaviour of the tendon in Studies III-V. The
implementation predicted a strong alignment of the tendon in the direction of
principal strain. This implementation reproduced the typical tendon organization
with mainly parallel collagen fibers along the principal loading direction of the
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tendon. In terms of reorientation, in accordance with experimental observations
[135, 136] the majority of collagen reorientation occurred gradually within four
weeks in all models since the maximum strain directions are very similar between
the models, due to the uniaxial loading of the tendon. There is very limited
experimental data on mechano-regulated control over collagen alignment in
healing tendons, but future implementations of the framework could consider
different mechanoregulated collagen alignment mechanisms, as explored by

Richardson et al. (2018)[19] and Chen et al. (2018)[20].

In addition to predictions of tissue production and collagen alignment, the
healing models predicted temporal evolution of a range of mechanical properties
such as the overall stiffness, Young’s modulus, creep ratio and magnitude and
strain levels. The predicted mechanical properties were compared with available
experimental data. In general, the healing models were able to predict the
experimental data at most timepoints throughout the first four weeks of healing.
Interestingly, the finite element simulations in Studies III-V displayed
supraphysiological strains (>15%) during early healing. Mechanical data from
healing rat Achilles tendons, one week post-rupture, also showed that the overall
tissue strain during a load-to-failure [149] or creep test [21] is well over 15%.
However, no experimental data was available to validate the spatio-temporal
evolution of the strain fields during healing. Study III showed that the initial
healing framework was capable of predicting experimental stiffness data during
healing [21] that the framework was not fitted to. Additionally, reduced loading
affected some mechanical properties as observed in experimental data [21]. Study
IV showed that healing tendons stimulated with reduced loading displayed an
increased stiffness, Young’s modulus and decreased creep magnitude compared to
the fully loaded model, at the first week of healing, similar to experimental data
[21]. However, the opposite trend was observed for mechanical data from load-to-
failure test in healing rat tendon. Specifically, Eliasson et al. (2009)[149] and
Khayyeri et al. (2020)[21] showed that tendons subjected to intramuscular Botox
treatment display a lower stiffness than tendons subjected to free cage activity. One
underlying mechanism to explain these results could be that tendons subjected to
free cage activity display a longer toe region in their stress-strain response, and
require more force to be fully recruited and aligned. The material model used in
this thesis does not incorporate the crimp behaviour or fiber recruitment explicitly,
thus we cannot capture these behaviours. On a different note, Study IV showed
that the inclusion of cell infiltration in the healing model had a marginal effect on
the temporal evolution of the mechanical properties. Parameter sensitivity analysis
of the cell infiltration rate showed that slower cell infiltration predicted slower
tissue production and thus slower recovery of stiffness. The healing models in
Study IV predicted a marginal evolution of creep properties. This may be explained
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by the fact that in the material modeling of the healing callus, the time-constant
for the damping property () was not density-dependent. Yet, the available
experimental data [21] does not show a very conclusive evolution of these
properties throughout the first weeks of healing either. In Study V, different
mechanobiological algorithms predicted a temporal evolution of stiffness that was
roughly within experimental data [21] throughout the first four weeks of healing
while predicting that intact levels of stiffness [28] would be recovered within four
to twenty weeks. These results largely agree with the findings of the literature study
(Study I) where it was shown that intact levels of stiffness are recovered within two

to eight weeks of healing (Figure 3.7).

6.2 Limitations

The main limitations of this thesis are: (i) the phenomenological material model,
(ii) unknown 7z vive load levels, tissue deformation and strain transfer during
tendon healing, (iii) the limited amount of mechanoregulated processes that were
considered, (iv) tissue production due to biological and inflammatory processes,
(v) assuming continuum level mechanics in the healing tendon. These limitations
are explored and discussed below.

The phenomenological material model

The choice of the standard linear solid model had implications for the fitting
procedure in Study II. The damping constant is in the order of minutes, as the
bulk of relaxation or creep occurs in the time-scale of minutes. Thus, the
dissipative behaviour of the Maxwell branch for quick deformations (<10 seconds)
is rather limited. Hence, there is a considerable overlap in the sensitivity of the
overall stress-strain response to the linear (Ey,E,) and exponential (K1, K>)
stiffness parameters in the elastic and Maxwell branch for quick deformations. This
similarity may contribute to the fact that the parameter fitting procedure (fmincon
in Matlab) often found local minima, instead of the global minimum. To improve
the robustness of the parameter identification method, a bimodal fitting strategy
was implemented, i.e. fitting the material parameters to both stress-relaxation and
creep data simultaneously. The ‘optimal’ parameter sets using this approach were
different to the parameter sets found by the individual fitting procedures (Table
5.1). Interestingly, the bimodal fitting approach identified an increase in all
material properties comparing the Botox-treated rats to the fully loaded rats,
whereas the fitting to one mechanical test led to mixed results. Still, the identified
differences in phenomenological material parameters are difficult to interpret as
they do not represent discrete structure-function relationships in the tendon, but
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rather describe different contributions to the overall stress-strain response of
tendon in various mechanical loading scenarios.

Although the mechanical behaviour of the ground substance is highly disputed,
Khayyeri et al. (2016)[221] stated that the transversely isotropic matrix was
essential to predict fluid exudation upon tensile loading. Fluid exudation has not
been investigated elaborately in numerical modeling or experimental work, but has
been reported in experimental observations [85, 291]. Future experimental studies
should investigate fluid flow velocities and flux to enable thorough validation of
this aspect in material modeling frameworks. Additionally, future material models
also may consider the role of elastin or elastic fibers in tendon mechanics [292].

In vivo load, nonuniform deformation and strain transfer

There is almost no experimental data quantifying the magnitude, rate, duration or
frequency of in vivo mechanical loading for intact and healing (rat) Achilles
tendon. One of the main unknowns in this thesis is the applied mechanical load
during healing. Experimental measurements found a ~2N peak ground reaction
force in Sprague-Dawley rats aged 12-16 weeks [269]. Additionally, the rats used
in in Khayyeri et al. (2020)[21] weighed -200g, which represents a 2N force.
Applying a 2.0N load in the intact tendon model induced physiological levels of
strain (~4.5%), which were deemed reasonable. Thus, in Studies III-V, a
maximum physiological load of 2.0N was applied during tendon healing to reflect
the maximum load during gait. Thorough experimental validation of the forces
and strains in the Achilles tendon will be key to develop and validate
mechanobiological frameworks, similar to the ones presented in this thesis.

For the mechanobiological experiments in rats, it is unknown to what extent
the different techniques (intramuscular Botox injection, tail suspension,
immobilization by cast or orthosis) affect the mechanical loading of the Achilles
tendon compared to normal physiological loading during gait or free cage activity.
Different levels of reduced load (12.5 — 25 - 50% of full physiological load) were
explored to mimic the intramuscular Botox treatment that was used in rat
experiments of Khayyeri et al. (2020)[21]. Recently, a musculoskeletal model of
the rat hindlimb was used to get estimates of tissue and cell-level strains in loaded,
unloaded, suture-repaired and nonrepaired Achilles tendon [20]. Recent
measurements of strain and forces in the human Achilles tendon observed during
different rehabilitation exercises, e.g. walking, running, heel raises, hopping,
squatting, can be utilized to explore more realistic loading patterns in
computational healing frameworks for different loading regimens [293, 294].
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Additionally, it is known that the magnitude and spatial distribution of
deformation of the human Achilles tendon may vary considerably, yet there are
almost no spatial and/or temporal measurements of tissue-level or cell-level
deformation or strain throughout healing in rats. Yet, human data implies higher
deformation in the tendon core for intact human Achilles tendon [295-297],
similar to the strain maps predicted by finite element simulations during healing
(Studies I111-V). Experimental measurements of deformation could help to validate
the finite element simulations. This is a vital step in identifying how certain
rehabilitation regimens are related to impaired healing through local mechanical
over- or unloading. Moreover, the identification of loading-induced damage or
microtrauma may help identifying appropriate levels of physical loading
throughout healing.

Also, the different subtendons that connect the Achilles tendon to the three calf
muscles (medial and lateral gastrocnemius and soleus) were not considered in the
finite element simulations. However, the three muscles may induce heterogeneous
loading of the tendon by exerting different forces during contraction, inducing
different deformations and loads in the subtendons [298]. Also, the subtendons
may display different structural and mechanical properties. In intact human
tendon, the subtendons display different viscoelastic properties [299] and these
differences may contribute to the nonuniform displacements observed in human
Achilles tendon [295-298]. These factors may also contribute to heterogeneities
found during tendon healing, as suggested in Khayyeri et al. (2020)[21]. Another
process that may affect iz vivo tendon loading throughout healing is the temporal
change in muscle-tendon dynamics or gait during healing. For example, different
features of gait, e.g. joint angles, speed, and swing time, were found to change
throughout the first three weeks of healing in rats [300].

Other mechanoregulated processes

In the healing framework (Studies I11-1V), only mechanoregulated production and
realignment of collagen were considered to describe the initial repair of the tendon.
However, recent modeling studies also described constant or strain-regulated
degradation or damage of collagen [19]. These mechanisms of matrix degradation
are more important in predictions of long-term homeostasis. Yet, in our healing
model, the bulk (>95%) of production, reorientation and stiffening occurs within
the first four to six weeks of healing. Future development of the healing framework
may also entail modeling the accumulation of microdamage during fatigue loading
or identifying mechanisms of tendon failure in intact or healing tendons. Healing
studies in rat Achilles tendon showed that early loading may induce considerable
microdamage, which may induce additional growth of the healing callus [97, 170].
Additionally, the collagen dispersion or speed of alignment in our healing
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framework did not depend on the magnitude of strain, only on the direction of
maximum principal strain. However, more disorganized collagen has been found
in tendons that are more unloaded. Huber et al. (2020)[25] even suggested that
this unorganized collagen matrix may affect cell spreading and TAZ signaling to
regulate fat and bone differentiation during healing.

Only one type of collagen was considered in the material model. The
mechanical behaviour of collagen in the material model probably resembled
collagen type 1 since the intact data from Study II contains mostly collagen type
1. However, during early healing there are considerable amounts of collagen type
3 being produced, yet many questions remain on its properties and function.
Collagen type 3 has been described as having thinner and longer fibrils, with less
crosslinks and lower level of organization, which together results in decreased
mechanical properties compared to collagen type 1 [57, 166, 301, 302]. Most
probably, collagen type 3 is produced in the early healing phase in an unorganized
manner to establish an initial stable matrix network that allows cellular processes
such as migration and mechanosensing [131, 132]. We capture this initial behavior
in our model by creating an initial collagen network with random/isotropic
organization and with decreased mechanical properties (more collagen type 3 like)
that develops into an aligned and stiff matrix (more collagen type 1 like). Future
experimental and modeling efforts may distinguish between the production,
degradation and mechanical properties of the different collagen types.

The size (length and width) of the callus in healing Achilles tendon has been
shown to be affected by mechanical loading [21, 95, 97, 149]. The tendon
geometry is an important feature of the finite element model. One larger and one
smaller tendon geometry were designed using the geometrical measurements from
Khayyeri et al. (2020)[21] for the full and reduced load models in Studies III-IV.
Yet, we did not consider the temporal adaptation of the tendon geometry during
healing. Future computational studies could investigate the mechano-regulated
growth of the healing callus domain.

Biological and inflammatory processes

In addition to mechanobiology, purely biological and inflammatory processes also
regulate tissue production and differentiation [303]. Different biological or
inflammatory processes were explored in this thesis. The implemented healing
framework considered how the local cell density can regulate tissue production and
how acute inflammation can stimulate tissue production during the first days of
healing. Including cell infileration during early tendon healing strengthened the
prediction of eatly tissue production in the periphery of the callus, similar to
observations from experimental data [21]. Inflammatory-driven tissue production
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ensured a baseline of early tissue production and recovery of mechanical stability
throughout the first days of acute inflammation, regardless of mechano-regulated
production. The initial wound healing response is presumably regulated by
predominantly biological (nonmechanical) processes. The healing framework in
Study V also considered mechanoregulated angiogenesis and oxygen diffusion.
However, extensive experimental data on all the aforementioned processes and the
extent of mechano-regulation and heterogeneity of these processes is limited. For
example, many different cell populations have been identified during healing
[128], yet the spatial and temporal evolution of cells that contribute to tissue
production and differentiation remains rather unknown. Yet, a prolonged presence
of cells, e.g. myofibroblasts, may contribute to scar formation [22]. In Study V,
only the production of different tissue types was considered and not the
differentiation on the cellular level. However, previous computational frameworks
in bone healing considered actual differentiation of stem cells or pluripotent cells
into different cell populations with distinct cellular properties, e.g. migration,
differentiation, apoptosis, production, degradation [263, 265]. In tendon, the
experimental evidence for tissue differentiation on the cell-level during tendon
healing is limited. Future mechanobiological frameworks investigating tissue
differentiation in tendon may also consider these distinct cell-level features in a
similar fashion.

Continuum level mechanics

Our finite element implementation is a continuum tissue level model that assumes
full mechanical connectivity between all material points. However, for a healing
tendon, it can be questioned whether this is a reasonable assumption. For example,
during the first days of healing, the stump and the callus are probably not fully
mechanically connected. However, microscopic images have observed that the
stumps are well integrated into the healing callus matrix by 15 days of healing in
rat Achilles tendon [141]. Additionally, more established load-bearing parts of the
callus are likely to take most of the mechanical load, or they can possibly slide,
with respect to less developed parts of the callus, thereby unloading other parts of
the callus. These regional differences in load-bearing and mechanical stimulation,
are likely to be even more prominent when considering the formation of different
tissue types with different mechanical properties. For instance, it remains
unknown whether newly formed fat-, cartilage- and bone-like regions contribute
to load-bearing in the healing tendon. Some preliminary in-house data from high-
resolution 3D imaging has implied that bone-like tissue occurs within fibers that
are well-integrated in the fibrillar matrix. This suggests that these bone-like regions
can carry load, thereby contributing to overall load-bearing of the tendon and
potentially unloading other parts of the tendon. Many questions on the formation
of different tissue types during tendon healing remain unanswered but future
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research can investigate if, for example, bone-like regions play a role in the risk of
re-rupture or long-term loss of tendon function or associated pain.

A different aspect of the tissue-scale finite element modeling approach is that
tissue-scale strains were used to govern mechanoregulatory mechanisms, while
strain transfer between different length scales of the tendon was not modeled or
investigated. This is questionable since the literature data used for the design of
our strain-dependent collagen production law was based on iz vitro experiments
that apply strains to cells. Yet, different levels of in vivo strain transfer have been
observed in soft tissues, e.g. tendon [304] and meniscus [305] and in in vitro
experiments that apply strains to cells on a flexible substrate [306]. The only
available ‘multiscale’ model on Achilles tendon healing implemented a constant
strain transfer of 28% between tissue and cell-level strains [20]. However, since a
thorough characterization of strain transfer across multiple length scales is lacking,
and the available data implied similar strain attenuation in iz vitro and in vive
experiments, it was assumed reasonable to couple the local tissue strains to cellular
production of collagen.

6.3 Future perspectives

Computational investigations of mechanobiology in small animal models may
prove important to unravel mechanisms underlying tendon healing. Yet,
developed tendon models must be validated in synergy with experimental studies
such that the model has a strong predictive capacity to a certain experimental
model and can be used to design new experimental setups or ultimately to find
optimal rehabilitation regimens that can be tested in the experimental studies. For
instance, the developed mechanobiological model can help identify optimal timing
for incremental steps in daily load level. For example, preliminary investigations
using the healing framework in this thesis showed that one week of reduced level
of daily loading, followed by full loading, displayed superior recovery of tissue
content and stiffness throughout the first eight weeks of healing, compared to
tendons subjected to continuous reduced or full daily loading. These results were
similar to the experimental data in small animal studies, where they observed
improved recovery of quasi-static, dynamic and fatigue mechanical properties
following early mobilization (after 1 week of cast immobilization) compared to
prolonged immobilization [96, 167, 185]. The simulations also predicted the
experimental observation that the tendon properties would become more similar
throughout time, as observed after six [167] and 16 weeks of healing [185],
regardless of the rehabilitation regimen. These preliminary results exemplify the
role that the developed healing framework can play in identifying optimal
rehabilitation regimens, and how the framework contributes to create a better
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understanding of the benefits or drawbacks of particular loading regimens during

healing.

In terms of the evolution of tendon structure and function during healing, it
will be important to collect more elaborate mechanical data on viscoelastic (e.g.
creep, stress-relaxation, hysteresis) and fatigue properties (e.g. cycles to failure,
dynamic modulus) while identifying distinct structure-function relationships for
structural features throughout the multiscale tendon structure. Also, the recent
experimental and numerical findings described in this thesis started identifying
possibly mechanisms that may explain heterogeneous patterns of tendon healing.
Experimental studies have recently started to consider the spatial distribution of
collagen properties by, for example, doing spatial characterization of tendon gene
production and high resolution imaging of the collagen matrix. In addition, the
characterization of the heterogeneous deformation of healing tendon and strain
transfer may provide valuable information to validate computational models of the
healing tendon. Most of the aforementioned experimental investigations are not
possible in humans due to various reasons such as ethical consideration, lack of
compliance to rehabilitation regimens, availability of representative and young
subjects. Therefore, the majority of experimental and numerical investigations of
tendon mechanobiology will, can and should first be done on small animals before
transferring this knowledge to the human scale. One example of this is the
identification of different multiscale structure-function relationships related to the
hierarchical collagen structure and its interaction with other proteins should be
transferable to the human scale.

In terms of modeling tendon healing and mechanobiology, there are numerous
interesting processes that may be investigated and considered in future works, such
as load-dependent adaptation of the tendon geometry, considering different
muscle forces combined with the three subtendons, investigating the mechanical
role of the interfascicular matrix, considering other (mechano) biological stimuli
(e.g. blood vessel formation, oxygen concentrations, inflammatory cells and
signaling), the role of contractile myofibroblasts and scar formation, separating
collagen type 1 and 3 production, damage and degradation, and more elaborate
mechanical characterization. An important first step for the rat Achilles tendon
models will be to mimic physiological loading, considering realistic strain and
force-levels in the whole tendon and the subtendons during normal gait and for
the different rehabilitation treatments, e.g. intramuscular Botox injection,
immobilization by cast or orthosis.

In recent years, there has been a strong progression in the development of finite
element models of the human Achilles tendon [307-314]. Some of these models
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considered the three different subtendons and even investigated the effect of the
interfascicular matrix on overall Achilles tendon mechanics and deformation.
However, none of the studies considered viscoelastic properties in their material
model. Future finite element models of the human Achilles tendon may consider
modeling the different viscoelastic properties (stiffness, hysteresis and relaxation)
measured in the three subtendons on the human scale [299]. The existing
viscoelastic material model in this thesis may be valuable here, but also the
developed mechanobiological healing framework may provide a good starting
point for validating mechano-regulated tissue healing or differentiation processes
on the human scale. There is also quite an extensive literature available on finite
element analysis of the supraspinatus tendon that focus on modeling the tendon-
to-bone insertion [315-320]. Similar methods may also be employed to consider
the complex structure and different tissue types (tendon, cartilage, bone) that
comprise the Achilles tendon insertion at the calcaneus. Other recent human
modeling approaches have considered whole foot models [321], muscle-tendon
dynamics [322-325] and even a whole leg model [326]. These models may be of
value to consider the interaction of the Achilles tendon with different surrounding
tissues, i.e. model physiological loading or muscle-tendon interactions.

Current treatments of the ruptured Achilles tendon are not optimal. To address
this, computational modeling efforts investigating the human Achilles tendon have
developed rapidly over the last few years. In addition, this thesis considered the
first 3D mechanobiological framework in tendon healing. Together, these
numerical frameworks and extensive development and validation of these models
may lead to key insights involved in tendon biomechanics and mechanobiology.
Hopefully, these models will help designing better treatments for diseased or
ruptured tendon.



7 Summary and conclusions

The overall aim of this thesis was to investigate mechanobiological
mechanisms in intact and healing tendon by using and developing
computational models. The presented mechanobiological tendon framework
was able to capture and predict a range of experimental observations in intact
and healing tendon, such as spatio-temporal evolution of collagen production
and the formation of different tissue types, collagen alignment, and viscoelastic
mechanical properties.

Study I: There is a limited understanding on the effect of different
mechanical loading protocols, gender and suture-repair on Achilles
tendon healing in rodents. Literature findings have described the
heterogeneous evolution of different tissue features during healing
such as tissue production, tissue differentiation and cell distribution.
This study found that mechanical loading has been found to play a
role in recovery of mechanical properties, yet it remains unclear what
role mechanobiology exactly plays during tendon healing.

Study II: An existing material model for tendon was further validated
by determining the viscoelastic properties of collagen in rat Achilles
tendon by incorporating creep and stress-relaxation behaviour. Creep
and stress-relaxation behaviour were described simultaneously with
high accuracy using a single material parameter set. This study found
that the mechanical properties of tendon undergoing reduced daily
loading displayed different elastic and viscoelastic properties.

Study I1I: A mechanobiological framework was developed to describe
the evolution of collagen content, alignment and overall mechanical
properties during early tendon healing. The finite element simulations
displayed  heterogeneous  distributions  of  strain, and
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supraphysiological strain levels (>15%) during early tendon healing.
This study suggests that decreased collagen production for high strain
levels could explain why tendon properties heal in a heterogeneous
fashion as observed in experimental data.

Study IV: The mechanobiological healing framework was
characterized and validated by investigating the effect of reduced daily
loading on tissue production, collagen alignment, mechanical
properties (stiffness and creep). This study identified that the
combination of the explored strain-regulated collagen production law
and reduced loading predicted improved collagen production and
stiffness recovery during early healing. On the other hand, long-term
prolongation of reduced loading may impair the recovery of tendon
properties.

Study IV: Cell infiltration during early tendon healing was found to
be a potential mechanism contributing to heterogeneous collagen and
overall tissue production that was observed experimentally. The
tendon core has a low cell density after rupture, thus early tissue
production may be very limited, regardless of mechanical loading, as
observed in experimental data. If the process of cell infiltration
(migration and proliferation) is mechano-regulated, this may lead to
further heterogeneity of cell distribution and tissue distribution
during healing.

Study V: A mechanobiological framework was developed for
predicting the formation of different tissue types (tendon-, fat-,
cartilage-, bone-like) during tendon healing. This framework explored
a wide range of biophysical stimuli, the process of endochondral bone
formation and the potential role of angiogenesis and oxygen in the
formation of different tissue types. The mechanobiological algorithms
predicted spatio-temporal formation of tendon, cartilage and bone-
like tissue formation. Additionally, the heterogeneous process of
angiogenesis and the oxygen distribution may regulate spatial patterns
of tissue formation. In particular, hypoxic conditions promoted
cartilage formation in the tendon core whereas blood supply had to
be present for formation of bone-like tissue. Allowing only
endochondral bone formation predicted more realistic long-term
tissue formation with prolonged tendon-like and cartilage-like tissue
presence and more limited bone-like tissue formation. This was the
first framework to predict temporal and spatial formation of fat-,
tendon-, cartilage- and bone-like tissue formation during tendon
healing, similar to experimental observations.
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