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Abstract

The patella is a sesamoid bone embedded within the quadriceps tendon and the patellar
tendon that articulates with the femur. However, how is it formed is still unknown. Therefore,
here we have evaluated, computationally, how three theories explain, independently, the
patella onset. The first theory was proposed recently, in 2015. This theory suggested that
the patella is initially formed as a bone eminence, attached to the anterodistal surface of the
femur, while the quadriceps tendon is forming. Thereafter, a joint develops between the emi-
nence and the femur, regulated by mechanical load. We evaluated this theory by simulating
the biochemical environment that surrounds the tendon development. As a result, we
obtained a patella-like structure embedded within the tendon, especially for larger flexion
angles. The second and third theories are the most accepted until now. They state that the
patella develops within tendons in response to the mechanical environment provided by the
attaching muscles. The second theory analyzed the mechanical conditions (high hydrostatic
stress) that (according to previous Carter theories) lead to the differentiation from tendon to
fibrocartilage, and then, to bone. The last theory was evaluated using the self-optimizing
capability of biological tissue. It was considered that the development of the patella, due to
tissue topological optimization of the developing quadriceps tendon, is a feasible explana-
tion of the patella appearance. For both theories, a patella onset was obtained as a structure
embedded within the tendon. This model provided information about the relationship
between the flexion angle and the patella size and shape. In conclusion, the computational
models used to evaluate and analyze the selected theories allow determining that the patella
onset may be the result of a combination of biochemical and mechanical factors that sur-
round the patellar tendon development.

Introduction

Although the development of the skeletal system has been studied over the past centuries, the
development of a group of bones known as sesamoid bones is still unknown [1]. Sesamoid
bones, such as the patella, are bones embedded superficially within tendons; these tendons are
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usually around joints. The name sesamoid comes from the Latin word sesamum (sesame seed),
due to the small size of most of these bones, and the morphological resemblance of this bone
to the seed [1]. Sesamoid bones can be found in several joints throughout the body, including
hand, wrist, foot, neck, ear, and knee. The patella, or kneecap, is the largest, most recognized
and studied sesamoid bone in the human body.

The patella has an important role in the stability of the knee, facilitating the function and
locomotion of the lower limb [2]. It is believed that its main purpose is to increase the moment
arm of the quadriceps muscle, by augmenting the distance between this muscle and the center
of rotation of the knee joint [3]. The patella contributes to the compressive force distribution
of the patella-femoral joint by increasing the contact area during flexion of the knee [3]. In
addition, the patella protects the quadriceps tendon from high stress [4], while centralizing the
pull of the quadriceps muscle complex, protecting the knee from dislocating [3].

The accepted theory on the development of the patella is that it develops inside the tendon
in response to mechanical stimuli evoked when the muscles contract [1,5,6]. This theory is
based on the idea that mechanical stimuli play a crucial role in tissue differentiation [7]. There-
fore, while the tendon is immature, a zone of the tendon is subjected to high hydrostatic stress
and low tensile strain. This leads to the differentiation of the fibrous tissue into cartilage and
then to the ossification of the cartilage to form the patella.

According to the aforementioned tissue adaptation theory, topological optimization may
also be suitable to explain the development of the patella. Topology optimization distributes
the material in a design domain through the minimization of the strain energy; as a result, this
material redistribution produces an optimal configuration for low energy consumption [8].
This theory has been widely used in many engineering and biology fields, such as the architec-
ture of the proximal femur [9-12] as well as in the design of scaffolds, implants, bone replace-
ments, and prostheses [13-16].

On the other hand, a recent study [1] proposed that the patella initially develops as part of
the femur, similar to the way in which a bone eminence is developed. This eminence is initially
formed by progenitor cells that express both Sox9 and Scx. This mechanism is controlled by
Transforming Growth Factor-Beta (TGF-f) and Bone Morphogenetic Protein-4 (BMP-4),
which determine the differentiation of chondrogenic cells. According to this theory, the emi-
nence is separated from the preexisting cartilage femur under different environmental condi-
tions, but they consider more plausible that the patella may be separated from the femur
because of the presence of a remaining joint inducer molecule on the epiphysis. As a result of
this process, a new bone embedded within the tendon is formed, thus creating a sesamoid
bone, which will be the patella [1].

Currently, to the best of the authors’ knowledge, there is not an accepted (or unified) mech-
anism in the literature that explains the formation of sesamoid bones. In fact, the development
of the patella could result from the combination of the above-mentioned theories. The aim of
this work is to evaluate, separately, the outcome of three conceptual computational models for
the development of the kneecap. The first model considers the biochemical aspects present on
the onset of the quadriceps tendon and patella. The second model examines the cell behavior
under the mechanical stimuli present during the formation of this sesamoid bone. The last
model optimizes the mechanical environment of the tissues based on minimizing strain energy
(topological optimization).

The computational models allow a comparison of the three theories of patellar develop-
ment, demonstrating the strengths and the plausibility of each theory. These models provide a
stepping stone to establish a unified theory about the onset of this bone, which might be able
to predict patellar-associated diseases.
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Theory I: Biochemical theory

This biochemical theory was first proposed by Eyal et al. 2015 [1], as a molecular model for the
development of the patella. According to this theory, the patella develops as a bone eminence
attached to the distal femur head, where new sox9-positive chondrogenic cells attach to the
formed femur distal head (Fig 11I and 1IC) [1]. This new aggregation of chondrogenic cells
separates from the preexisting cartilage because of the effect of a remaining joint inducer on
the femur articular surface (Fig 11A). Thus, a new bone embedded within the tendon is
formed.

To develop this model, it is necessary to explore both phenomena: the development of the
tendon and the eminence formation. The following section describes some of the key events
involved in the development of the tendon and bone eminence.

Tendon & eminence development

Early events of tendon formation involve the presence of Scx-positive cells (tendon progenitor
cells) on the syndetome, a subdomain of the sclerotome (ventromedial compartment of the
somite that gives rise to skeletal tissue) [17]. Furthermore, the cells located on the bone heads
and muscle ends release Transforming Growth Factor-B (TGF-B). This molecule attracts Scx-
expressing cells towards the bone head and muscle end; therefore, the region of this type of
cells increases [17] (Fig 2A and 2B).

On the muscle end, the muscle cells perceive the presence of Scx-expressing cells and
deliver the Fibroblast Growth Factor (FGF) [18,19]. FGF (that diffuses from the muscle
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Fig 1. Sagittal sections of the patella from hindlimbs of wild-type embryos stained with Alcian Blue and Fast Red
to highlight cartilage cells (I. A-C). (I. A) At E13.5, an aggregation of chondrogenic cells is seen at the presumable
location of the patella (dashed circles) that appears to be part of the femur, as the boundary cells are absent (arrows). (I.
B) At E14.5, although the patella (*) and femur are distinguishable, the patellofemoral joint is missing. The boundary
between the two cartilaginous elements is occupied by cells with distinct flat and elongated morphology (arrow). At
E16.5 (I. A), the patella (pa) appears as a distinct cartilaginous structure embedded within the quadriceps tendon (qt)
and separated from the femur (fe) by the patellofemoral joint (arrows). (IL.) Fluorescence using digoxigenin- and
fluorescein-labelled antisense RNA probes for Sox9 and Scx. At E13.5, cells that express both Sox9 and Scx are
observed at the presumable patella location. Scale bars: 200 pm. Modified from [1].

https://doi.org/10.1371/journal.pone.0207770.g001

PLOS ONE | https://doi.org/10.1371/journal.pone.0207770 December 11,2018 3/22


https://doi.org/10.1371/journal.pone.0207770.g001
https://doi.org/10.1371/journal.pone.0207770

o @
@ : PLOS | ONE Computational model for the patella onset

. M
=
o = 4

TGF-B
BMP
FGF

sse SCX-cells

Fig 2. Description of the tendon and eminence development. A) The process starts with the expression of BMP on
the bone epiphyses, the bone is still a cartilage mould. Also, the muscle and the epiphyses of the bone express TGF-p.
B) The expression of TGF-p attracts and recruits SCX-cells. Those cells that express SCX and BMP start differentiating
into chondrocytes. C) The muscle express FGF because its front senses the presence of SCX-cell. FGF induce the
differentiation of SCX-cells into tenocytes. d) The formation of the eminence and tendon is complete.

https://doi.org/10.1371/journal.pone.0207770.g002

through the Scx-cells domain) promotes the differentiation of Scx-expressing cells into tendon
cells (tenocytes). The direction of the gradient of FGF determines the direction of the tendon
fibers [18,19] (Fig 2C).

Simultaneously from the bone side, bone morphogenetic proteins (BMPs), which regulate
the differentiation of Scx-expressing cells into chondrocytes, diffuse from the bone head [20].
BMP stimulates the Scx-cells to differentiate into chondrocytes. These chondrocytes will later
shape the bone eminence where the tendon is attached (Fig 2B and 2C) [20]. Thus, a fully
formed tendon is obtained between the bone and the muscle (Fig 2D).

Computational and mathematical model

The biochemical model simulates the expression and diffusion of molecular signals during
patellar development as proposed by Eyal et al. 2015 [1]. It is based on the formation of the
quadriceps tendon and patellar tendon (Fig 3) and assumes that some molecules are remnants
of the femur-tibia joint formation process [1], such as Growth Differentiation Factor-5 (GDF-
5) (Fig 3A) [21-23], which later will induce the joint onset between the patella and the femur.
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Fig 3. Patella development process based on the theory proposed by Eyal et al. 2015 [1]. a) The process initiates with the SCX-cells necessary for tendon
development. The muscle and the bones epiphyses (which in this stage are cartilaginous) express TGF-B which recruit SCX-cells towards the muscle and the bones.
Moreover, the bone epiphyses also express BMP factors and some of the remaining interzone marker molecules. b) Those SCX-cells with a concentration of BMP start
differentiating into chondrocytes. Also, when the muscle front sense SCX-cells, starts expressing FGF. ¢) The molecule FGF induce the differentiation of the SCX-cells
into tenocytes, whereas the SCX-cells with BMP keep the chondrocyte differentiation, forming the future patella and the tibia eminence. d) The patella forms attached to
the cartilaginous femur epiphysis, so a joint formation process starts due to the interzone markers left from earlier processes.

https://doi.org/10.1371/journal.pone.0207770.g003

A general algorithm of this model is shown in Fig 4. The model starts with the initial condi-
tions given by the concentrations of the molecules and the initial domain of Scx-cells (Fig 3A)
[17]. Then, TGF-B and BMP diffuse from the muscle and the bone [18,19] and consequently,
the Scx-cells are attracted towards high concentrations of TGF-f (Fig 3B). Once the muscle
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Fig 4. General algorithm that was developed to model the events occurring according to the Theory L.

https://doi.org/10.1371/journal.pone.0207770.9004

senses the presence of Scx-cells, it expresses FGF (Fig 3B) [18,19]. The differentiation process
involves the Scx-cells and the concentrations of FGF and BMP. If there is enough concentra-
tion of Scx-cells and BMP, the tissue differentiates into chondrocytes [20], whereas if there is
enough concentration of Scx-cells and FGF, the tissue differentiates into tenocytes (tendon tis-
sue) (Fig 3B) [18,19]. At the same time, the remaining interzone marker (in this model named
GDEF-5) diffuses inside the newly formed cartilage structure (Fig 3C), which later will induce
the joint formation between the patella and the femur (Fig 3D) [21-23].

Additionally, it is considered that the flexion of the leg during embryonic stages could influ-
ence the patella onset; therefore, this methodology was applied for different leg angles (30°,
45°,60°, 90°) without the modification of any other parameter.

Mathematical model: Molecules.

Sex-cells. Initially, a domain with Scx-expressing cells is defined where the tendon will be
formed [17] (Fig 3). Then, these cells will be attracted towards high concentrations of TGF-f
by a chemotaxis process. Therefore, the Scx-cells will move toward the bones and the muscle
end (Figs 2 and 3). The concentration of cells (per volume unit) will follow a chemotactic
model that will depend on the concentration of the chemoattractant (TGF-B). Eq 1 describes
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Table 1. Relation between molecules and tissue or cell type for the model developed for theory I.

Scx-cells Cartilage-patella Cartilage-bone Tendon Muscle

TGF- | Attraction towards hi Low diffusion Expressed by the — Expressed by the tissue [18,19]

B concentrations [18,19] tissue [18,19]

FGF | Differentiation to tenocytes Low diffusion Low diffusion Induces the formation of tendon | Expressed by the tissue, once the tissue
[18,19] tissue [18,19] sense Scx-cells [18,19]

BMP | Differentiation to chondrocytes Low diffusion Expressed by the Induces the formation of cartilage —
[18,19] tissue [18,19] (patella) tissue [20]

GDF- — Induces interzone Induces interzone — —

5 onset [21-23] onset [21-23]

https://doi.org/10.1371/journal.pone.0207770.t001

the temporal evolution of Scx-cell density as a function of a diffusion and chemotaxis process.

ob

g = VoLlsa(x, D)VO(x, 1) = (2su(x, 0)b(x, 1) Vs, (x,1))] + g (b(x, 1), 50 (x,1)) - Eq1l

where b(x,t) is the Scx-cell density population; s,(x,t) is the concentration of the chemical
attractor (TGF-B); u(sa(x,t)) is the diffusion coefficient of the Scx-cells; y(s.(x,t)) is the chemo-
tactic coefficient; and g(b(x,1),s,+(x,t)) is the cell proliferation and death rates.

TGF-$, BMP, FGF & GDEF-5. The attractant chemical (TGF-B) and the other molecules
(BMP, FGF and GDEF-5) followed a diffusion model as described in (Eq 2).

g = D,V’s(x, t)

Eq2

In this case, s(x,t) is the concentration of the molecule in question (TGF-B, FGF, BMP and
GDEF-5); D; is the diffusion coefficient for the molecule i with6in the developing tendon or car-
tilage, with i = TGF-B, FGF, BMP and GDEF-5. A summary of the diffusion rates is in (S1
Table). It must be noted that these values were obtained by trial and error to match the molec-
ular behavior reported in the literature. Additionally, Table 1 summarizes the relationship
between molecules, cells and tissues.

TGE-B: Induced by the bones and the muscle, attracts the Scx-cells towards the bones and
the muscle.

FGEF: Produced by the muscle, encourages the differentiation of Scx-cells into tenocytes.

BMP: Generated by the bones, incites the differentiation of Scx-cells into chondrocytes.

GDF-5: Joint marker, encourages the split of the forming patella from the femur.

Tissue differentiation. The model takes into account that a tissue changes its state when
the concentration of a certain molecule achieves a threshold concentration (b™, Si,, SI.
and S7 . .) (Table 2). The thresholds were also chosen through an iterative process, since they
are not reported in the literature. These values are summarized in the supporting files. Subse-
quently, a cellular automaton-like model (CA-Like model) was used to regulate the tissue-state
based on the concentration of a certain molecule within the tissue.

Table 2. Molecule and thresholds involved in the tissue differentiation. The threshold values are specified in the supporting files.

Original Tissue Molecules New tissue Concentration threshold parameters
Mesenchymal SCX-cells & BMP Cartilage b &S
Mesenchymal SCX-cells & FGF Tendon b &S,
Cartilage GDF-5 Interzone Sh

https://doi.org/10.1371/journal.pone.0207770.t002

GDF—5
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Concentrations of Scx-cells and BMP molecules differentiate mesenchymal tissue to chon-
drocytes (i.e. cartilage tissue), whereas concentrations of Scx-cells and FGF differentiate mes-
enchymal tissue to tenocytes (i.e. tendon tissue). Additionally, high concentrations of GDF-5
in cartilage tissue form the interzone between the femur and the future patella.

Geometry and boundary conditions. A simple geometry of the forming knee joint was
developed (Fig 5). The geometry is based on the study of Sarin et al. [6], where a two-dimen-
sional finite element analysis was developed to determine the stress history of a developing ses-
amoid. The radius of the condyle was considered as 4 mm and the thickness of the tendon as
1.75 mm (Fig 5) [24]. Quadrilateral elements were used in the finite element model. The model
consisted of three regions: one which represents the femoral cartilage, a second one filled with
Scx-cells, and a third one of mesenchymal cells. The tendon domain is formed by the second
and third regions. The muscle end has a high concentration of TGF-p and FGF, whereas the
tibia end and the femur have high concentrations of TGF-$ and BMP [18,19]. In contrast, the
interzone marker (GDF-5), that diffuses at a low rate, is on the line shared by the femur carti-
lage and the domain where the tendon will be (Fig 5).

Results and discussion

As shown in Fig 6, the molecules TGF-f and BMP diffused and attracted the Scx-expressing
cells towards the bones and muscle end. Once the muscle end detected the Scx-cells, the

1.75 mm

8.25 mm

2.25 mm

High TGF-B and FGF—\

Muscle front

2.25 mm,

8.25 mm

High TGF-B and BMP

Tedon domain

Interzone marker / GDF-5

igh TGF-B and BMP

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

Fig 5. Employed geometry, initial concentrations and mechanical boundary conditions for the model of the
theory II.

https://doi.org/10.1371/journal.pone.0207770.9005
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Fig 6. Results: Distribution of the molecules (TGF-B, BMP, FGF, GDE-5). The bar scale shows the concentration of each molecule in
ng/ml. Whereas in the bottom of the image is shown the SCX-cells concentration per volume unit involved in the process of patella
development; for time t = 0, 7, 42, 50, 60, 117.

https://doi.org/10.1371/journal.pone.0207770.9g006

t=

t=5

-

C

|
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muscle cells expressed FGF; this molecule promoted the differentiation from mesenchymal
cells (Scx-cells) into tenocytes, and the FGF gradient settled the direction of the collagen fibers
of the tendon (Fig 7). Simultaneously, BMP (which diffused from the femur bone) produced
the differentiation from Scx-cells into chondrocytes (Fig 7).

The tendon is formed from the muscle advancing gradually to the tibia (Fig 7, t = 7). Also, a
cartilaginous bone eminence developed at a distance from the femoral head, where there was
enough concentration of BMP that induced the differentiation from Scx-cells to chondrocytes
(Fig 7, t = 42): this was the beginning of the formation of the patella. This cartilaginous struc-
ture increased in size towards the femur until both cartilaginous structures (femur anlage and
forming patella) merged (Fig 7, t = 60).

At the same time, the tendon continued developing until it reached and embedded the new
cartilaginous formation: the patella (Fig 7, t = 50). The result was a developed tendon with a
cartilaginous structure, still attached to the femur, and embedded superficially within it (Fig 7,
t = 60). Due to the presence of GDF-5, an interzone was formed between the cartilaginous
structure (patella-like) and the femur anlage (Fig 7, t = 60). This interzone allowed the

t=7 - t=42
|
/
y
- t=60 - t=117
] T COlInterzone
ETendon
I Cartilage
W Mesenchymal

| |
\ / 4
y y

7 |

Patella-like
structure

Fig 7. Tissue differentiation through time.

https://doi.org/10.1371/journal.pone.0207770.9007
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Fig 8. Tissue differentiation for the biochemical model at different angles (60°, 45° and 30°).
https://doi.org/10.1371/journal.pone.0207770.9008

detachment of the cartilaginous patella from the femur while still embedded within the tendon
(Fig 7, t = 117). The final morphology of the femur and the patella would eventually adapt to
mechanical loads due to muscle contractions, with matching articular surfaces. This model
simulated only formation of the patella and not morphogenesis.

At some distance from the tibia end, a cartilaginous structure also started forming, where
there was enough concentration of BMP and Scx-cells (tibia eminence) (Fig 7, t = 60). The
patellar tendon attached to the tibia via this structure (Fig 7, t = 117).

This theory was evaluated with different flexion angles of the leg, without modifying any
other parameter. Flexion angles of 30°, 45°, 60° and 90° were considered (Fig 8). The range of
the angle changed the coincident area between the zone where the tendon will form and the
distal head of the femur. The coincident area was smaller for 30°, 45°, and 60°, and larger for
90°. No patella-like structure was achieved with 30° and 45°; only a little incipient patella at
60°; and a complete patella-like structure was obtained with 90°. This outcome was possible
since the coincident area is much smaller and proximal with 30°, 45° and 60°. Therefore, there
is not enough diffusion of BMP so that the Scx-cells can differentiate into chondrocytes before
the tendon develops completely.

The results obtained with this theory for the 90° model were coherent with the histological
observations made by Eyal et al. 2015 [1]. Additionally, a patella-like structure embedded
superficially within the tendon was obtained just by considering the biochemical factors impli-
cated in the tendon and the eminence development (Fig 7). This indicates that the patella
onset might be highly influenced by the phenomenon surrounding tendon development.
Hence, it might be possible that the patella onset is a consequence of a biochemical process,
without any biomechanical influence. This theory could be supported by the fact that the
absence of the patella in the knee joint does not affect its functionality [25].

Theory lI: Mechanical theory

The mechanical stimuli play a crucial role in tissue differentiation [7,26]. Although, according
to previous studies, when the muscular activity was inhibited in embryos, the patella was
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smaller than in control animals [27]; therefore, the mechanical conditions of the forming ten-
dons create a favorable environment for the development of the patella [1,5,6,28].

The tendon is a fibrous tissue composed by bundles of parallel fibers of dense connective
tissue, which helps with the role of mediating movement [29]. According to the theory pro-
posed by Carter et al. [7], if we have fibrous tissue (tendon) under high compressive hydro-
static stress (with low principal tensile strain), it may differentiate from fibrous tissue to
cartilage (Fig 9). This new tissue (within the tendon) will be the sesamoid bone: the patella.

Mathematical model

Initially, a newly formed fibrous tendon wrapped around the distal end of the femur was
assumed. The mechanical load was applied on the quadriceps side of the tendon. The tendon
was modelled as a composite material: matrix and fibers. The fibers were modelled as an ortho-
tropic material and they were oriented following the longitudinal axis of the tendon.

The model followed the momentum equation that determines the internal stress es of the
body (Eq 3):

Vo+b=0 Eq3

where ¢ is the stress tensor, and b is the body forces. The stresses and strains were related
through the constitutive equation, which in general from is given by (Eq 4):

o =De Eq4

where D is the matrix of elastic constants, and £ is the strain tensor. Since the tendon was
principal
tensile strain

4 (%)

§10)0) fibrous
cartilage tissue

hydro-

static

cartilage bone Sl

(MPa)
< >

Fig 9. Schematic of the mechanoregulatory model proposed by Carter et al. (1998) [7]. Modified from [30].
https://doi.org/10.1371/journal.pone.0207770.9009
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8.25 mm

composed of a matrix and fibers, then, the relationship between stress and strain is given by
(Eq 5):
o =0, +0;,=(D,+D;)e=D,Bu+D:Bu Eq5

where D,, and Dyare the matrix of elastic constants for the matrix and the fibers, respectively.
The matrix was considered as an isotropic material; therefore, the term D,,, is defined as (Eq 6)

1 v 0
E
D'”Zl—v? v 1 0 Eq6
00 (1—-v)/2

Whereas Dy, for a link for fiber oriented on the horizontal axis, is defined as (Eq 7):

1 0 -1 0
0 0 0 0

PE=1_10 1 o ka7
0 0 0 0

The stress inside the tendon was evaluated at different flexion angles: 6 = 110°, 90°, 60°,
45°, and 30° (Fig 10). In order to facilitate the comparison of results, each case (6 = 110°, 90°,
60°, 45°, and 30°) had the same number of finite elements; in other words, there was a corre-
spondence of finite elements between cases.

Geometry and boundary conditions. The geometry of this model was a simplified ver-
sion of a knee joint in formation (Fig 10) based on similar works [6,31]. The geometry consid-
ers a tendon wrapped around the femur distal head. The thickness of the tendon was 1.75 mm
and the radius of the bone was 4.0 mm [24].

Load

Muscle front

Mt

Quadriceps

Patellar Tendon

Quadriceps

Contact with femur

Tibia front Patellar Tendon

Fig 10. Employed geometry, initial concentrations and mechanical boundary conditions for the model of the theory I.

https://doi.org/10.1371/journal.pone.0207770.g010
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The mechanical load was applied on the tendon as 1mm displacement, simulating the con-
traction force of the quadriceps, whereas the other end of the tendon (attachment with the
tibia) was fixed (Fig 10). The nodes on the line in contact with the femur could only move
through the contact line (Fig 10).

Material properties and tissue differentiation. The differentiation from tendon tissue to
cartilage was assumed as a function of hydrostatic stress and tensile strain following Carter
et al. [7]. When the hydrostatic stress and the principal tensile strain on the fibrous tissue (ten-

cart

don) reached a specific threshold—a}7; (supporting files)- the tissue differentiated into carti-

lage. Table 3 summarizes the mechanical properties of the biological tissues used in this work.
All the properties were obtained from the literature [6,32]. The properties of the tendon
depended on the direction of the tendon collagen fiber.

Results and discussion

This theory posits that the patella bone is formed due to high hydrostatic stress and low tensile
strain on specific regions of a fibrous tissue, such as the tendon. The results of all angles of flex-
ion of the leg were projected on the domain at 90° to facilitate comparison of the stress distri-
butions (Fig 11).

Considering that the understanding of the embryo movement is limited, three different sce-
narios were modelled in which the effect of each leg angle was averaged. These scenarios were
designed in order to differentially weigh the contribution of each angle to represent the time
spent in that angle. The weightings for the angles of 30°, 45°, 60°, 90° and 110° for the three
cases were as follows: 1) 5%, 10%, 15%, 25% and 45% (weighting high flexion), 2) 60%, 25%,
9%, 5%, and 1% (weighting low flexion angles); 3) 1%, 5%, 9%, 25% and 60% (heavily weight-
ing high flexion).

The elements, which had a compression stress above affyr;, were differentiated into cartilage
(Fig 12). In each case the size and shape of the patella were different; the smallest patella
occurred when weighting the smallest angles (Fig 12).

The results obtained with this model also showed the development of a patella-like structure
embedded within the tendon. The size of the structure depended on the flexion angle; in other
words, the angle determined the mechanical load (hydrostatic pressure) in the tendon. This may
imply that the mechanical conditions that surround the newly formed tendon might influence the
patella development. For instance, studies have noticed that several years after the excision of the
patella, some fibrocartilage or even bony islands appear in the former site of the patella [25,34,35].
This could indicate that the wrapping (mechanical environment) of the tendon over the distal
femoral head generates the necessary mechanical conditions for the patella onset.

Theory lll: Topological optimization
Mathematical model

This theory is also based on mechanical stimuli and its influence on tissue differentiation. It is
founded on the fact that tissue adapts to their stress and strain environment; therefore,

Table 3. Tissue properties.

Tissue Poisson Young’s modulus MPa Reference
Cartilage 0.497 6.1 [33]
Tendon (matrix) 0.4 6.1 [6]
Tendon (fiber) 0.4 800 [6]

https://doi.org/10.1371/journal.pone.0207770.t003
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Fig 11. Obtained stress, tensile strain and patella shape. Up: Hydrostatic stress distribution on the tendon at different angles 30°, 45°, 60°, 90° and
110°. The value of the hydrostatic pressure was projected on the 90° domain for comparison. Middle: principal tensile strain for 30°, 45°,60°, 90° and
110°. Bottom: the obtained patella shape, where the elements that have the hydrostatic stress above the tissue differentiation threshold .

https://doi.org/10.1371/journal.pone.0207770.9011

Topological Optimization (TO) might be suitable to explain this adaptation. TO can be applied
in tissue remodelling, since it iteratively redistributes the material in a design domain deter-
mining an optimal material arrangement or tissue type [11]. Specifically, TO allocates denser
material (cartilage) to regions under relatively high strain energy and allocates a less dense
material (tendon) to zones with a low strain energy. This adaptation process can be character-
ized as a self-enhancing system [8], with the objective of minimizing tendon strain. Therefore,
the articular surface wear will be reduced due to the low relative movement between the distal
femoral head joint surface and the tendon.

As an initial condition, it was considered that the tendon was already formed and loaded. A
two-dimensional FEA analysis based on the algorithm proposed on Sigmund [36], was per-
formed. The algorithm is founded on the “power-law approach” or SIMP approach (Solid Iso-
tropic Material with Penalization) [36]. This approach assumes that the material properties are
constant within each element of the design domain, whereas the relative material densities of
the elements are the variables [36]. The density is usually considered as a design variable, so it
could take values between 0 and 1, with 0 representing void and 1 representing solid [37].
Thus, the relation between the elastic modulus and the relative material density is given in Eq

8:

E(x) = p(x)'E° Eq8

PLOS ONE | https://doi.org/10.1371/journal.pone.0207770 December 11,2018

15/22


https://doi.org/10.1371/journal.pone.0207770.g011
https://doi.org/10.1371/journal.pone.0207770

o @
@ ’ PLOS ‘ ONE Computational model for the patella onset

Average Patella shape

Patella
® Tendon

High flexion weighted

190e-03
E-o.oosa
~—-0.0085
3 =
= ——0014
on —
3 =
z ——-0.019
g 2 =
% ——-0.024
5 -
&= Patella -
é ® Tendon g 0029
2 -
——-0.035
E -0.040
-4.50e-02

Patella
® Tendon

High flexion heavily weighted
>

Fig 12. Obtained average hydrostatic stress and patella shape. Left: Average hydrostatic stress for the three analyzed
cases- 1) 5%, 10%, 15%, 25% and 45% (weighting high flexion), 2) 60%, 25%, 9%, 5%, and 1% (weighting low flexion
angles); 3) 1%, 5%, 9%, 25% and 60% (heavily weighting high flexion) for the 30°, 45°, 60°, and 90° respectively. Right:
Patella shape: where the elements that have the hydrostatic stress above the tissue differentiation threshold o7

https://doi.org/10.1371/journal.pone.0207770.9012

where E° is the Young’s modulus of the material in solid state, when p = 1. In addition, the
penalization power parameter is p = 3 as recommended by Sigmund [36].

The aim of this optimization process is to minimize the strain energy in order to find the
relative material densities of the elements (in a design domain). Then, the objective function
and constraints can be expressed as follows:

min,C(p,u) = U'F Eq9

0<pmingp(x)§1

where C is compliance, p is density, F is the load vector, u is the global displacement vector, V,,
is the initial domain (domain constraint) and fis the volume fraction. The density was relaxed
to have any value from 0 to 1, being the lower bound non-zero to avoid singularities.
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The global stiffness matrix in Eq 9 is calculated by summing up all the elemental stiffness
matrices, which depend on the elemental value of the density p, Eq 10:
K(p) = 35K, (p) = 3205, [ B'D(p,)BAQ Eq10
where K,(p,) is the stiffness matrix of the element, B is the shape function derivatives, and D
(pe) is the constitutive matrix which depends on the material density. Sensitivities of the objec-
tive function and volume constraint with respect to p, are calculated as follows:

3_5 e?aK —pp! " u;K{u, Eq11
ov
—_—= dv Eq 12
8p€ fﬂe q

A heuristic updating scheme for the design variable is formulated as:

max(pmin’peim) lfpeBZ Smax(pmm?peim)?
p:eW: peBZ l:fmax(pmimpe_m) <peBZ <min(]"pe+m)7 Eq 13
min(1, p, + m) if min(1,p, — m) < p B,

where m is a positive moving limit, 77 is the numerical damping coefficient and B, is the opti-
mality condition which is calculated as:
ac
B, = ;";;V Eq 14
pe

Geometry and boundary conditions. The same geometry and boundary conditions of
Theory II were used in this model.

Material properties. The tissue properties of the initial domain (tendon and fibers) are
summarized in (Table 3). The properties of the tendon depended on the direction of the ten-
don collagen fibers.

Results and discussion

In this third theory, the appearance of the patella is due to a topological optimization process in
the recently formed patellar tendon. Different angles were tested for this model; however, we
only obtained coherent results (formed patella) with 90° and 110°. For these angles, we observed
a high-density zone close to the usual patella position. Specifically, for the 90° case, the shape of
the high-density zone is more consistent with reality (Fig 13). This suggests that the mechanical
environment that surrounds the tendon may affect the patella and its development.

Some studies have uncovered that quite a long while after the extraction of the patella a,
islands of fibrocartilage, or even bone show up in the previous site of the patella. [34,35]. These
islands might be the result of the optimization process that the human body undergoes due to
the abnormal conditions after the patella excision. The strain energy reduces in this process,
which allows the tendon to have small displacements and deformations.

Numerical solution of the equations for the three theories

All the equations of the three theories were solved with finite element methods as implemented
in a user Subroutine in Fortran and solved with ABAQUS 6.10 (Dassault Systemes USA,
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Fig 13. Density values for the patellar tendon at 90° and 110°.
https://doi.org/10.1371/journal.pone.0207770.9013

Waltham, MA). Both mesh and the time step were refined until further refinement no longer
yielded noticeable improvements in all models.

General discussion

We developed three models to simulate the process of patella formation according to three dif-
ferent theories. The aim was to evaluate, individually, the potential influence of each of these
theories in the patella onset. The first theory considers the biochemical interactions present
during the patellar tendon formation, while the second and third theories are based on the
mechanical stimuli that the newly developed patellar tendon goes through. All models used a
simplified knee geometry, considering both the tendon and the femur for the biochemical-
based theory (Fig 5), and only the tendon for the mechanical-based theories; the femur was
assumed as a rigid body (Fig 10).

The biochemical model is a conceptual model of the development of the patella based on
the theory proposed by Eyal et al. 2015 [1], where the patella initially forms as a bone emi-
nence, involving Scx-cells whose differentiation is regulated by TGF- and BMP-4. The separa-
tion of the patella from the femur is regulated through the interzone molecule GDF-5. The
simulated molecular distribution agrees with that shown in Eyal et al. 2015 [1], where at the
end a patella-like structure embedded superficially within the tendon was obtained. We
assumed the diffusion rates of the molecules based on an iterative process since they are not
reported in the literature and are particularly difficult to measure.

Additionally, we also simulated the biochemical model when the leg was extended at differ-
ent angles (30°, 45°, 60°, 90°). The latter was to establish how the position of the leg affected
the development of the patella, in the case that only biochemical factors influenced the forma-
tion of this sesamoid bone. When the angles of the leg were modified to 30°, 45° or 60°, the
region through which BMP diffused from the femur distal end to the tendon region was
smaller. Consequently, the patella obtained was either not significant or null (Fig 8). This may
be evidence, according to this theory, that having an angle close to 90° is necessary to form the
patella.

On the other hand, the first mechanical model is based on the theories that state that
mechanical stimuli play a crucial role in tissue differentiation. Particularly, this model is built
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upon Carter’s theory, in which hydrostatic compression and low principal strain are stimuli
for fibrous tissue differentiation into cartilage. It was assumed that the constant movements of
the fetus (distinct knee angles) stimulates the concentration of high compression loads on
some areas of the newly formed tendon. The latter induces the differentiation of the tendon
cells into cartilage, on those high hydrostatic stress zones. Therefore, a cartilage structure is
formed embedded within the tendon, which later will ossify and become the patella bone.

Following this last theory (the mechano-differentiation model), a patella-like structure was
obtained. When different flexion angles of the leg were evaluated, we observed an influence on
the size of the patella (Fig 11). Additionally, a patella-like structure was obtained when the
hydrostatic stress was averaged considering all the angles. A different predominant angle for
each case was evaluated: weighting high flexion, weighting low flexion angles and heavily
weighting high flexion. If the predominant angle was large, a big patella was obtained, whereas
if the predominant angle was small, a short patella was obtained (Fig 12).

The last evaluated theory was based on the application of topological optimization, which is
also feasible to explain the onset of sesamoid bones such as the patella. In this case, we assume
that the tissue can adapt to its mechanical environment in a way that its strain energy is
reduced. Different angles were also evaluated. However, the outcome was not as expected for
smaller angles: no patella-like structure was obtained. Nevertheless, a patella-like structure was
achieved with angles of 90° and 110°. The shape of the obtained patella is remarkably similar,
especially with an angle of 90°. The results of this model imply that the patella might allow
reducing the strain energy and, consequently, the displacements and deformations of the ten-
don. These results also imply that the patella and the femur articular surface have a low relative
movement. This is due to the low deformation of the tendon, protecting somehow the femur
articular surface from wear.

A patella-like structure was obtained for most of the knee flexion angles in all the theories
we evaluated. Our results show that tissue remodelling and adaption, based on Carter’s theory
or on topological optimization, could answer the patella onset. The shape, position and size of
the patella would depend on the flexion angle of the leg, and the time that the leg spends on
each position, obtaining a larger-sized patella compared to the biochemical approach. How-
ever, there is not much evidence in the literature that can support the second and third theo-
ries. Some studies have shown that while limitation of movement (through drugs) on embryos
affects the formation of the patella, it develops anyway, although small in size [27]. Therefore,
the mechanical load may not be necessary for the appearance of the patella, but it may be nec-
essary for its morphogenesis and maintenance. Hence, molecular factors and their interactions
trigger the formation of the patella, as evidenced by molecular expression analyzed in histolog-
ical slides [1]. These factors applied to a computational model were consistent with the results
obtained. However, since only the limitation of the movement does not guarantee that there
are no hydrostatic stresses on the tendon, more tests should be run in which only biochemical
factors influence the development of the tendon and the patella. It is also possible that these
mechanisms are redundant and that both influence the patella onset.

This article proposes a simplified mathematical model of the regulatory mechanisms that
might influence the formation of the patella bone. Each theory was evaluated separately to
observe its outcome and the likelihood of its influence on the patella onset. The results
obtained were consistent, and patella-like structures were obtained in most cases. Nevertheless,
the literature suggests that the patella onset could be triggered by biochemical factors during
tendon development [1]; according to our results, this approach does lead to a patella-like
structure. Also, it is certain that the mechanical environment must affect the patella develop-
ment. However, this environment might affect it mostly after the tendon is formed by helping
the patella to obtain its final shape and maintain its structure.
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This work is a first approximation on understanding the process of the development of the
patella. It should be considered that these models had several simplifications, such as that they
were all two-dimensional models, that the geometry was a simplified knee joint, that all the
materials were modelled as linear elastic, and that the molecular concentrations, since they are
difficult to measure and there are no reports in literature, were established through an iterative
process. Even though some simplifications were assumed, we obtained results that might
explain the onset of the patella and would help in the proposition of new points of view that
might explain the patella onset. Furthermore, these models could provide new insight and
guidelines of experimentation, and of course, new mathematical models as well. However, a
combination of the theories evaluated in this study is suggested in future works, so that the
patella onset is determined due to biochemical factors, and thereafter the mechanical loads
may regulate its shape and maintenance. The exact instant and way that mechanical loads
affect the patella development should be an issue to evaluate in further models, as well as the
dynamic movement of the knee during the development.
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