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Abstract

Achilles tendon rupture is becoming more prevalent with an increasing pop-
ulation of middle aged people participating in recreational sports. A torn
Achilles tendon will likely not regain its original function, and it is unknown
what treatment options are optimal. The Achilles tendon structure and how
the tendon heals after a rupture varies between humans. A potentially useful
tool in understanding Achilles tendon healing is the use of computational
models.

Data from an ongoing unpublished study (by Pernilla Eliasson) with 41 pa-
tients with ruptured Achilles tendon was made available for this project, five
of these were selected for analysis. In the study, all patients did early motion
training and a test group had early load training as well. The study included
computer tomography (CT) images of the Achilles tendon, along with tensile
loading data. The access to this patient data resulted in two aims for this
project. One aim was to develop a pipeline for modelling subject-specific
healing human Achilles tendons. Another aim of this project was to perform
image analysis on healing human Achilles tendons from computed tomog-
raphy images of these five patients, to study dimensions and tissue density
throughout healing.

From CT images taken at 7, 19 and 52 weeks post rupture, the healing
Achilles tendon was segmented. The free tendon length was also measured
at the three time points. The segmented tendon was analysed for cross sec-
tional area and tissue density. Segmentations of tendons were also prepared
for finite element modelling. Using subject-specific experimentally measured
tensile load data that had been obtained from roentgen stereophotogammic
analysis (RSA), two material models were applied to the geometry, one linear
elastic and one viscoelastic. The subject-specific tendon models were used
for simulating tensile load and creep.

The results from the image analysis suggest that the cross sectional area and
the tendon length increased within 7 weeks post rupture. The tissue density



distribution was similar throughout the tendon. The simulations predicted
maximum stress and strain at the smallest cross sectional area and at the
boundary conditions.

In order to get more accurate and in vivo like results from the simulations
more experimental data is required. One year post rupture the tissue density
had gone back to normal, but an increase in cross sectional area remained,
suggesting that the tendon had not fully recovered. Due to the small sample
size of five patients, no conclusions could be drawn about the two treatments
protocols.



Acronyms and Abbreviations

ATR — Achilles Tendon Rupture

ATRS - Achilles Tendon Total Rupture Score
BP - Bursal Projection

CAT - Contralateral Achilles Tendon

CT — Computed Tomography

FE - Finite Element

HAT - Healing Achilles Tendon

HU — Hounsfield Units

RSA - Roentgen Stereophotogammic Analysis
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Chapter 1

Introduction

The Achilles tendon is the largest tendon in the body [I0], and Achilles
tendon rupture (ATR) is one of the most common tendon injuries [36]. The
incidence of acute tendon rupture in Sweden increased between 2001 and 2012
by around 20% in both men and women [14]. A possible explanation for this
is increased activity in the middle aged and elderly population [14]. Another
explanation is the increase of metabolic and other chronic diseases that have
been connected to ATR in some reports [I4]. The majority of Achilles tendon
rupture indices occurs in men, as they were recorded to have 79% of the ATR
cases in Sweden between 2001 and 2012. In 2012, the recorded incidence of
acute ATR was 35 per 100,000 persons, for men in particular the number was
55 per 100,000 [14]. A tendon rupture will affect the quality of life. While
there is a monetary cost of treating an ATR, there is also a substantial risk
of the ruptured tendon not fully returning to its function prior to injury [35].

It is not known what the optimal treatment to tendon rupture is [29]. Treat-
ment options are surgical or non-surgical, where surgical repair have been
preferable due to studies showing higher risk of re-rupture in non-surgical
treatment. However, there are reports of early mobilisation and weight bear-
ing being key to decrease incidences of re-rupture after non-surgical treat-
ments [14]. Monitoring is an important part of evaluating the progress of
tendon healing.

Today, the ability to obtain high resolution medical images when monitoring
the healing post ATRs allow for computer modelling and image analysis of the
tendon structure. Computed tomography (CT) images were made available
of healing human Achilles tendons at 7, 19 and 52 weeks post rupture with
accompanying mechanical data from an ongoing unpublished clinical study by
Dr Pernilla Eliasson (Linkdping University). In this study, the participating
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patients had undergone non-surgical treatment with early motion training.
A test group was also performing early controlled load training along with
the motion exercises.

1.1 Aim

The objective was to perform image analysis to evaluate the healing develop-
ment and to build and simulate finite element models of the healing tendon.
One aim of this master’s thesis was to develop a pipeline for subject-specific
finite element (FE) models of healing human Achilles tendon post rupture,
in order to study the stress and strain distribution in the Achilles tendon
during the healing process. This was done with geometry from CT images
and material properties based on a rat Achilles tendon model [27] which was
fitted to subject-specific RSA data.

In addition, another aim was to study the CT images of the healing Achilles
tendon and see if any trends could be identified regarding tendon dimen-
sions such as length and cross sectional area, and tissue density. How are
these properties changing over time as the tendon is healing? This was done
through image analysis of the CT images.

Finally, an exploration of however it was possible to detect differences in
healing between two patient groups by comparing tissue density over time.
Is there a link between density distribution and treatment choice?

1.2 Design of study

Previous work done by Thomas Notermans was used as a starting point
for this master’s thesis. This included optimised material parameters for
a rat Achilles tendon when subjected to tensile loading. From an ongoing
clinical study of Pernilla Eliasson (Department of Biomedical and Clinical
Sciences, Linkdping University), CT images and RSA data were available
for 41 patients at three time points post tendon rupture. An initial visual
screening of the images was executed manually in order to identify the images
that could be segmented, after the screening five patients remained.

The segmented images from one of the five patients were used to obtain the
tendon geometry used in the finite element (FE) model. In order to adapt
viscoelastic material properties to the human Achilles tendon, the Young’s
modulus provided in the RSA data was used to fit the stiffness parameters of
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the material. Subject-specific models were then obtained for one patient and
a creep test was simulated. Linear elastic models were also created for the
same geometries with the Young’s moduli from the RSA data, for comparison
of stresses and strain distributions between the two materials.

The CT images and the segmented tendons were also used to obtain the cross
sectional area and the free tendon length. An evaluation of intensity values
of the healing Achilles tendon from CT was also performed.

1.3 Author’s contribution

This masters thesis is comprised of two overlapping sections, one with a
core at image analysis and the other focusing on FE modeling. Johanna
Panzar has segmented patient specific tendon geometries, and created the
corresponding FE meshes from CT images. Additionally, image processing
was done by Johanna to determine dimensions and to analyse spatial dis-
tributions of the CT pixel intensities within the tendons. Erika Thorn has
developed finite element models for simulating human Achilles tendon be-
havior using the segmented and meshed patient specific tendon geometries
and experimental data. Both authors have contributed equally to this report,
both writing and revising.
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Chapter 2

Background

2.1 Anatomical positions

When referring to the anatomical positions and directions of the Achilles
tendon throughout this report, sagittal, axial, posterior, anterior, proximal
and distal are the most frequent terms used. These terms are visualised in

Figure 2.7}

[Superior ['Superior |
phalic
A Coronal Plane
! —
] | Sagittal
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Ventral ' Dorsal i
Axial
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| Inferior @

Figure 2.1: Anatomical directions and planes of the human body [21] [6].
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The Achilles tendon is positioned in the lower leg, posterior (see Figure
to the tibia and fibula. The distal end is inserted to the calcaneus bone
and proximally, the Achilles tendon is divided into three subtendons that
are attached to the calf muscles. These muscles are known as the lateral
gastrocnemius, the medial gastrocnemius and the soleus.

Gastrocnemius
Calf

muscles .
Soleus

Achilles tendon

Figure 2.2: The anatomy of the lower leg and the position of the Achilles
tendon [4].

2.2 Anatomy and pathology

2.2.1 Achilles tendon

The Achilles tendon is the largest tendon in the body and also the strongest
[10] [37). It transfers mechanical load from the gastrocnemius and soleus
muscles to the calcaneal bone to allow for certain movement of the ankle
joint. Proximally, it is originating from the gastrocnemius muscles in a broad
flattened shape. The transition from these muscles to tendon begins at the
middle of the calf. The gastrocnemius muscles are situated posteriorly in the
lower leg. The soleus sits anteriorly to the gastrocnemius muscles, it is a flatly
shaped muscle whose fibres transition to the Achilles tendon more distally.
The gastrocnemius laterialis, gastrocnemius medialis and the soleus make up
the triceps surae which allows for plantar flexion movement of the ankle via
the shared Achilles tendon [10]. The muscle-tendon junction is the weakest
point of the muscle-tendon unit [35]. Figure show some landmarks of the
Achilles tendon and nearby bones. The Achilles tendon insertion is at the
calcaneal bone and is distributed to dissipate stresses [10].
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For healthy human Achilles tendons, the tendon dimensions belonging to
the dominant and the nondominant legs are similar [30]. This includes the
free tendon length, measured from bursal projection to the muscle-tendon
junction of soleus, and the cross sectional area of the tendon.

i A. Achilles tendon

I

| B. Soleus muscle

i attachment site

I C. Bursal projection

| D. Calcaneal tuberosity
| E. Calcaneus

i F. Fibula

| G. Tibia

]
I'H. Tendon leading to
Gastrocnemius muscles

Figure 2.3: Landmarks marked on a three dimensional model of the bones of
the lower leg and the Achilles tendon.

Tendon composition

The tendon tissue is composed of a collection of certain cells and extracellular
matrix. The tendon tissue has low metabolic rate and low oxygen consump-
tion, resulting in slow healing in case of injury [35]. Water is the main
component of tendon tissue, responsible for 70% of total mass. The remain-
ing 30% contains collagen type I (65-80%) along with lesser concentrations
of other collagen types and proteoglycans, to name a few [40].

The tendon has a hierarchical structure, with the collagen and the non-
collagenous components interwoven [40)]. The collagen molecules are arranged
in fibrils, sitting end-to-end. The fibrils are part of bundles known as fibres,
where fibroblasts are situated along the fibrils along with a thin layer of
connective tissues. The fibres, in turn are arranged in fibre bundles in several
levels along with more connective tissues forming the tendon structure with
parallel fibres giving the tendon its characteristic tensile strength [40]. The
connective tissues contains proteoglycans, whose hydrophilic nature allows
for easy transportation of water in the tissue [35].
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2.2.2 Achilles tendon rupture

The tendon is a mechanically responsive tissue that change its metabolism
and properties as a response to load. The tendon strength can be increased
with appropriate training along with an increase in collagen type I production
and cross sectional area [40]. However, overuse or misuse due to unsuitable
physical training may cause tendon injury [35] [40]. Tendinopathy is an
umbrella term encasing tendon injuries caused by overuse and develops over
time. Acute injury of the tendon is known as tendon rupture, which occur
suddenly. It has been reported that sports related ATR occurs simultaneously
with an acceleration or deceleration in the musculoskeletal mechanism. There
have also been reports of degenerative tendinopathy in cases of spontaneous
ATR [35]. In this study, however, all patients have sustained ATR in one leg,
following physical activity.

Healing process

The tendon healing after an ATR is described in three overlapping phases;
inflammatory, repairing and remodeling [35] [40]. Immediately post tendon
rupture, the healing process is initiated with an inflammatory response at
the rupture site [35]. It then takes a few days before the repairing stage
begins, with fibroblasts producing substantial amounts of collagen type III
and proteoglycans at the injury site [35] [40]. The water content is high
during this stage [35] [40]. The tissue formed during healing is also known
as the tendon callus [2]. After about six weeks, the repairing phase merges
into the remodeling stage, where the activity of cells and collagen production
decreases and the tissue turns fibrous. Here, the fibres start to align along
the loading direction and the synthesis of collagen type I starts to become
more apparent [35] [40]. After ten weeks the final phase is initiated, which
is a year long phase. The tissue turns first scar-like and, at a later stage,
becomes a repaired tissue with increased bonding between collagen fibres,
causing higher stiffness and tensile strength [35].

2.3 Medical imaging

2.3.1 Computed tomography

A common medical imaging modality used in clinical settings to diagnose,
evaluate or create models of internal body parts of the human body is com-
puter tomography, also known as CT. During a CT scan, collimated X-ray
beams are exposed to axial planes of the body. The X-ray source is rotating
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around the body in order to let the beams pass each axial plane at differ-
ent angles [5]. The detector placed on the opposite side of the body to the
source detects the transmitted radiation, making it possible to calculate the
absorbed energy. The absorption is proportional to the density of the tissue
the rays travel through, which is calibrated to form a comparable grey scale
called the Hounsfield scale [5]. The Hounsfield scale goes between the values
of -1000 Hounsfield units (HU) and +3000 HU, where air represents -1000
HU and becomes black in an image, water is 0 HU and the densest cortical
bone shows as white and is represented by the highest HU. Fat, which is less
dense than water, is represented by negative values, and soft tissues such as
muscle has a higher density than water and is placed just above water on the
Hounsfield scale [9]. For a reference, see Figure The data of the CT scan
can be reconstructed to form an image of each cross section.

Skeletal muscle tissue

~30 Bone tissue
Fat tissue Tendon tissue ~ 250-500
~-100 ~ 80-100
-1000 \ 0 / 3000
P [ o
v L] ® HU
Air Water Dense

bone

Figure 2.4: Hounsfield scale.

The distance between two image planes is the slice separation and can to-
gether with the pixels interpolate to volume pixels, also known as voxels.
The slice thickness of each cross section corresponds to the collimation of the
X-ray beam.

CT is an imaging modality that allows for identification of tissues with dif-
ferent tissue densities. For tissues with similar densities, such as muscle
and tendon, the separation between the tissues is not well defined [5]. For
any pixel that is placed on the interface of two such tissues, the intensity
value of that pixel will be averaged. This causes a blurring of the image
and makes it difficult to determine where the interface is in the image [5].
This phenomenon is known as the partial volume effect and can influence the
accuracy of a tissue structure segmentation.

Another factor that effects image quality is noise and artefacts. Noise and
artefacts are features in an image that appear randomised or structured, al-
though it has no physical counterpart in the object that is imaged [I7]. There
can be several sources to artefacts, where some are due to the reconstruc-
tion algorithm, and they can appear differently in the images. One cause
of artefact is movement, an effect that is reduced by limiting the scan time.
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Another cause is metal implants, where the X-ray interfere and scatter due
to the metal, resulting in streaked appearance of the cross section image [5].
Noise is usually present and will give the resulting image a degree of grainy
appearance, in the worst cases it will give the entire image a spongelike
texture which is difficult to remove while not removing original data. The
presence of this random pattern reduces the contrast even further between
low contrast tissues, making it difficult to segment these tissue structures [5].

2.3.2 Image analysis

Image enhancement

The tissue density of the Achilles tendon and the surrounding soft connec-
tive tissues are very similar in a CT image [23], and therefore must be pre-
processed before performing a segmentation. One solution is to enhance the
image contrast around the grey scale values of interest. By identifying the
Hounsfield unit values that are present in the region of interest, the limits
of the grey scale can be adjusted to highlight the tissues with pixel values
between the limits. The pixel values above and below this will then be shown
as white and black, respectively. Figure show how the visualisation of
the Achilles tendon changes by adjusting the contrast of a CT image.

Figure 2.5: Sagittal view of lower leg, where right image has enhanced the
Achilles tendon from the surrounding soft tissue. Arrows point out metal
artefacts of tantalum beads that are not visible in the current sagittal slice.
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Image segmentation

The volume image of a CT scan provides a high resolution representation
of the body part scanned. For further analysis of an organ or structure
from the image series, a segmentation of the desired object is necessary [22].
This can be done manually, which is a time consuming method and the
resulting segmentation will be user-dependent. Therefore, several automatic
and semiautomatic methods have been developed over the years [22].

2.4 RSA

Roentgen stereophotogrammetric analysis (RSA) is a method commonly used
when studying bone implants. When using the method to study Achilles
tendons, small tantalum beads are inserted into the tendon through a needle.
X-rays are then taken from two angles simultaneously, see Figure for
setup, allowing to detect the position on the beads with a 0.1 mm error in

space [33].

Figure 2.6: Setup for the RSA examination where the beads’ position is
measured during the resistance to an applied load through a pedal [33].
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This method has been used to study the properties of the tendon during
the healing process post rupture. The elongation of the tendon between the
beads can then be observed when the tendon is subjected to a load. The
test is performed by placing a pedal against the patient’s foot and asking
the patient to resist the load while keeping the foot in a fixed position [33].
In the ongoing clinical study by Pernilla Eliasson, the stress was estimated
from the force measurements and the tendon cross sectional area, averaged
between the beads. The tendon length between the beads was determined
using RSA for unloaded and loaded tendon, providing strain measurement.
By assuming linear elastic properties of the Achilles tendon, the Young’s
modulus was determined.

2.5 Biomechanics

There are two types of testing protocols that can be conducted when studying
the biomechanical behaviour of a tissue, such as tendons; non-destructive and
destructive testing [19]. In non-destructive testing the tissue is subjected to
small loads and deformations and all changes are reversible, an example of
this is creep testing. In destructive testing however, large loads are applied
and the changes in the tissue are irreversible. The stress-strain curve (Figure
is often used to present results from destructive tensile testing. The
initial phase of the stress-strain curve is referred to as the toe region where
the stress-strain relationship is non-linear with an increasing slope for higher
loads. The toe region is followed by the linear region, where the incline of
this region is referred to as the Young’s modulus. When remaining within
these regions all changes in the tissue are reversible and the test is non-
destructive. Upon reaching the yield point in a tensile test, the slope of the
curve changes due to the fibrils in the tissue begin to break. This region is
known as the plastic region, where the accumulation of microfractures in the
collagen network ultimately leads to the point of failure [19].
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U Failere point

Stress

Strain

Figure 2.7: The typical stress-strain curve showing the mechanical behaviour
of tendon tissue from tensile testing. Schematics of the unfolding and failure
of the collagen fibrils are shown for the corresponding regions [19].

The material of the tissue can be modelled through different material models,
the most simple being the linear elastic model [19]. In this model, the relation
between stress and strain is assumed linear. It is a one dimensional material
property but can be expanded to three dimensions when used together with
the Poisson’s ratio, which can express the tissue behaviour in the axial plane.
One limitation of the linear elastic model is that it can not capture the time
dependent behaviour of the tendon, motivating the need for a viscoelastic
material model. Viscoelastic materials can be modelled through a standard
linear solid model (SLS) [27] which is visualised in Figure The two
springs capture the elastic behaviour of the tendon and the dashpot captures
the viscous behavior and its time dependency.

E,K,

E2! K2 'q

Figure 2.8: SLS used to model viscoelastic material, where F1, K1, Es and
Ky are the stiffness parameters of the two springs and 7 is the dampening
parameter for the dashpot [27].
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As the Achilles tendon mainly consists of water and collagen it is a biphasic
tissue with a fluid and a solid phase, and has viscoelastic biomechanical prop-
erties. The viscoelastic behaviour can be studied in a creep test, where a load
is applied and held constant for a certain time. The creep test is conducted
within the linear region. Initially, the tendon experiences relaxation before
it reaches an equilibrium where the strain will be constant [19].

The stress and strain that the Achilles tendon can withstand before rupture
is dependent on the rate of the load. The failure stress has been determined
to be around 80 MPa and the failure strain about 11 % in intact tendons [41].
While running, the Achilles tendon is subject to high forces corresponding to
several times the body weight, and can experience about 6 % strain [20].

2.6 Finite element modeling of human Achilles ten-
don

2.6.1 Finite Element Method

Materials and mechanics are often described with differential equations, which
when applied to geometries can be solved by finite element (FE) methods.
The finite element method is a numerical approach for solving differential
equations. This is done by dividing the geometry into many smaller parts,
called finite elements. Approximations are then done for each element, in-
stead of for the entire geometry, and to obtain the result for the whole ge-
ometry, the outcome from all elements are added together. The assembly of
all finite elements is referred to as a mesh [2§].

By using the FE method and assigning boundary conditions to some selected
elements or regions in combination with known material properties, a more
realistic model can be acquired. Examples of boundary conditions are loads
and fixed node displacements [2§].
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2.7 Literature review

Various studies have analysed the human Achilles tendon using image anal-
ysis, mechanical testing and computational modelling. In this section, some
methods and results of these studies are presented. To our knowledge there
are no existing FE models of ruptured human Achilles tendons.

2.7.1 FE-modelling

The modalities that have been used in obtaining subject-specific Achilles
tendon finite element models of living humans are ultrasound and MRI [§]
[23]. With ultrasound, only cross section areas and shapes have been taken
from the mid-section of the tendon [36] [37]. Only models of the free tendon
was requested, the remaining part of the tendon was modelled by adapting
a generic male model [36]. In more recent articles, 3D ultrasound has been
used, capturing the whole geometry of the free tendon [I3]. The conclusions
drawn from the article [I3] were that in healthy Achilles tendon, the stress
experienced is more dependent on geometry than material properties. Us-
ing MRI, one Achilles tendon was segmented manually and went from the
calcaneal insertion to the muscle-tendon junction in [12]. All models men-
tioned above have used a hyperelastic material model, which has the benefit
of capturing the non-linearity of tendon mechanics. However, it is unable to
describe the tendon as a viscoelastic material as it lacks time dependency
[19].

2.7.2 Image analysis

Free Achilles tendon lengthening post ATR in surgically treated patients have
been confirmed via ultrasound and MRI [11] [3]. The free tendon length
has been measured in surgically treated patients, where elongation has been
observed 2 weeks post surgery in patients immediately starting mobilisation
and weight-bearing rehabilitation post rupture, and after 6 weeks for patients
with immobilised ankles for two weeks post surgery [3].
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Cross sectional area measurements have been obtained of the rupture site
[3] and from averaging a few cross sectional areas of the free tendon [I1]
[31], but not for the entire tendon. In addition, the subjects of these studies
had undergone surgical repair. In those studies, the cross sectional area was
observed to increase from 6-7 weeks to 19-26 weeks post rupture, followed
by a decrease to the 1 year check-up [3] [L1] [31]. Tissue density calculations
have been performed using CT images, by obtaining a limited number of
values from circles manually placed inside the tendon callus [32].

2.7.3 Mechanical testing

Creep tests have been performed on harvested intact human Achilles tendons
where the stress was ramped up to 35-75 MPa for 2.0 seconds and then held
constant [42]. The maximum strains were observed just above the calcaneal
insertion point, at above 20 %. The failure occured more proximal at about
2-6 cm above the calcaneal insertion where the cross sectional area was the
smallest. The tendons for this study came from an elderly population, 50-70
years of age [42].



Chapter 3

Materials and methods

3.1 DMaterials

CT images of Achilles tendons were used in this project from a ongoing
clinical trial run by Dr Pernilla Eliasson at Linképing University (Ethical
permission number 2014/69-31). The patients were part of a clinical trial
with a test group and a control group. The treatment for both groups were
non-surgical early motion training from week 2 post rupture. The test group
performed increasing load training in addition to motion training. After
diagnosis, the patients had two 0.8 mm tantalum beads [33] inserted into
the Achilles tendon by needle both proximally and distally in relation to the
rupture. The patients were equipped with an orthosis and allowed to load the
casted foot in case of no pain sensation. The test group were performing load
bearing exercises from week 3 with increasing load until week 7. The exercises
given to the patients are presented in Table From week 7 onward, all
patients followed the rehabilitation regime offered by the regional healthcare.

The CT images were taken of healing Achilles tendons at three time points,
at 7 weeks, 19 weeks and 52 weeks post rupture. At 7 weeks, the image
taken was of both ruptured and unruptured contralateral tendon. The images
were obtained using a calibrated Siemens CT scanner (SOMATOM Edge
Definition, slice thickness 0.75 mm, slice separation 0.3-1.13 mm, pixel size
0.28-0.61 mm, collimation width 0.75 mm).

17
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Table 3.1: The ankle exercises were done by both patient groups, while the
loading exercises were only for the patients belonging to the test group. Ankle
exercises were performed three times a day, with an increased number of
repetitions after 5 weeks of healing. Controlled load training was preformed
by the test group two times daily with 20 repetitions at a time. From week
7 and onward, both patient groups followed the same regime designated by
regional healthcare.

Week 1-2 3 4 5 6 7
Ankle exercise 20 20 30 30 30

3x

Tensile loading 30N 75N 125N 175 N 225N
2x20

There were 41 patients participating in the ongoing clinical trial. With the
goal of segmenting tendons from the CT images, a visual evaluation of the
images was conducted for each patient. The patients whose images at all
three time points had a low noise level and sufficient resolution for man-
ual segmentation were selected. This resulted in five patients remaining for
further analysis. Out of these five, one patient was selected for developing
subject-specific FE modelling, Patient 36 which had altogether good quality
images for all time points.

Table shows patient data. Highlighted in red are the two patients that
are part of the test group, while the remaining three are part of the control
group. All patients were doing physical exercise at the occasion of rupture,
all sports related apart from Patient 36, who was cutting down trees. As part
of functionality evaluation, the patients were asked to do a heel rise. The heel
rise score of week 19 and 52 was measured in reference to the contralateral
Achilles tendon (CAT). The last two columns include Achilles tendon Total
Rupture Score (ATRS), which is a self evaluation sheet regarding function
and pain from ATR [26].
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Table 3.2: Patient data of the 5 patients, the two patients in the test group
are highlighted in red. The heel rise score determined at 19 and 52 weeks
post rupture is the HAT heel rise height (in %) in reference to the CAT heel
rise height (100%). The self evaluating ATRS taken at the 19 and 52 week
check-ups has a maximum score of 100.

Sex Age Weight Height Heel rise  Heel rise ATRS ATRS

M/F)  (years) (kg) (em) Week 19 Week 52 Week 19 Week 52
Patient9 M 56 80 176 0 86 37 76
Patient17 F 38 75 168 43 57 66 45
Patient 27 M 42 100 184 0 0 3 39
Patient 32 M 59 96 181 33 0 54 96
Patient 36 M 36 90 182 70 69 48 83

From the ongoing unpublished clinical study by Pernilla Eliasson, RSA data
for the patients was available, this included calculated Young’s moduli for
each patient at the three time points. The applied loads used when measuring
tendon lengthening are presented in Table In the final row of Table [3.3
the range of the calculated Young’s moduli of the healing Achilles tendons
(HATSs) for the five patients at each time point is displayed.

Table 3.3: The loading scheme used at the 7, 19 and 52 week check-ups. Each
load was applied for 10-15 seconds before obtaining the RSA measurements.
Between each applied load, there was a resting period of 3 minutes. The
Young’s modulus presented is the range for the five patients selected in this
study.

Week 7 Week 19 Week 52
Lower load (N) 0 25 25-225
Higher load (N) 100 150 225-350
Young’s modulus (MPa)  22-73 66-197 87-483

3.2 Methods

3.2.1 Segmentation from CT images

The CT images were enhanced in the region of interest to increase contrast
between tendon tissue and surrounding soft tissue using ImageJ [34]. The
Achilles tendons were segmented manually using the software Seg3D [7]. The
tendon was outlined and filled on several axial slices. In case of poor visibility,
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the sagittal view was used as an aid. To limit user variability, the same person
was selecting the tendon on the image slices and implementing the same
selection method. Completely segmented Achilles tendons were achieved by
performing morphological closing. Due to the program constraint of having
a maximum radius of the spherical structuring element set to 10 slices, the
distance between the manually selected slices had to be lower. From trial-
and-error, the distance of 8 slices was used where the resulting segmentation
had a good enough geometry and the manual workload was kept as light as
possible.

The tendons segmented were of the patients presented in Table where
the healing Achilles tendon was segmented for the three time points of each
patient along with the contralateral Achilles tendon imaged in the first CT
scan for each patient.

3.2.2 Image analysis

Determining free tendon length

The free tendon length could manually be measured in ImageJ, using the
macro 3D Distance Tool [34]. By looking at a contrasted image stack in
both axial and sagittal view, the tip of the soleus muscle was found. The
measurement was taken from the middle of the tendon at this axial slice to
the middle of the tendon of the axial slice where the bursal projection no
longer was visible.

Measuring cross sectional area

Cross sectional area of the tendon was measured in Matlab [24], where the
segmentation was imported as a binary image stack. The cross sectional area
was calculated at every axial slice, by counting the white pixels and multiply-
ing with the pixel size. Due to the spherical shape of the structuring element
used when obtaining the complete segmentation in Seg3D [7], smoothing was
necessary. The chosen averaging filter window size was approximately 2.5 %
of the number of slices, with a minimum window size of 7 slices.

Locating tantalum beads and calcaneus in CT images

The reasoning for locating the tantalum beads was twofold. Firstly, the
rupture had occurred between the distal and proximal beads, indicating the
volume of interest. Secondly, the tantalum beads caused metal artefacts in
the CT images, disrupting the tendon intensity distribution. For plotting
purposes, the calcaneal tuberosity was also located.



3.2. METHODS 21

Using Matlab Image Processing Toolbox [25], locating the beads and cal-
caneus was done by using the segmentation and thresholding. By dilating
each of the segmented tendon axial slices using a square structuring element
that was the same size for all image stacks, the dilated version of the tendon
shape was applied to the original image. Using thresholding, the axial slices
containing Hounsfield units above 200 HU were located. The distal end of
the tendon was determined by comparing the first and last axial slice of the
segmentation, with the assumption that the part of the tendon by the calca-
neus had smaller cross section area compared to the most proximal part of
the segmented tendon. The top of the calcaneal tuberosity was determined
as the final image slice where the calcaneus had intensity values above 200
HU in the dilated tendon shape. The lowest of the distal beads could be
located after the calcaneus along with the highest of the proximal bead. To
exclude the number of beads located, the proximal and distal beads were
considered collections of beads, and the largest distance between the slice
above the threshold was used to obtain the upper and lower limit of those
groups, respectively. For the unruptured contralateral tendon segmentations,
only the calcaneus was located.

Determining the tissue density and distributions

In Matlab [24], the image stack of the segmented tendon applied to the origi-
nal image stack was used to calculate mean intensity and standard deviation
of each axial image slice. This was then plotted in two figures, one where
the mean and standard deviations of the whole tendon was presented and
another where the mean values of the tendon callus between the beads was
presented. When only presenting the mean intensity values, the values were
filtered using an averaging filter window size of approximately 1 % of the
number of slices, with a minimum window size of 3 slices. For the CAT, the
bead locations of the 7 week HAT was used.

Radial sections

To get an overview of how the intensities vary with distance from the cen-
troid within the callus, the axial segmentation was divided into three parts,
see Figure Keeping the original shape of each segmentation of the ten-
don slices, the three parts were obtained by eroding the shape in two turns
with a disk structuring element. The size of the structuring element was cal-
culated from using the Matlab [25] image processing function ‘regionprops’
and obtaining the minor axis length. To ensure three sections at all times
with no overlap, the minor axis length was divided into three to get the same
thickness of each section, r. The outer perimeter of the three sections are
presented in Figure The sections were generated for all slices between
the beads and the mean intensities of all sections were calculated. For the
intact contralateral tendon, the bead positions of the ruptured tendon at 7
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weeks was used. The chosen averaging filter window size was approximately
2.5 % of the number of slices, with a minimum window size of 7 slices.

Figure 3.1: A cross section (axial) slice of the lower leg, where the Achilles
tendon is outlined and the radial sections are outlined.

3.2.3 FE modeling

Mesh generation

The subject-specific geometry of the Achilles tendon was preprocessed prior
to meshing. As a first step, smoothing was performed in Meshmixer [16], a
program designed for preparing geometries for 3D printing. Sculpting tools
and reducing mesh size were used to obtain a smooth tendon surface. The
smoothed geometry could then be imported into Solidworks [39] where the
tendon surface was divided into several surface sections of similar shapes to
ensure simple meshing in the next step. The geometry with surfaces could
then be exported as an IGES file and imported into Hypermesh [I5] where
an automatic surface mesh was created, using triangular elements with size
2 mm. The surface elements were adjusted so that all had inner angles of at
least 20 degrees. From this mesh, a volume tetrahedral mesh was generated
with 2 mm elements throughout the geometry, yielding meshes with about
30,000-40,000 elements and 6000-8000 nodes.

Meshing elements

For the linear elastic material model, the meshes consisted of C3D4 elements.
These are tetrahedral elements used for volume meshes with four nodes placed
in the corners, see Figure 3.2] For the viscoelastic material model, C3D4P
elements were used instead. The difference between the C3D4 and the C3D4P
elements is that C3D4P also handles pore pressure, which is required when
modelling a biphasic material with a liquid phase.
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1

Figure 3.2: Tetrahedral four node volume element used [IJ.

The tetrahedral elements were chosen because they allowed better approxi-
mation of the segmented tendon geometry than brick elements which were
used in previous work by Notermans et al. [27]. The reason for choosing four
node elements was to reduce computational time.

Boundary conditions

Once the mesh had been generated it was further adapted in Abaqus/CAE
2020 [38], nodesets were assigned for the top surface, the external surface, the
bottom surface as well as for the entire tendon. The top and bottom node
sets were chosen according to Figure [3.3] where the bottom set represents
where the Achilles tendon is attached to the calcaneus bone and the top set
represents the loads from the calf muscles. The geometry was then generated
in Abaqus. The main axis of the tendon was then aligned with the y-axis,
this was done in Matlab [24]. This was to ensure that the fibers, defined as
a part of the material in the tendon, were aligned with the y-axis and that
the force was applied in the direction of the fibers.
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Figure 3.3: Nodesets assigned to the top and to the bottom surface.

The bottom was fixed in order to mimic the attachment of the Achilles tendon
to the calcaneus bone. To make sure that the force was applied to the entire
top surface, a masternode was created and placed above the top surface,
the force was applied in this node. The top surface was then tied to this
node using Tie Constraint, this means that the surface will have the same
displacement as the masternode.

Fitting material parameters

The viscoelastic material model is based on previous work done on rat Achilles
tendons, the material model was introduced by Khayyeri et al. and is known
as a fibre-reinforced poro-visco-hyper-elastic model [18]. We implemented the
material model optimised by Notermans et al. [27] and adapted the collagen
stiffness parameters (Ej, Ki, Es and Kj), which are modelled by springs
shown in Figure and transversely isotropic stiffness parameters (E,, E,
and Gpy,) to represent the mechanical data of the RSA study. The remain-
ing parameters from the viscoelastic material model, including the damping
parameter of the SLS in Figure were kept constant according to the
optimised rat Achilles tendon model [27].

The stiffness parameters of the viscoelastic material model were fitted to the
Young’s modulus obtained from the RSA data. The fitting was done for
each time point, through simple tensile tests. The force and displacement
recorded from the simulation was normalised to stress and strain, using the
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mean cross sectional area between the beads and the measured length of
the tendon, and Young’s modulus could be derived. The linear relationship
between stresses (o) and strains () is expressed as the Young’s modulus (E),
o = Fe. Young’s modulus from the simulation was then compared to the
Young’s modulus from the RSA data. The stiffness parameters from the rat
model were then manually increased with the same factor to get as close to
the RSA data as possible, this was repeated until the Young’s moduli differed
by a maximum of 1 %.

Simulations

The simulations were performed on the HAT of one patient, Patient 36,
at all three time points in order to observe how the stresses and strains
were distributed throughout healing when the tendon was subjected to an
applied load. Simulations of a tensile test were done both with a linear elastic
material and with the viscoelastic material [27], with fitted parameters, to
compare the two material models. In addition, a creep test was simulated to
observe the time dependency of the viscoelastic material.

For the linear elastic models, the Young’s modulus from the RSA data and
the Poisson ratio was used to define the material. The Poisson ratio used
was 0.3 [27]. A simple tensile test was then performed where the applied load
was 350 N for all three time points. In addition, for the 7 week time point,
tests with a load of 100 N were conducted. These were the loads applied via
the pedal in Table for week 52 and week 7 respectively.

For the viscoelastic material model, tensile and a creep test was performed
for Patient 36 at week 7, week 19 and week 52 respectively. The material
stiffness parameters were updated to the parameters acquired from the fitting
to mimic the properties from RSA data for Patient 36, this was done for each
time point. The load was applied in two steps, in the initial step the load
was ramped up to the final load during two seconds, this is the preloading
step and corresponds to a tensile test. In the second step the load was held
constant for eight minutes, this time was chosen to ensure that the creep
behaviour would be captured. The creep tests were run with a load of 350 N
for all time points, and for the 7 week time point additional creep test with
a load of 100 N was conducted as well. The load of 350 N corresponds to
approximately a stress of 3 MPa for each time point and geometry.
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Chapter 4

Results

In this section the results will be presented in two parts. First, the image
analysis results are presented, which includes the free tendon length, cross
sectional area and tissue density analysis. Secondly, the simulation results
are presented, including fitted material parameters and spatial stress-strain
distribution analysis from tensile loading and creep test.

4.1 Image analysis

4.1.1 Free tendon length

From manually viewing the tendon and surrounding tissue from two direc-
tions, the free tendon length could be measured, presented in Table
Assuming similar free tendon length in both lower legs of the patients prior
to rupture, there has occurred elongation of the Achilles tendon from the time
of rupture up to the 7-week time point for all tendons apart from Patient 36.
For patients 27 and 32 there has been an additional small increase in tendon
length between weeks 7 and 19. There has been no change between the rest
of the time points, see Table

27
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Table 4.1: The measured distance between the top of the calcaneal tuberosity
(BP) to the attachment site of the soleus muscle, known as the free tendon
length. The patients who are tinted in grey are part of the control group,
while the patients with red tint are in the test group. Measurements are in
(mm).

Week 7 Week 19 Week 52 Intact contralateral tendon

at Week 7
Patient 9 88 85 85 65.6
Patient 17 90 86 89 40.4
Patient 27 109 117 119 60.9
Patient 32 73 83 83 50.4
Patient 36 57 58 57 59.6

4.1.2 Cross sectional area

The cross sectional area of the segmented tendon was calculated for the entire
length of the segmentation and presented in Figure For all 7 week plots
of the HAT except for Patient 32’s, there is a local minima in cross sectional
area that is located between the beads, indicating the location of rupture.
For all patients at the 19 week time point, tendon callus cross sectional area
increased compared to the 7 week time point. Between 19 and 52 weeks, the
tendon cross sectional area decreased. The cross sectional area of the entire
segmented tendon post ATR is increased for all time points, assuming the
cross sectional area of the healing tendon was similar to the contralateral
tendon prior rupture. Generally, the location of the beads has not changed
for any of the patients, see Figure
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Figure 4.1: The cross sectional area of the segmented healing tendons at all
time points and the intact contralateral tendon. The position of the top of
the calcaneal tuberosity is marked as zero, and the beads locations along the
tendon are marked in the plots. The vertical location of the beads and the
placement of the calcaneus at zero indicates the height of the rupture point.
The results of the patients that are part of the test group are encircled.
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At the level of the distal beads in the healing tendon of Patient 27, there is
also a bone-like formation. This mineralisation was present at the 7 week
scan and did not show any growth until after the 19 week scan, see Table
Figure shows the sagittal image of the lower leg at 19 weeks, with
the distal tantalum beads and the mineralisation segmented.

Table 4.2: A concave disk-shaped mineralisation found distally in the healing
Achilles tendon of Patient 27.

Week 7 Week 19 Week 52
Volume (mm?) 215 211 394

Figure 4.2: Sagittal view of the lower leg at the 19 week CT scan of Patient
27. The image has enhanced contrast. The mineralisation and the distal
tantalum beads are segmented and are situated in the Achilles tendon.
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4.1.3 Mean axial intensities

The mean intensity and the standard deviation of the entire segmented ten-
don is presented in Figure where it has been calculated per cross section.
The mean values are overall stationary along the entire tendon. There are
sudden and sharp fluctuations in mean and standard deviation at the loca-
tions of the beads. For several measurements there is a lowering of mean
intensity values by the calcaneal insertion along with an increase in standard
deviation displayed in Figure

A closer look on the mean intensity values found in the axial slices between
the implanted beads inside the tendon are presented in Figure 1.4l In this
figure, it clearly shows that the mean intensities of the cross sections increases
with each consecutive time point. The mean intensity values of the HAT at
the 52 week time point is similar to the CAT for all patients apart from
Patient 32.
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Figure 4.3: Tissue density measured in Hounsfield units of segmented tendons from CT images taken at 7, 19 and 52
weeks post rupture. The top of the automatically located calcaneal bone was defined as zero in the plots, meaning the
tendon attached to the calcaneus has a negative distance to the BP. The vertical location of the tantalum beads in the
HAT are identified as the instances where the mean intensity values increase, and the standard deviation is much larger
than nearby cross sections. The results of the patients that are part of the test group are encircled.
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Figure 4.4: Tissue density measured in Hounsfield units from CT images
taken at 7, 19 and 52 weeks post rupture of the segmented cross sections
between the detected beads. For the CAT, the beads of the 7 week HAT was
used to select an approximately equivalent section of the tendon. The results
of the patients that are part of the test group are encircled.

Figure [4.5] show the mean intensity values of the radial sections that were
split according to Figure[3.1] Overall, there is little change in mean intensities
when separating the cross section radially. For some patients and time points,
the outer section (continuous line) has lower mean intensities than the inner
sections. The most variation between the radial sections appears in the 7
week scans for all patients. Some intensity variation patterns of Patient 27
remain throughout all time points of the HAT scans.
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Figure 4.5: The tissue density measured in Hounsfield units from CT images taken at 7, 19 and 52 weeks post rupture of
the segmented cross sections, separated in three radial sections. Only segmented tendon tissue between the beads were
considered, or equivalent. The continuous line represents the outer section, the dashed line is the middle section and the
dotted line corresponds to the innermost section. The results of the patients that are part of the test group are encircled.
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4.2 Simulations

In this section the results from the simulation part of the project will be
presented, beginning with the plots visualising the fitting of the stiffness
parameters of the viscoelastic material. This is followed by stress and strain
distribution plots from applying a 350 N load. For plots of stress and strain
distributions from the application of 100 N, see Appendix A. Additionally,
the displacement during the creep test for each time point (7, 19 and 52
weeks) is presented.

4.2.1 Fitting of stiffness parameters

The fitting of the stiffness parameters are presented together with the Young’s
modulus from the RSA data for each time point, Figure[£.6] The incline of the
curves corresponding to the fitted parameters along with the Young’s moduli
of the RSA data are presented in Table The fitted stiffness parameters
are presented in Table |4.4] where the last row shows the degree of increase in
stiffness parameters compared to the original rat model.



36 CHAPTER 4. RESULTS
Fitting of stiffness parameters to RSA data
a) Week 7 b) Week 19
0.5
—fitted line —fitted line ,/P
05| o data points 5 0.4+| © datapoints v
from RSA from RSA /
04 .
P
= 03r
g 0.2
®
0.1
04
-0.1 -0.1
0 05 1 1.5 2 0 0.1 0.2 0.3 0.4 0.5
strain (%) strain (%)
c) Week 52
15
—fitted line <1
o data points ]
from RSA, higher E modulus ‘
= 4 ——from RSA, lower E modulus
&
=3
(2]
g
w05
0
0 0.05 041 0.15 0.2 025 03
strain (%)

Figure 4.6: The result of the fitting of stiffness parameters, the incline of
the yellow line represents the Young’s modulus from the RSA data. The red
circles are the data points from the simulation and the blue line is the linear
approximation to the data points. The incline of this line is the Young’s
modulus of the fitted parameters. For week 52, two Young’s modulus were
provided in the RSA data, using a low load (225N; purple line) and a higher
load (350N; yellow line). The fitting of the parameters for week 52 was only
done for the higher load (the yellow line). The Young’s modulus from the
lower load (purple line) is plotted for comparison.



4.2. SIMULATIONS 37

Table 4.3: The Young’s modulus from the RSA data and the fitted incline
of the stress-strain curve of the stiffness parameters of the viscoelastic mate-
rial [27]. The error shows the difference between the experimental Young’s
modulus and the incline of the stress-strain curve obtained from the fitting
of parameters.

Week 7 Week 19 Week 52
Experimental Young’s modulus (MPa)  30.68 96.12 482.4
Fitted Young’s modulus (MPa) 30.59 96.32 479.7
Error (%) 0.29 0.21 0.56

Table 4.4: The original stiffness parameters (MPa) from the rat model [27]
and the fitted stiffness parameters (MPa) at each time point for the subject-
specific human model. Fy, Ki, Fs and Ky represent the collagen stiffness
parameters and are modelled by the SLS seen in Figure and E,, E, and
Gpn are the transversely isotropic stiffness parameters [27].

Original parameters Fitted parameters
Rat model Week 7 Week 19 Week 52
E, 5.734 10.9 25.2 79.7
E, 0.2000 0.38 0.880 2.78
k; 0.7826 1.49 3.44 10.9
k, 18.16 34.5 79.9 252
E, 0.5000 0.950 2.20 6.95
18, 1.000 1.90 4.40 13.9
Gpa 0.2683 0.510 1.18 3.73
Factor of rat x1 x1.9 x4.4 x13.9

stiffness parameters

4.2.2 Stress distribution

One part of the results from the simulations was the stress distribution in
the Achilles tendon, both on the surface and in the cross section in the area
where the rupture is assumed to have occured. In Figure it can be seen
that the stress in general is the largest in the areas with the smallest cross
section area, and also at the top and bottom where the boundary conditions
have been applied. For week 7 (Figure 1-3a)), a region with increased
stress can also be seen at the middle of the tendon, where the rupture is
assumed to have happened. From the cross sectional stress distribution it
can be deducted that the stress is in general larger on the posterior side of
the tendon, see Figure [4.7
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Figure 4.7: Stress distribution on the surface and in the cross section, ap-
proximately where the rupture is assumed to have occurred, at a 350 N load.
la~c) show the stress distribution after the tensile test in the linear elastic
material models at each time point. 2a-c) show the stress distribution of
the tensile test of the viscoelastic material models for each time point. 3a-c)
show the stress distribution at the end of the creep test of the viscoelastic
material models for each time point. The stresses are in MPa.
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4.2.3 Strain distribution

The strain in the tendon decreases during the healing process, see Figure
The greatest strain occurs in the HAT at week 7 at the end of the creep test,
i.e. after 480 seconds (see Figure 2a)). The maximum strain is located at
the border corresponding to the calcaneal insertion, see Figure 4.8 For both
week 7 and 19, the strain is largest in the areas with the smallest cross section,
the same areas where the greatest stresses could be observed in Figure [4.7]
The same applies to the cross section (Figure where the greatest strain
is located at the posterior side of the tendon. It is also clear that the week 7
HAT is the only tendon where the strain is apparent in the cross section at
the assumed rupture point with an applied load of 350 N (Figure 1-3a)).
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Figure 4.8: Strain distribution on the surface and in the cross section, ap-
proximately where the rupture is assumed to have occured, at a 350 N load.
la-c) show the strain distribution after the tensile test in the linear elastic
material models at each time point. 2a-c) show the strain distribution of
the tensile test of the viscoelastic material models for each time point. 3a-c)

show the strain distribution of the viscoelastic material models at the end of
the creep test for each time point.
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4.2.4 Creep test

The mean displacements of the top surface of the Achilles tendon was re-
trieved from the output of the simulation, these were plotted against time
in order to visualise the displacement over time for each of the three time

points (Figure [4.9)).
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Figure 4.9: The figure shows the mean displacement of the nodes on the top
surface of the subject-specific models, over the course of eight minutes when
applying a constant load of 350 N, for the three time points.
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Chapter 5

Discussion

In this section, a discussion regarding the image analysis results will be pre-
sented, followed by a discussion of the simulation results. Next, a joint dis-
cussion to connect the two main areas is presented. Lastly, a short comment
on the ethics and a conclusion are presented.

5.1 Image analysis

An elongation of the Achilles tendon appear to have occurred some time prior
to the 7 week check up. This is according to Table with the assumption
of the free tendon length being similar in both legs. This is true for healthy
Achilles tendons [30]. The local minima found between the beads in the
7 week measurements of cross sectional area of the majority of the HATs
(Figure, are likely indicating the location of rupture. Comparing the level
of the ruptures located with the tendon length measurements of Table it
appears that the rupture occurred at or above the muscle-tendon junction.
This is in agreement with literature [35], where the muscle-tendon junction
is considered a weak part of the muscle-tendon unit. However, literature also
states that the most common rupture site is at approximately 2 to 6 cm from
the calcaneal insertion point, where the tendon cross sectional area is the
smallest [42]. Hence, the rupture could have occurred distally to the muscle-
tendon junction at the location of the smallest cross sectional area, and the
tissue generated to bridge the tendon stumps was excessive. For all patients
apart from Patient 36, the soleus does not appear as far distally as prior to
rupture. The tendon elongation observed from time of rupture to the 7 week
scan may have been caused by the formation of a new muscle-tendon junction
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more proximal than before, as a consequence of rupture and regeneration of
tissue. Alternatively, the tendon elongation observed may have been caused
by the formation of new tendon tissue to bridge the gap between the two
separated tendon stumps. Ultimately, with the data given, it is not possible
to determine the cause of tendon elongation post rupture.

For all patients at the 19 week time point, there has been an increase in
tendon callus cross sectional area compared to the 7 week time point, see
Figure [4.1] This can be attributed to the regeneration of tissue, where there
is a transition from the repairing phase to the remodeling phase at the 7
week time point [35] [40]. There is plenty of disorganised tissue and a high
water content surrounding the rupture which is not identifiable as part of the
tendon structure. This is also seen in Figure [4.4] where the mean Hounsfield
units and tissue density is at its lowest between the implanted beads. At
the 19 week time point, the tendon tissue is more organised and has turned
scar like [35] [40], forming a callus around the rupture. The tissue density
is slightly higher during this scan (Figure . After a year, Figure
shows that the cross section area has decreased again, but is at around twice
the size as of the CAT. Comparing the tissue density between the healed
tendon and the contralateral tendon presented in Figure they appear
similar overall. When observing the changes in tissue density radially from
the centroid of the tendon in Figure[4.5] it can be noted that the outer section
tends to be lower than the two inner sections. This is most likely due to the
partial volume effect along with the segmentation selection, where some of
the surrounding soft tissue has been included that has a higher water and/or
fat content, bringing down the Hounsfield values. In turn, this observation
implies that the results of Figure [{.4] are slightly underestimated. From this,
it can be concluded that the tissue density between the beads has almost been
restored to prior rupture levels, assuming healthy bilateral Achilles tendons
prior rupture, but the cross sectional area is much larger than before.

The largest increase in tendon length between time of rupture and the 7 week
check-up was seen in Patient 17, where the measured free tendon length has
more than doubled, see Table There is no change in the free length for
Patient 36 as seen in the measurements. As both Patient 17 and Patient 36
are part of the control group, and the remaining three patients have measured
elongation between 30-80%, no differentiating between the test group and
the control group can be done here. Patient 27 and Patient 32 belong to
the test group and from the results it appears they have the highest rupture
points, considering the local minima of the week 7 plot in Figure and the
upper bead placement of Patient 32, whose rupture point is not apparent.
The reason for the rupture point not showing for Patient 32 is perhaps due
to a different rate of healing compared to the other patients. Patient 27
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has a mineralisation in the distal part of the healing Achilles tendon, what
effect this has is not know, however, this patient has low ATRS scores and
have been unable to do heel raising according to Table Patient 32 on
the other hand consider the HAT to be fully functioning, although the heel
raising score did not confirm this. An interesting observation regarding this
patient is to look at the contralateral tendon, that shows some thickening
distally in Figure [£.1] and has an overall lower tissue density than the healed
tendon after 52 weeks. The cause of this is not known from this data, but
could perhaps affect the self evaluating ATRS. With such a small sample size
it is not possible to draw any conclusions, especially when the patients part
of the test group present very different.

Both segmentation and measurement of the free tendon length have been
performed manually, introducing user variability that has been limited by
having the same person perform the task and in the case of determining the
free tendon length. The measurement of tendon length is also dependent
on voxel size and the plantar flexed angle of the ankle and foot, which for
several patients varied between scans. This means that the top of the cal-
caneal tuberosity can vary between the time points and the varying tension
in the viscoelastic tendon could potentially give different free tendon length,
creating a variability to keep in mind.

5.2 Simulations

The human tendon is stiffer than the rat tendon, this can be seen in Table
The stiffness parameters increased consecutively with each of the three
time points to better fit the subject-specific RSA data. This corresponds to
the tendon getting stiffer as it heals. The material is viscoelastic and has
both stiffness and dampening parameters. The experimental data provided
by RSA methods represented tensile load, as the creep response is assumed
to be negligible when the load has been applied for 10-15 seconds. In turn, it
was only the stiffness parameters that could be adapted of the material prop-
erties. Consequently, the damping parameters were left untouched from the
rat material model, which could potentially provide an unrealistic response in
the human tendon model. The effects of the springs in the SLS are increasing
in dominance compared to the dash pot as the stiffness is increased, resulting
in that this effect will be most significant for week 52. As the dash pot is the
element in the SLS that provides time dependency, which is characteristic
for a viscoelastic material, this suggests that the tendon will behave more
elastic. This is expressed in Figure [£.9, where the creep response is decreas-
ing, showing less of a time dependency with each time point. This effect can
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also be observed in Figure where the strain distribution from the creep
test progressively gets more like the strain distribution for the linear elastic
model during the healing. In order to be able to fit all viscoelastic material
parameters of the material model, more experimental data is needed. This
could be achieved through a creep test for example.

In general, the stress and strain distribution are similar for the simulations of
the tendon geometries with linear elastic properties and with the viscoelas-
tic material properties for tensile testing (Figure and . This result
is suggesting what has been stated in literature regarding healthy Achilles
tendons, where the tendon model geometry is more important than material
properties when it comes to stress distribution changes [I3]. This can in par-
ticular be seen in Figure 1-2a), where the distribution is the most similar
at week 7 for the linear material and the viscoelastic material at the end of
the preloading step, representing tensile loading.

Both the stress and strain is the largest on the posterior side in the cross
section at week 7 (Figure 1-3a) and Figure 1-3a)). This is suggesting
that the geometry of the tendon needs to be straightened out during the
deformation in such a way that the posterior side of the tendon is stretched
slightly more. In Figure 1-3c), this trend can also be observed for the
52 week time point for the stress. However, for the strain distribution in the
cross sectional area this can only be observed for week 7 (Figure 1-3a)).
The cause of this is due to the high stiffness and the resulting low strains
from the applied load. This effect appears to be caused by the geometry,
which is given by the segmentation of the Achilles tendon from CT images.
The relaxed tendon is gently curved towards the anterior, this is indicated in
Figure which is then straightened out when applying a tensile load.

The overall maximum strain observed is about 35 %, just above the fixed
boundaries representing the calcaneal insertion at the end of the creep test
for week 7 (Figure 3a)). This can be considered to be boundary effects.
However, there are experimental results from creep tests of human Achilles
tendon from cadavers showing large strains of 20 % just above the calcaneal
insertion [42]. The ATR occurred at the smallest cross sectional area of the
tendon, where the observed strains were lower until just before failure [42]. In
the area where the rupture is assumed to have occurred the maximum strain
is about 17 % (Figure 3a)) which is also very high considering a healthy
Achilles tendon normally ruptures at about 11 % [41]. This suggests that in
reality a creep test with 350 N for eight minutes is not suitable at 7 weeks
post rupture. The patients at the 7 week time point were instead exposed
to a lower load of 100 N, the simulation results of this load is presented in
Appendix A. The maximum stresses for the two applied loads are between



5.2. SIMULATIONS 47

6-28 MPa (Figure and Figure , which is well below the limit where the
tendon will rupture [41]. The strain is about 20 % just above the calcaneal
insertion (Figure in Appendix A) and about 7 % at the rupture site when
applying a 100 N load. According to Wren et al. [41] a tendon will rupture
at about 11 %, however according to another study by Wren et al. [42] the
strain can be up to 20 % in the area above the calcaneal bone, this suggests
that the tendon will not rupture when subjected to a load of 100 N at 7
weeks.

There are several limitations to these FE models of the human Achilles ten-
don. Firstly, the RSA data consists of isolated measurement results from
tensile loading. The Young’s modulus obtained from the subject-specific
testing is derived from the assumption that the tendon is linear elastic be-
tween the beads. However, from the fitting plot in Figure ) for week 52
it is clear that two different loads generates two different Young’s moduli,
indicating that the linear approximation is not representative of the tendon
behaviour. The loads used in the RSA study when experimentally determin-
ing the Young’s modulus seems to include the toe region, with the exclusion
of the higher stiffness modulus of week 52 (determined between the loads of
225 N and 350 N). The conclusion from this is that the fitting of the stiff-
ness parameters is providing a material that is a very crude approximation
of the actual tendon material. In addition, Figure ) also indicates that
multiplying all stiffness parameters with the same factor is not ideal, as the
material has the potential to mimic these types of changes in stiffness. A
more realistic optimisation of parameters could have been achieved if more
experimental data was available, with measurements at different loads.

Secondly, the applied boundary conditions are very simplified compared to
reality. For example, the boundary conditions representing muscle contrac-
tion is applied at the top surface of the model, corresponding to the part
of the tendon leading to the gastrocnemius muscles. Hence, the contraction
of the soleus muscle is not contributing in this simplification, which similar
to the setup of the creep testing of Achilles tendons from human cadavers
performed by Wren et al. [42]. However, the applied boundary conditions
in this project are still a closer representation of the in vivo Achilles tendon
due to the advantage of being able to replicate calcaneal insertion compared
to the clamping method in experiments by Wren et al. [42].

Thirdly, due to time constraints and insufficient number of experimental
measurements no validation of the simulations was performed, this includes
validating the mesh. If time had allowed, a validation could be done by
comparing simulations of the same geometry with different mesh sizes to
evaluate the eventual impact of the mesh. However, some trends have been
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identified that corresponds to general data of healthy tendons, such as high
strains above the calcaneal insertion [42].

5.3 Image analysis related to simulations

From the RSA data, the Young’s moduli for the tendon tissue between the
beads was provided. The geometry obtained from the CT images was of the
entire tendon from the calcaenal insertion to the proximal end leading to the
gastrocnemius muscles. The material properties given by the RSA data were
assigned to the entire tendon. From what could be observed in Figures 4.1
and Figure the entire tendon has thickened and generally has similar
tissue density through out. A next step could be to look into density changes
in more detail than what was done in this project in order to determine if
a change in stiffness along and within the healing tendon can be discerned.
This could then be applied to the FE model, providing more reality-based
material changes within the tissue. Future FE models of the HAT could
ultimately determine the failure force, and this knowledge could be used to
prevent re-ruptures.

5.4 Ethics

The experimental data used in this project is from an ongoing unpublished
study by Pernilla Eliasson. Written informed consent was obtained from
all participants. Ethical approval was obtained from the Regional Ethical
Review Board in Linképing (number 2014/69-31).

Using radiological methods to obtain geometry and loading effects in the
tendon, the exposure to radiation must be considered. In particular if more
measurements are needed to develop the model of healing human Achilles
tendon, which was suggested. This may indicate the RSA method is not the
optimal way to obtain these measurements.

For this master’s thesis project, the data used came from other studies and
thus was already existing. This meant that no additional exposure to ra-
diation for the patients was required. The development of computational
models can ultimately aid in better treatment options and allow in silico ex-
periments, without the need for more patient data and in vivo experiments.
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5.5 Conclusions

The free tendon length of the healing Achilles tendon increased prior to the
7 week scan, and overall did not change from then on. The cross sectional
area of the healing tendon increased from 7 weeks to 19 weeks post rupture,
and then decreased until 52 weeks post rupture. The tissue density slightly
increased from 7 weeks to 19 weeks post rupture. At 52 weeks, the tissue
density was overall returned to healthy tissue density. However, the cross
sectional area had not returned to original thickness, indicating that none of
the patients had fully recovered from ATR. No difference between the two
patient groups given different treatments was discernible, mainly due to the
small sample size and to the variability seen in patients.

Subject-specific FE models of the healing human Achilles tendon post rup-
ture were created. The FE model had several limitations, including material
properties determined from few experimental measurements that was taken
around the rupture location. However, tissue density analysis showed that
the density was not indicating variations of stiffness within the tendon. The
simulations of the creep tests also showed similar results obtained from ex-
perimental results harvested human Achilles tendons, in particular highest
strains observed in the tendon was near the calcaneal insertion.
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Appendix A

Tensile test End of preload End of creep test

a) b) c)

S, Max. Principal

(Avg: 75%)
+6.585e+00
+6.037e+00
+5.488e+00
+4.940e+00
+4.391e+00
+3.843e+00
+3,294e+00

+2.746e+00
+2.197e+00
+1.64%9e+00
+1.100e+00
+5.516e-01
+3.070e-03

@ RO

Figure Al: The stress distribution on the surface and in the cross section,
approximately where the rupture is assumed to have occured, for the tendon
7 weeks post rupture. The tests were performed with a 100 N load. The
stresses are in MPa. For the tensile test the linear elastic material was used,
for the preload and creep the user defined vicoelastic material was used.
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Tensile test End of preload End of creep test

a) b)

LE, Max. Principal

(Avg: 75%)
+2.011e-01
+1.844e-01
+1.676e-01
+1.509e-01
+1.341e-01
+1.174e-01
+1.006e-01
+8.388e-02
+6.713e=-02
+5.038e-02
+3.364e-02
+1.68%9e-02
+1.464e-04

Figure A2: The strain distribution on the surface and in the cross section,
approximately where the rupture is assumed to have occured, for the tendon
7 weeks post rupture. The tests were performed with a 100 N load. For the
tensile test the linear elastic material was used, for the preload and creep the
user defined vicoelastic material was used.
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