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DISSERTATION ABSTRACT
Kathryn A. Farina
Doctor of Philosophy
Department of Human Physiology
March 2022

Title: The Effects of Increasing Step Rate on Achilles Tendon Stress During Running

Achilles tendon injuries are one of the most common running related injuries.
Injuries to the Achilles tendon are painful, often involve long recovery and rehabilitation,
and many patients are non-responsive to current treatments. One hypothesis for
development of injury involves the combined action of frontal plane rearfoot motion and
tibial rotation during the stance phase of running, leading to damage, and possible injury,
within the tendon tissue if not given adequate time to recover. Targeting these actions of
rearfoot motion may alter stress in the tendon, possibly decreasing injury risk, or providing
alternate avenues of rehabilitation by addressing underlying movement patterns. The
purpose of this dissertation was to evaluate how increasing step rate during running affects
motion at the rearfoot and how changes in rearfoot motion affect stress in the Achilles
tendon in healthy and injured runners.

This dissertation was divided into three projects. Project 1 involved twenty healthy
runners running with +5% and +10% increases in step rate on a force-instrumented
treadmill, while motion capture data were collected. Results indicated increasing step rate
significantly reduced peak rearfoot angles in the sagittal and frontal plane and reduced

tibial internal rotation in the transverse plane. Project 2 used these previously collected data



in a generic calcaneus and Achilles tendon finite element model to estimate changes in
Achilles tendon stress as a result of increasing step rate. Conflicting results were observed,
as the finite element model produced increased stress in the Achilles tendon with increased
step rate but calculating stress with cross sectional area showed decreases in stress. Project
3 repeated procedures from Projects 1 and 2; however, runners with Achilles tendon injury
were recruited for this final study, with magnetic resonance imaging scans of their injured
leg used to create subject-specific finite element models. The results showed no significant
differences in Achilles tendon stress with increased step rate, however results were variable
between subjects. The results of this dissertation indicate increasing step rate significantly
affects rearfoot motion; however, constraints in the finite element models and high subject
variability led to inconclusive results concerning how increasing step rate affects Achilles

tendon stress.
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CHAPTER |
INTRODUCTION

Background and Significance
Introduction

Running is an injury laden sport, with the incidence of developing a running
related injury (RRI) ranging from 20-79% in a one year period [1]. Unfortunately, the
running injury cycle is quite challenging, as runners who experience a RRI are often at
increased risk for developing another RRI [2]. RRIs are multifactorial [3,4] and
addressing the specific injury site may not address other underlying mechanisms that
could be putting the runner at increased risk of injury or could have contributed to current
injury. Gait retraining has gained attention as a modality to both recover from and
prevent future RRIs through learning, adopting, and retaining a new motor pattern [5].
Approaches for gait retraining have primarily centered around visual or auditory
feedback, using mirrors [6], real-time data graphs [7—9], or metronomes [10,11]. These
interventions have targeted adjusting specific movement patterns that may be a
contributing factor to development of the injury, such as altering hip frontal plane motion
in the case of patellofemoral pain [9] or iliotibial band syndrome [8]. With promising
results of reducing pain and allowing runners to return to full training loads, gait
retraining has become a common intervention in rehabilitation for a variety of RRIs.

Despite its prevalence in RRI diagnoses, Achilles tendinopathy (AT) is one injury
that has not been targeted for gait retraining interventions. A challenging condition, AT is
characterized by pain and swelling in and around the tendon, representing a failed healing

response [12]. Disorganized production of tenocytes, the main cell type in the tendon,



cellular deterioration, and disruption of the collagen fibers are often present in the
tendinopathic tendon [12]. It has been reported that 1 in 20 recreational runners develop
AT [13], and its incidence may be more common in competitive runners [14,15]. The
exact etiology for the development of AT is unknown, but one theory involves the
combined action of frontal plane rearfoot motion and tibial rotation during the stance
phase of running [16,17]. Following the overuse pattern for development of other RRIs,
excessive motion in one segment disrupting normal motion at another segment may cause
wear and tear on a structure over time, leading to development of injury. In the case of
AT, this theory suggests excessive frontal plane motion of the rearfoot during stance may
cause torsional forces to act upon the Achilles tendon when conflicting with rotation of
the tibial segment, and over time, and with insufficient recovery, could lead to the
development of tendinopathy [16,17].

Currently, the leading methods for rehabilitation of AT involve progressive
loading of the tendon through eccentric, or heavy load, resistance training [18]; however,
the injury is prone to recurrence [19], and these loading protocols may be ineffective in a
number of patients [14,20]. Given the promising results of gait retraining in correcting
problematic movement patterns associated with other RRIs, targeting excessive rearfoot
movement for AT rehabilitation may be justified as another method of therapeutic
intervention. Finding a proper method of gait retraining that alters rearfoot movement,
and subsequently modifies loads and stress in the Achilles tendon is key to determining if

gait retraining may be beneficial for AT management.



Anatomy of the Achilles Tendon and Implications for Injury Development

The Achilles tendon is thought to be one of the strongest in the human body with
the capability to withstand near eight times body weight during running [21]. Without the
Achilles tendon, cost of transport would substantially increase, as the Achilles tendon
provides essential energy storage and return [22]. The Achilles tendon attaches the triceps
surae muscle group, encompassing the medial and lateral heads of the gastrocnemius and
soleus muscle, to the posterior aspect of the calcaneus. Tendon fibers derived from the
gastrocnemius descend and converge while rotating around the fibers of the soleus, and
ultimately attach to the calcaneus on the lateral side, while those of the soleus attach on
the medial side. The spiraling of the tendon fascicles contributes to the tendon’s strength,
as this spiraling allows less fiber buckling when the tendon is relaxed, and decreased
deformation when the tendon is stressed [23]. Although this spiraling may reduce fiber
distortion and inter-fiber friction, the twisting of the tendon fibers has also been thought
to contribute to increased shear stress in the tendon when it is placed under load [23-25].

Like other tendons in the human body, the Achilles tendon is made up primarily
of collagen fibers, and functions to transmit forces from muscle to bone [26]. At rest, the
tendon’s collagen fibers are crimped and with increased strain, begin to flatten [26]. Once
the tendon is strained up to 2%, the tendon deforms in a linear fashion, but once the strain
exceeds 4%, microscopic failure can begin to occur [26]. When this microscopic failure
occurs, or even when the tendon is stressed within physiological limits, cumulative
damage may build up within the tissue [26,27]. If not given adequate time to repair, this

cumulative damage can lead to injury [26,27].



Achilles Tendinopathy

Achilles tendinopathy is a common RRI, with reports of 5-34% of all runners
developing Achilles tendon pain or tendinopathy [28,29]. A painful condition, AT results
from a failed healing response producing disorganization of the tendon fibers, cellular
deterioration, and weakening of the tendon structure [12]. This failed healing response is
often the product of a mismatch between cell recovery and breakdown, where damage to
the tendon exceeds repair, and leads to a state of degeneration in the tendon [12].

Although this cycle of degeneration is thought to be the mechanism of injury to
the tendon, the exact etiology setting the tendon on this downward spiraling path is
debated. Microtrauma within the tendon could be the result from non-uniform stress,
which may produce increased frictional forces between fibrils, or concentrated loading
leading to localized fiber damage [26,27]. One theory for the development of AT in
runners involves the combined actions of frontal plane rearfoot motion and tibial rotation
[16,17]. In normal running gait, a slightly supinated foot makes contact with the ground
and the calcaneus everts as the subtalar joint begins to pronate, causing the talus to move
medially and adduct, thus internally rotating the tibia due to the tight articulations
between the subtalar, talocrural, and tibiotalar joints [17]. Similarly, once the foot moves
into midstance, the foot begins to supinate and the knee extends to prepare for the foot
leaving the ground, causing the tibia to externally rotate [17]. When a mismatch arises in
the timing of these coupling events, or one segment displays excessive motion, rotation
of the tibia may conflict with rearfoot eversion, and cause increased stresses to be placed
on other soft tissues or bones [16]. This conflicting motion between the start of tibial

external rotation with knee extension and prolonged rearfoot eversion over time could



lead to increased loading on certain areas of the Achilles tendon, and lead to injury
development [16].

Once the tendon falls into a state of disrepair, it is often a long road of recovery
due to the innate nature of low metabolic activity in tendon tissue, resulting in slow
healing processes [26]. Despite these challenges faced with returning the tendon to a
healthy state, it is generally accepted that the tendon needs a loading environment to
stimulate collagen synthesis and repair [18,30]. For this reason, efforts at AT
rehabilitation have been centered on eccentric, isometric, or heavy load resistance
training [18]. In addition, progressive loading appears to be an important factor in AT
management, which may include increasing load, repetitions, or complexity of task by
moving from more static to dynamic exercises [31-33]. Some patients report resolutions
in tendon pain with this type of progressive loading; however, this progression could take
upwards of 12 months to return to full activity [34-36], and as many as 45% of patients
are reported to not respond to treatment [14,20]. Additionally, AT is prone to recurrence
[19,33,37], suggesting patients may be returning to activity too quickly, or the stimulus
received in rehabilitation was not sufficient to prepare the tendon for the increased

demands of activity.

Characteristics of Runners with Achilles Tendinopathy

Lending to the theory of a mismatch between the timing of rearfoot motion and
tibial rotation, runners presenting with AT have been reported to exhibit increased
eversion, or time of eversion, in the rearfoot compared to healthy controls [38—41]. As

increased motion in one body segment may influence another, or result in



overcompensation of movement to reach a desired point [42], runners with AT have also
been found to remain in greater external tibial rotation throughout the stance phase,
compared to controls [43]. The authors of this study found this increased external rotation
of the tibia to be related to the femur remaining more internally rotated and noted this
could place additional stress on the Achilles tendon. These alterations in more proximal
segments could stem from motion more distally, and in this case, the authors speculated
that control at the distal tibia, linked to that of rearfoot movement, could be lacking [43].
Rearfoot eversion during the stance phase of running supplements the complex
movements of pronation and supination in order to absorb shock upon landing and
prepare the foot to push-off the ground [44,45]. When the foot pronates in the first part of
stance, the tibia is also forced to internally rotate [16]. Internal rotation of the entire lower
limb allows for rearfoot eversion and pronation to occur, which lets the foot remain
flexible to help absorb shock at impact with the ground [46]. As the foot moves through
stance and supinates, it must become a rigid lever to enable efficient push off from the
ground, the tibia externally rotates, and the hip extends to allow for external rotation of
the femur [45]. It can be seen how the whole lower limb is connected throughout gait,
and if one area is not able to function correctly, or is mistimed, deleterious effects can
occur at many other points along the chain. It has been proposed that control of the hip
musculature influences distal lower limb movement, including rearfoot motion [45,47—
49]. In runners with AT, reductions in gluteal muscle activation, prime controllers of hip
frontal and transverse plane movement [46], have been observed [50,51], and could

influence movement at the foot due to the musculoskeletal linkage described above .



Similarly, increases in hip external rotation moment, impulse, and hip adduction impulse
have also been found in runners with AT [52].

Runners with AT appear to be affected throughout the kinetic chain. The root of
what causes a runner to develop AT can likely not be attributed to a single factor;
however, combinations of movement patterns that could stem from proximal (hip
function) or distal (rearfoot movement) mechanisms may contribute to placing increased
stress or strain on the Achilles tendon. In effect, modifying one aspect of gait will cause
changes elsewhere in the lower limbs. Therefore, a gait retraining intervention for runners
with AT should be designed with the interdependence of the lower limb, as a whole, kept

in mind.

Gait Retraining for Running Injury

Overuse RRIs often experience this cycle of inadequate time for repair coupled
with cumulative damage eventually leading to injury. Gait retraining has successfully
been used to address a variety of RRIs which are thought to stem from repetitive
movement of misaligned structures over time. The methods of gait retraining have
centered around altering step rate or foot strike pattern [53-55], or types of real-time
external feedback to adjust motion in the form of visual or auditory cues [7,56-59]. Most
notably, gait retraining has been used to treat patellofemoral pain syndrome [6,9,11,60—
63], but has also been used to treat conditions such as iliotibial band syndrome
[8,10,64,65], tibial stress fractures or bone stress syndrome [66,67], and lower-leg
compartment syndrome [68,69]. In these previous studies, focus has been on modifying

gait to reduce stress or load on certain structures, such as decreasing ground reaction



forces in the case of tibial stress fractures [67], or decreasing motion that may be
considered excessive at a segment, such as decreasing hip adduction angles in the case of
patellofemoral pain syndrome [9].

Increasing step rate is a popular method for gait retraining because it is easy to
implement, can be done outside of a lab environment, and has shown good results in the
management of some RRIs. Although there have been many studies that have used step
rate manipulations as an intervention, few studies have evaluated non-sagittal plane
motion at the rearfoot. Altering stride length, thereby jointly altering step rate, has
produced a trend of decreased peak ankle eversion with decreased stride length (increased
step rate) [70]. Increasing step rate has yielded decreases in hip adduction angle, peak hip
adduction angle, and hip internal rotation moment [53,71,72], factors implicated in the
development of patellofemoral pain syndrome and iliotibial band syndrome [73,74].
Increasing step rate has also been shown to increase gluteal muscle activity [54], a feature
thought to be lacking in those with AT [50,51]. One study evaluated a +5% increase in
step rate on Achilles tendon stress and strain using tendon cross sectional area from
ultrasound and an estimated Achilles tendon force from musculoskeletal modeling, and
found a decrease in tendon stress accompanied the increase in step rate [75]. These
authors did not evaluate frontal plane mechanics at the ankle, but attributed the reduction
in tendon stress and strain to a decrease in center of mass vertical displacement, along
with foot placement closer to the center of mass at initial contact [75]. Given the possible
link between increased rearfoot eversion and AT, more research is needed to determine

the effects of altering rearfoot motion on Achilles tendon stress distribution.



Connecting Changes in Gait and Achilles Tendon Stress

Although evaluating the effects of changes in rearfoot motion are important and
may be helpful in better understanding the etiology of AT development, it is also
important to assess how this altered motion may affect loading and stress in the Achilles
tendon. It has been reported that calcaneus angle appears to have an influence over stress
distribution within the Achilles tendon [76]. Additionally, excessive loading is likely one
of the major factors in the development of AT [18], and increased Achilles tendon force
has been shown to accompany increases in tendon stress [77,78], which could increase
vulnerability of the tendon to injury. Therefore, it is important to examine changes in
loading and stress distribution as a result of altering step rate.

Finite element (FE) modeling is a method that has previously been used in
estimating stress in the Achilles tendon under static and dynamic conditions [79-86].
This technique involves dividing a geometric structure of interest into many elements, for
which material property and boundary conditions may be applied, thereby reducing the
complexity of the object. This then leads to an understanding of the mechanical
properties, such as displacements, strains, and stresses of each element, estimated using
mathematical computations, and applied to the object as a whole [87]. Previous
investigations using FE modeling of the foot and ankle complex have primarily focused
on stresses within the bony structures [88-101]. Of those looking specifically at the
Achilles tendon, the majority have been focused on either static conditions [85,102],
conditions in which little movement is involved [79,83,84,86], such as heel raises, or
conditions in which only a select few time points are analyzed (such as at heel-strike)

[80,82]. Stress in the calcaneus [92] and metatarsal heads [103] through the stance phase



of running has been estimated, but Achilles tendon stress not evaluated. Additionally, the
effects of different foot strike patterns and loading conditions, on plantar foot ligaments,
muscles, and soft tissue at the heel pad have been evaluated using a FE modeling
approach, but also did not include the Achilles tendon [104,105]. There is therefore a
need to evaluate the Achilles tendon under more dynamic conditions to better understand

stress distribution in the tendon during running.

General and Specific Aims

The overall goal of this dissertation was to investigate the effects of altering step
rate on rearfoot motion, and how this affects stress in the Achilles tendon, in both healthy
runners and runners with Achilles tendon injury. This work will help to improve
understanding of the complex mechanisms at play in the development of AT, and the
potential alternate avenues of recovery from the injury. To reach this goal, three specific

aims were addressed.

Specific Aim 1. Evaluate the effects of altering step rate on rearfoot motion. Modifying
step rate is a method used in gait retraining to alter frontal plane motion at both the hip
and knee joints. Few investigations have evaluated the effects of increasing step rate on
kinematics at the rearfoot. It is hypothesized that increasing step rate will decrease peak

rearfoot eversion.

Specific Aim 2. Determine changes in stress distribution and magnitude within the

Achilles tendon during running as a result of altering step rate. It is unknown if changing
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step rate will alter stress distribution, or magnitude, in the Achilles tendon, and if these
changes are related to a concomitant change in rearfoot motion. Finite element modeling
will be used in determining the effects of varying step rate on stress through the Achilles
tendon. It is hypothesized that increasing step rate will decrease peak von Mises stress in
the Achilles tendon, and peak stress will be moved laterally with a decrease in rearfoot

eversion.

Specific Aim 3. Identify if altering step rate affects rearfoot motion and Achilles tendon
stress in runners with Achilles tendon pain. Runners with Achilles tendon pain may
exhibit excessive rearfoot eversion compared to healthy controls. It is unknown if runners
with AT will alter rearfoot eversion as a result of modifying step rate, and how this will
affect stress in the Achilles tendon. In addition, tendon stress may be altered differently in
runners with Achilles tendon pain or could divert stress away from injured areas in the
tendon (if a runner is experiencing pain on the medial side of the tendon, peak stress
could be moved laterally). It is hypothesized altering step rate in runners with Achilles
tendon pain will show similar effects to those seen in the previous Aims, where an
increase in step rate will decrease peak rearfoot eversion and peak stress in the Achilles
tendon.

The completion of these aims will provide a better picture of how stress is
distributed throughout the Achilles tendon as a result of increasing step rate. Using
subject-specific models will provide a picture of how an injured tendon responds to

alterations in step rate and rearfoot kinematics. These data will set a foundation for future
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research into individualized modeling of the Achilles tendon, and new areas to explore

for alternate methods of rehabilitation for Achilles tendon injuries.

Organization of Dissertation

This dissertation is written in a journal style format, where chapters 111-V have
been or will be submitted for publication to peer-reviewed journals. The following
explains how these chapters fit together into a coherent body of work. A bridge paragraph
explaining the flow of studies is included at the conclusion of Chapters 11l and IV.

The current chapter (Chapter I) provides background information regarding
functional anatomy of the Achilles tendon, injury to the Achilles tendon and prevalence
in runners, possible mechanisms that may influence Achilles tendon injury in runners,
and current rehabilitation methods for Achilles tendon injury in runners. In addition, the
use of finite element modeling to explore how altering aspects of foot motion affects
Achilles tendon stress is discussed. This chapter provides the case for the significance of
and need for this research. Chapter 11 will detail the methodology utilized for each study.
Chapter I11 addresses Specific Aim 1 and describes the initial study in which an
intervention of increasing step rate during running was used, and how these changes in
step rate affect rearfoot motion. Chapter IV details the use of a finite element model of
the Achilles tendon and calcaneus together with the previously collected data from
Chapter I11 to estimate changes in stress in the Achilles tendon to address Specific Aim 2.
Chapter V then uses methods previously discussed in Chapters 111 and IV to address
Specific Aim 3, in which it was necessary to evaluate how runners with Achilles tendon

pain responded to changes in step rate, and how this affected tendon stress. Finally,

12



Chapter VI summarizes the notable results of the overall body of work and provides the
key takeaways from this set of studies, while acknowledging limitations and outlining
future directions for work in this area of research.

This dissertation includes co-authored work, some which is under review in peer-
reviewed journals. Chapter I11 has been accepted to a special issue “Mechanisms of
Human Motion Generation” in the journal Biology. Chapter IV and V are currently in
preparation for submission to appropriate journals. For all work in this dissertation,
Kathryn A. Farina was the primary investigator, responsible for study design, data
collection, analysis, interpretation, and dissemination. Michael E. Hahn, the co-author of

all studies, advised on all aspects of this dissertation.
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CHAPTER II
GENERAL METHODOLOGY
Subjects
To address Specific Aims 1 and 2 (Chapters I11-1V), twenty runners were
recruited, nine of which were female (Table 2.1). To be included, subjects had to be
between the ages 18-65, running at least 15 miles/week, and be running pain/injury free

at the time of data collection.

Table 2.1. Subject characteristics (Mean + SD) for Specific Aims 1 and 2.

Sex Age (yr) Height (cm) Mass (kQg) Weekly
Mileage

Male (n = 11) 23.09 £5.63 179.61 £ 8.16 71.01 +£11.46  38.55+20.43
Female (n=9) 27.11+11.34 166.44+6.25 56.97 +3.92 28.33 £ 9.68
Total (n = 20) 24.90 + 8.66 173.69 £ 9.83 64.69+11.27 34.50+17.08

To address Specific Aim 3 (Chapter V) six runners with Achilles tendon pain

were recruited (Table 2.2).

Table 2.2. Subject characteristics (Mean + SD) for Specific Aim 3.

Sex Age (yr) Height (cm) Mass (kg) Weekly
Mileage

Male (n = 2) 25.00+£2.83 178.00+0.00 69.50+14.85 37.50+3.54

Female (n=4) 28.25+13.69 159.00+6.27 57.02+2.29 21.25+9.47

Total (n =6) 27.17+10.95 165.33+10.95 61.18+9.42  26.67 +11.25

These runners, between the ages of 18-65, had to have Achilles tendon pain in the mid-
portion of the Achilles tendon (no insertional Achilles tendon pain or retrocalcaneal
bursitis), be capable of running at least five minutes continuously on the treadmill, not
currently have any other running related injuries, had not experienced previously, or
currently have, an Achilles tendon rupture, not scheduled to surgically repair the current

injury, and have been experiencing Achilles tendon pain for greater than four weeks. For
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Chapters 111 and V, written informed consent was obtained from subjects and study
protocols were approved by the University of Oregon Institutional Review Board (IRB

protocol #04092020.010 & #00000230).

Study Design and Experimental Protocol
Chapter 11l &V

Subjects ran on an instrumented treadmill (Bertec, Inc., Columbus, OH) at their
preferred running speed for three step rate conditions of preferred step rate, +5% increase
in step rate, and +10% increase in step rate for three minutes each while motion capture
data (Motion Analysis Corp., Rohnert Park, CA) were collected. Subjects were cued by
metronome to the goal step rate for both increased step rate conditions. Twenty strides of
data were collected during the last minute of each condition. Rest between conditions was
self-selected. All participants wore the same neutral cushioned footwear (Brooks Launch

3) with window cut outs for direct placement of retro-reflective markers on the foot.

Chapter V

In addition to the running protocol described above, subjects in this study
underwent magnetic resonance imaging (MRI) scans of their injured foot-ankle complex.
These MRI scans were used to extract segment geometries of the calcaneus bone and

Achilles tendon to create subject-specific models for finite element analysis.
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Data Collection
Chapters 11l &V

Participants were outfit with a bilateral marker set consisting of 43 retro-reflective
markers defining nine segments (forefoot, rearfoot, shank, thigh, pelvis). Three-
dimensional marker data were collected at 200 Hz using an 8-camera motion capture
system (Motion Analysis Corp., Santa Rosa, CA). Ground reaction force data were
collected at 1000 Hz using a force-instrumented treadmill (Bertec, Inc., Columbus, OH).

All participants wore the same neutral cushioned footwear (Brooks Launch 3).

Chapter IV

Data from Chapter I11 were used in a unique analysis for Chapter IV. In addition,
an MRI scan from a healthy, 30-year-old active male (height: 175 cm; weight: 68 kg) was
used to create a generic model for a finite element mesh. The MRI sequence is described

below.

Chapter V

An MRI scan of each subject’s injured ankle-foot complex was performed using a
Siemens Skyra 3.0 Tesla Scanner (Siemens Medical Solutions, Malvern, PA, USA) to
obtain sagittal, coronal, and axial images of the injured Achilles tendon and calcaneus.
Each subject’s ankle was positioned in a non-weight bearing neutral position in a flex coil
and stabilized with foam. The 3D True FISP sequence, a steady-state coherent sequence

in which balanced gradients (net gradient-induced dephasing over a repetition time
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interval is zero) are used along all three axes, was used with 8 mm slice thickness with

zero gap between slices, and resolution of 0.8x0.8x0.8 mm.

Data and Statistical Analysis
Chapter 111

Analyses were completed using a custom written script in MATLAB (R2020b,
The MathWorks, Inc., Natick, MA). Raw marker coordinate and force plate data were
filtered using a 4™ order lowpass Butterworth filter at 20 Hz. The shank coordinate
system origin was defined as the midpoint between the medial and lateral femoral
epicondyle markers, and the ankle joint coordinate system origin was defined as the
midpoint between the medial and lateral malleoli markers. The rearfoot coordinate
system origin was defined as the midpoint between the medial and lateral calcaneus
markers. For all segments, x defined the medio-lateral axis, y defined the antero-posterior
axis, and z defined the longitudinal axis. For all coordinate systems, an x-y-z Cardan
sequence of flexion/extension, eversion/inversion, and internal/external rotation was used
for joint angle calculations.

Plantar/Dorsi-flexion and eversion/inversion angles were calculated for the
rearfoot segment with respect to the shank. Tibial internal/external rotation was
calculated as the rotation of the shank with respect to the rearfoot. Angles were averaged
across twenty-right foot strikes, normalized to 101 data points for the stance phase of
running, and peak variables were extracted.

A repeated-measures multivariate analysis of variance (MANOVA) (o = 0.05)

was used to test the effects of the three different step rate conditions (preferred, +5%, and
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+10%) on the discrete peak variables. In the case of a significant main effect, a
Bonferroni correction was used in post-hoc analysis to determine significant differences
between conditions. SPSS v27 was used for statistical analysis (IBM SPSS Statistics,
Chicago, IL).

In addition, statistical parametric mapping (SPM) was used to analyze differences
in the normalized stance phase curves between conditions for the continuous variables of
interest. The open-source “SPM1D” package was used in MATLAB [106]. In this
approach, a repeated-measures ANOVA over the normalized time series was used to
determine any significant differences between the three conditions. If statistical
significance was reached, post-hoc t-tests over the normalized time series were used to
determine significant differences between conditions. Both analyses involve computing a
test statistic at each time point in the curve, calculating a critical threshold at which only
the a % (5%) of smooth random curves would be expected to cross, and finally
calculating the probability that specific points, or clusters of points, could have exceeded
the critical threshold due to random field process. The final analysis effectively produces
suprathreshold clusters, or areas of the time normalized curve, which are significantly

different from each other (if any significant differences are found) [106,107].

Chapter IV

Data previously collected, described in Chapter 111, were used to estimate Achilles
tendon force during the stance phase of running. Achilles tendon force was calculated as
the sagittal plane ankle moment divided by the Achilles tendon moment arm:

M,

ATF =
ATMA
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where Ma is the ankle plantar flexor moment, and ATwa is the moment arm of the
Achilles tendon. The Achilles tendon moment arm was calculated using a regression
equation developed from MRI scans that accounts for changes in moment arm length
during stance [108-111]:
ATya = —0.5910 + 0.082976 — 0.000260662
where 6 is the sagittal plane ankle flexion angle. Finally, the ankle plantar flexor moment
was calculated using a Newtonian-Euler inverse dynamics approach:
M,=Ila+wx{Uw)—Mg—14XF; —1,XE,
where Mp is the moment about the proximal end of the segment (ankle), I is the moment
of inertia about the segment center of mass (foot), determined from previously published
segment lengths and heights [112], a is the angular acceleration of the segment, o is the
angular velocity of the segment, Fp and Fq are the proximal and distal reaction forces, Mg
is the moment about the distal end of the segment, and rp and rq are the distances from
center of mass of the segment to the proximal or distal joint.

The estimated Achilles tendon force, along with global rotation data of the
calcaneus and shank segments previously collected, were then used in a FE analysis to
estimate von Mises stress in the Achilles tendon under the varying step rate conditions.
The finite element model consisted of an Achilles tendon and calcaneus segment. The
model was generated from the MRI scan of a healthy male subject. Digital imaging and
communications in medicine (DICOM) files obtained from the MRI were imported into
3D Slicer software (version 4.11) (www.slicer.org) [113,114]. The Fast GrowCut
algorithm [115] was used in the segment editor [116] to section the Achilles tendon from

the insertion on the calcaneus to the highest point visible from the MRI scans
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(approximately 12 cm from the Achilles tendon insertion), and the calcaneus. Segments
were smoothed and exported as standard tessellation language (stl) files which described
the surface geometry of the 3D objects. The surface files were then imported into FEBio
software [117], where the included Tetgen function (tetgen.berlio.de) was used to create a
tetrahedral mesh. Surfaces for the Achilles tendon and calcaneus were defined, and
material properties assigned in FEBio. The Achilles tendon segment consisted of 3,639
elements, 2,612 faces, and 1,308 nodes. The material property values for the Achilles
tendon were selected from previous literature of cadaveric Achilles tendons and have
previously been used in FE analysis [79,118,119]. The Achilles tendon was modeled as a
neo-Hookean material, with Young’s Modulus set to 819 MPa, and Poisson’s ratio of 0.4
[119]. The calcaneus was modeled as a rigid body. An additional rigid body segment was
created and attached to the proximal surface of the Achilles tendon, emulating a clamp,
similar to what may be used in cadaveric studies [120]. This proximal rigid body was
created in order to apply rotations and Achilles tendon force to the proximal area of the
Achilles tendon.

The boundary conditions for the model were assigned based on the calculated
global rearfoot and shank rotations, and Achilles tendon force. The three-dimensional
rotation angles of the calcaneus segment (rearfoot), shank tracking system rotations, and
Achilles tendon force at peak eversion and peak Achilles tendon force were used to
simulate Achilles tendon stress at these two time points. Data to define the motion of the
Achilles tendon was not collected, and an assumption was made that the Achilles tendon
rotation would follow that of an assumed rigid body shank segment. Therefore, three-

dimensional rotation of the shank tracking system was used to define the rotation of the
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proximal rigid body fixed to the proximal surface of the Achilles tendon. The
displacement in the x-y-z directions of the calcaneus was fixed, as well as the x-y
displacements of the proximal rigid body. The z-displacement of the proximal rigid body
was assigned a value of 6 mm to imitate lengthening from the contraction of the
gastrocnemius and soleus muscles during stance. This displacement was chosen as a
previous study has reported a displacement of approximately 6 mm of the Achilles
tendon from touch-down to mid-stance during running [121]. Finally, Achilles tendon
force was applied as a z-force to the proximal rigid body.

The area of peak von Mises stress was extracted from the simulation results. Only
the area from 2 — 6 cm of tendon length (2 cm from the tendon insertion to 6 cm from the
tendon insertion) was considered (Figure 2.1), as this area of tendon has been found to be

the area of tendon that is most frequently injured [33].

Figure 2.1. Achilles tendon model with distal tendon insertion area (0 — 2
cm) (red) and tendon mid-portion (2 — 6 cm) (blue) marked. Only the mid-
portion of the tendon was considered during analysis.
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The width and length location of the peak stress area were measured from the
lateral edge of the tendon and from the bottom of the insertion. The measured length and
width were normalized to tendon length and width, with 6 cm from the distal insertion
considered 100% of tendon length. Because the Achilles tendon width is not consistent
throughout the length of the tendon, the width of the tendon was measured every
centimeter from 2 — 6 cm (2 cm from the distal insertion to 6 cm from the distal
insertion). The measured width at peak stress was then normalized to the width at the
measured section of tendon length, with 0% corresponding to the most lateral edge of the
tendon, and 100% corresponding to the most medial edge of the tendon. For example, if
peak stress were measured at a tendon length of 5 cm, the measured width would be
normalized to the width of the tendon at 5 cm. This process was repeated for peak
eversion and peak Achilles tendon force time points during stance, for each step rate
condition, for each of the six subjects.

Cross sectional area (CSA) of the Achilles tendon was measured from the
segmented geometry in 3D slicer for the length of the tendon. For analysis, CSA at 3 cm,
4 cm, and 5 cm were used (3 cm from insertion, 4 cm from insertion, 5 cm from
insertion). For each CSA, calculated Achilles tendon force was divided by CSA to
evaluate Achilles tendon stress at each of the selected lengths of tendon for each step rate
condition. This analysis was performed to compare to the results of previous research,
and to the FE analysis results.

Repeated measures analyses of variance (ANOVA) (o = 0.05) were used to
evaluate differences in Achilles tendon stress, locations of stress, peak tendon force, and

peak eversion between each of the three step rate conditions. If the assumption of
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sphericity was violated, a Greenhouse-Geisser correction was used. In the case of a
significant main effect, a Bonferroni correction was used in post-hoc analysis to
determine significant differences between conditions. Statistical analyses were performed

in SPSS v27 (IBM SPSS Statistics, Chicago, IL).

Chapter V

Analysis of rearfoot angles and Achilles tendon stress were completed as
described previously. The MRI images for each subject were used in 3D Slicer, as
described above. An Achilles tendon and calcaneus model for each subject was generated
from their individual MRI scans. In addition, individual subject CSA was calculated from
the segmented geometry. The same material properties as described previously were
utilized, and similar boundary conditions and model inputs were used as in Chapter 1V,
but specific to each subject’s collected data. One difference in the boundary conditions
used in this analysis was the z-displacement of the proximal rigid body was left free,
rather than the fixed 6 mm displacement prescribed in the previous study. In the CSA
analysis, Achilles tendon stress was calculated at 2, 3, 4, 5, and 6 cm, as opposed to only
3-5cm, and at an average CSA from 2 — 6 cm (with distances referring to distance from

the Achilles tendon distal insertion).
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CHAPTER IlI
INCREASING STEP RATE AFFECTS REARFOOT KINEMATICS AND GROUND

REACTION FORCES DURING RUNNING

This work has been accepted to the special issue “Mechanisms of Human Motion
Generation” in the section “Biological Engineering” in the journal Biology as of
December 2021. Kathryn A. Farina designed the study and collected and analyzed data.
Michael E. Hahn provided mentorship including assistance with study design, oversight,

and editing and finalizing the final manuscript.

Introduction

Greater frontal and transverse plane motion in the lower limbs during running
have been thought to play a role in the development of some running related injuries
(RRIs) [17,44,70]. Increased tibial rotation during the stance phase of running has been
targeted as a possible mechanism contributing to patellofemoral pain syndrome and
iliotibial band syndrome in runners by causing increased joint compression force on the
patella, and friction over the iliotibial band insertion [76,126,127]. Tibial rotation has
been shown to be coupled to motion at the rearfoot, as these segments are linked through
the subtalar and talocrural axes [124,125]. Thus, motion at the rearfoot may have an
influence on the amount of segmental motion propagating up the kinetic chain [124]. In
normal running locomotion, a slightly supinated foot makes contact with the ground and
the calcaneus everts as the subtalar joint begins to pronate, causing the talus to move

medially and adduct, thus internally rotating the tibia due to the tight articulations
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between the subtalar, talocrural, and tibiotalar joints [17]. Similarly, once the foot moves
into midstance, the foot begins to supinate and the knee extends to prepare for the foot
leaving the ground, causing the tibia to externally rotate [17].

When a mismatch arises in the timing of these coupling events, or one segment
displays excessive motion, rotation of the tibia may conflict with rearfoot eversion, and
cause increased stresses to be placed on other soft tissues or bones [16]. Indeed, one of
the theories for development of Achilles tendinopathy centers around this conflicting
motion between the start of tibial external rotation with knee extension and prolonged
rearfoot eversion, causing increased stress on the Achilles tendon [16]. Although a causal
relationship between increased rearfoot motion and development of running injury has
not been firmly established, there is conflicting evidence suggestive of some type of link.
Runners with Achilles tendinopathy have been reported to have increased rearfoot
eversion, or duration of eversion, compared to healthy controls [38,39]. Similarly,
excessive rearfoot eversion has been reported in runners with tibial stress fractures [126],
medial tibial stress syndrome [38], and patellofemoral pain syndrome [127].

Attention has been given to rearfoot eversion in evaluating RRIs, and it has often
been used as a surrogate measure to describe pronation, which has long been thought to
play a role in RRI development [16,17]. However, pronation is a complex motion,
involving movement between the forefoot, rearfoot, and ankle; subsequently influencing
tibial rotation [124]. Indeed, movement at the subtalar joint involves motion in multiple
planes, and has been shown to be linked to tibial rotation in both the transverse and
frontal planes [125]. Despite the link between rearfoot and tibial rotation, and the

possible effects on RRI development, little is known about methods for altering frontal
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and transverse plane rearfoot motion, if such an alteration influences injury risk, or
whether such methods could be used for rehabilitation after injury.

For many RRIs that appear to arise from injurious segmental motion patterns,
various methods of gait retraining have been employed to alter the movement pattern of
interest to decrease pain and return the runner to full training. Promising results have
been shown when increased hip adduction has been targeted in an effort to rehabilitate
runners with patellofemoral pain and iliotibial band syndrome [6,8,9]. Runners
completing a gait retraining program aimed at decreasing excessive hip adduction were
able to reduce pain levels, and return to pre-injury training volumes [6,8,9]. These
previous investigations have used real-time visual feedback displaying pelvic angles or
used a mirror to focus the runners’ attention on hip movement. Although successful,
these methods generally require the runner to visit a lab or clinic for many gait retraining
sessions. One simple, effective, and low-cost gait retraining method requiring minimal
supervision is to have runners increase step rate. After foot strike, the ground reaction
force propagates through the subtalar joint, contributing to rearfoot eversion, a necessary
function enabling foot pronation in order to aid in shock absorption, and help the foot
form a rigid lever to prepare for push-off [124]. Increasing step rate has been shown to
decrease peak ground reaction forces and loading rates, which may require less energy
absorption from the lower extremity musculature and joints [53,69,128-130]. Increasing
step rate effectively draws the foot at ground contact closer to the body center of mass,
reducing center of mass vertical oscillation, thereby reducing the energy absorbed by the
lower limbs, and altering joint kinematics [53,128]. For example, increasing step rate has

been shown to decrease peak hip adduction [53,67,71,131], peak knee abduction [132],
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and peak rearfoot eversion [70], all of which have been implicated in the development of
specific RRIs [6,38,133].

Few studies have looked at how non-sagittal plane rearfoot motion is affected by
increasing step rate. With the linkage between rearfoot motion and tibial rotation, and the
potential development of RRIs, it is important to discover how these motions can be
modified. Therefore, the purpose of this study was to evaluate the effects of increasing
step rate on kinematics at the rearfoot in the sagittal, frontal, and transverse planes during
the stance phase of running. A secondary purpose was to confirm how ground reaction
forces throughout the stance phase are adjusted with increased step rate. We hypothesized
there would be significant reductions throughout stance in rearfoot angles and ground

reaction forces.

Methods
Twenty runners (nine female) were recruited for participation in this study (Table 3.1).

Table 3.1. Subject characteristics, preferred running pace, and step rates
(steps/min).

Males (n = 11) Females (n = 9) Total (n = 20)

Age 23.09 £ 5.63 27.11+11.34 24.90 + 8.66
Height (cm) 179.61 + 8.16 166.44 + 6.25 173.69 + 9.83
Mass (kg) 71.01 + 11.46 56.97 + 3.92 64.69 + 11.27
Miles per week 38.55 £ 20.43 28.33 £9.68 34.50 + 17.08
Preferred Pace (m/s) 3.56 £ 0.28 3.04£0.26 3.33+£0.38
Preferred Step Rate 172+ 6 177 +8 1757
+5% Step Rate 181+ 7 187 +9 185 + 9*
+10% Step Rate 190 + 7 194 + 11 192 + 9*#

* denotes significant difference from preferred condition; # denotes significant
difference from +5% condition (p < 0.05). Significant differences shown only for the
total sample.
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Participants had to be between the ages 18-65, running at least 15 miles per week, and be
running pain free at the time of data collection. Prior to data collection, participants
provided written, informed consent, approved by the University of Oregon Institutional

Review Board.

Data Collection

Forty-three retroreflective markers were placed bilaterally on the lower limbs and
pelvis to define pelvis, thigh, shank, rearfoot, and forefoot segments. Standardized,
neutral running shoes (Brooks Launch) were used by each of the participants, in which
windows were cut to place markers directly on the foot [134]. Participants performed a
static trial, after which markers on the medial and lateral malleoli, femoral epicondyles,
and greater trochanters were removed so as not to interfere with running motion.

Three-dimensional marker trajectories were collected using an 8-camera motion
capture system (Motion Analysis Corp., Rohnert Park, CA) and ground reaction force
data were collected using an instrumented treadmill (Bertec, Columbus, OH) at 200 and
1000 Hz, respectively. Participants performed three running trials on the treadmill
consisting of three minutes each. Kinematic and kinetic data were recorded for twenty
strides during the final minute of each trial. The first trial consisted of the participants
running at their self-selected easy pace to determine their preferred running step rate.
Step rate was assessed by counting the number of foot falls during a 20 second period,
and multiplying this number by 3, to determine number of steps per minute. Calculations
of +5% and +10% increases over preferred step rate were then determined for each

subject. In the following two trials, a metronome was set to the calculated increase in step
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rate, and participants were instructed to match their foot falls to the beat of the
metronome. The +5% trial was followed by the +10% trial. Subjects were given the first
two and half minutes of each trial to acclimate to the increased step rate. Step rate was
calculated during the final minute of each trial, once before and once after data were

recorded to ensure participants had modified their step rate.

Data Analysis

A custom MATLAB (The MathWorks, Natick, MA) program was used to
calculate rearfoot kinematics from the right foot throughout the stance phase. The stance
phase was defined as when the vertical ground reaction force exceeded 5% of participant
body weight [135]. This threshold defined the start and end of each foot strike on the
ground. The rearfoot coordinate system origin was defined as the midpoint between the
medial and lateral calcaneus markers, with the x axis pointed laterally, y axis pointed
anteriorly, and z axis directed superiorly. Raw marker coordinate and force platform data
were dual pass filtered using a 4™ order lowpass Butterworth filter with a 20 Hz cutoff
frequency. Joint angles were calculated using a Cardan sequence of flexion/extension,
inversion/eversion, adduction/abduction. It has been noted previously that sagittal plane
motion between the tibia and calcaneus primarily occurs through the talocrural joint,
while frontal and transverse plane motion occur at the subtalar joint [136]. In this study,
rearfoot sagittal plane angle primarily reflects talocrural dorsiflexion/plantarflexion, with
inversion/eversion and adduction/abduction reflecting subtalar joint motion [136].

Rearfoot angles were calculated with respect to the shank segment, with the exception of
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the transverse plane angle calculated as the shank segment with respect to the rearfoot
segment to reflect tibial rotation [136,137].

Foot strike index (FSI) at initial contact was calculated in order to assess changes
in foot strike pattern with increasing step rate. Center of pressure (COP) data were first
transformed into the rearfoot coordinate system. Then FSI was calculated as the
longitudinal difference (heel to toe) between the COP and the heel marker at initial
contact with the ground. This difference was then divided by total foot length to obtain a
percentage of foot length [138].

Twenty right foot strikes, defined by the stance phase threshold previously
described, were identified. Rearfoot angles and ground reaction forces were calculated
for each stance phase, averaged the across twenty right foot strikes, and normalized to
101 data points. Peak values for rearfoot dorsiflexion, eversion, and tibial internal
rotation, and vertical, braking, and propulsive ground reaction forces were extracted by

finding the peak value within each curve.

Statistical Analysis
A repeated measures analysis of variance (ANOVA) (o = 0.05) was used to test
the effects of the three step rate conditions on the discrete peak values listed above, and
FSI at initial contact. In the case of a significant main effect, a Bonferroni correction was
used in post-hoc analysis to determine significant differences between conditions.
Statistical analyses were performed in SPSS v27 (IBM SPSS Statistics, Chicago, IL).
Statistical parametric mapping (SPM) was used to analyze differences in the

normalized stance phase time series curves between conditions for the rearfoot angles and
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ground reaction forces. The open-source “SPM1D” package was used in MATLAB
[106]. In this approach, a repeated-measures ANOVA over the normalized time series
was used to determine any significant differences between the three conditions. If
statistical significance was reached, post-hoc t-tests over the normalized time series were
used to determine significant differences between conditions. These analyses involve
computing a test statistic at each time point in the curve, calculating a critical threshold at
which only the a % (5%) of smooth random curves would be expected to cross, and
finally calculating the probability that specific points, or clusters of points, could have
exceeded the critical threshold due to random field process. The final analysis effectively
produces suprathreshold clusters, or areas of the time-normalized curve, which are
significantly different from each other (if any significant differences are found)

[106,107].

Results
Peak Variables Analysis Results

Peak rearfoot angles were significantly different between step rate conditions in
all planes of motion (Table 3.2). Increasing step rate significantly decreased peak
dorsiflexion angle at the +5% (p = 0.010) and +10% step (p = 0.001) rate conditions
compared to the preferred condition. The +10% condition showed significantly decreased
peak dorsiflexion angle compared to the +5% condition (p = 0.016). Peak eversion was
significantly decreased from the preferred step rate condition in the +5% (p = 0.013) and
the +10% condition (p = 0.008). Peak tibial internal rotation was significantly decreased

in the +10% condition compared to the preferred condition (p = 0.037).
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Table 3.2. Peak rearfoot angles (degrees), peak tibial internal rotation (degrees), peak
vertical, propulsion, and braking ground reaction forces (BW), and foot strike index (%
of foot length) at initial contact for the preferred, +5%, and +10% step rate conditions.

Preferred Step Rate +5% Step Rate +10% Step Rate

Peak Dorsiflexion 25.85+£9.28 24.94 £ 9.60* 24.27 + 9.53*#
Peak Eversion 8.97 £5.15 8.40 £ 5.44* 8.18 + 5.52*
Peak Internal Rotation 11.39 £5.06 10.94 £ 5.37 10.58 £ 5.27*
Peak Vertical 2.50+£0.22 2.47 +£0.25 2.43 +0.24%*
Peak Propulsion 0.30 £0.04 0.29 £ 0.04 0.28 £ 0.04
Peak Braking 0.35+0.04 0.33 £ 0.04* 0.32 +0.05**
Foot Strike Index 35.44 +13.75 37.63 £ 18.35 40.95 £ 19.93

* indicates significant difference from the preferred condition; * indicates significant
difference from the +5% condition (p < 0.05).

Peak vertical ground reaction force was significantly decreased in the +10% step
rate condition compared to the preferred (p = 0.005) and +5% (p = 0.010) conditions.
Peak braking force was significantly reduced in the +5% condition compared to the
preferred condition (p = 0.010), and in the +10% condition compared to the preferred (p
=0.002) and +5% condition (p = 0.004). There were no significant differences found for

FSI at initial contact between conditions (Table 3.2).

Time Series Analysis Results

The preferred condition displayed significantly increased sagittal plane rearfoot
angle between 45.1-59.2% of stance (p = 0.018) compared to the +10% condition.
Compared to the +5% condition, sagittal plane rearfoot angle in the +10% condition was
significantly reduced between 35.3-51.2% (p = 0.022) and between 90.2-100% of stance
(p =0.037) (Figure 3.1). Frontal plane rearfoot angle was significantly reduced in the
+5% condition between 30.8 — 42.1% of stance (p = 0.031) and in the +10% condition

between 20.4 — 44.0% of stance (p = 0.0060) compared to the preferred condition (Figure
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3.2). Transverse plane tibial rotation angle was significantly reduced in the +10%
condition between 2.6 — 34.9% of stance (p < 0.001) compared to the preferred condition,
and significantly reduced in the +10% condition between 6.1 — 31.4% of stance (p =
0.0059) compared to the +5% condition (Figure 3.3).

In the +10% step rate condition vertical ground reaction force was significantly
reduced compared to the preferred condition between 6.7 — 12.0% (p = 0.023) and
between 38.8 — 51.6% (p < 0.001) of stance and compared to the +5% condition between
2.6 —13.3% (p = 0.0033) and between 35.0 — 47.8% (p < 0.001) of stance. In the
anteroposterior direction, the preferred condition displayed significantly greater braking
force compared to the +5% and +10% conditions between 21.2 — 26.3% (p = 0.032) and
14.6 — 29.9% (p < 0.001), respectively. The +10% condition also displayed significantly
decreased braking force compared to the +5% condition between 15.5 — 29.4% (p <
0.001) of stance. There were no significant differences across the stance phase found

between conditions in the mediolateral ground reaction force.
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Figure 3.1. (a) Mean (solid line) and standard deviation (shaded) sagittal plane
rearfoot angle between preferred (black), +5% (red), and +10% (blue) step rate
conditions. (b) t-values of SPM post-hoc comparison between preferred and +10%
conditions for sagittal plane rearfoot angle. Dashed red lines indicate critical threshold
(= 0.05). Gray shaded area indicates regions with statistically significant differences
between the preferred and +10% condition.
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Figure 3.2. (a) Mean (solid line) and standard deviation (shaded) frontal plane rearfoot
angle between preferred (black), +5% (red), and +10% (blue) step rate conditions. (b)
t-values of SPM post-hoc comparison between preferred and +10% conditions for
frontal plane rearfoot angle. Dashed red lines indicate critical threshold (o = 0.05).
Gray shaded area indicates regions with statistically significant differences between the
preferred and +10% condition.
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Figure 3.3. (a) Mean (solid line) and standard deviation (shaded) tibial rotation angle
between preferred (black), +5% (red), and +10% (blue) step rate conditions. (b) t-
values of SPM post-hoc comparison between preferred and +10% conditions for tibial
rotation angle. Dashed red lines indicate critical threshold (o = 0.05). Gray shaded area
indicates regions with statistically significant differences between the preferred and
+10% condition.
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Discussion

The purpose of this study was to analyze motion of the rearfoot during the stance
phase of running with an increased step rate. Supporting our hypothesis, decreases in
peak rearfoot angles were observed in the sagittal, frontal, and transverse planes. Similar
to previous investigations, peak rearfoot dorsiflexion was decreased with increasing step
rate. A +10% increase in step rate was reported to decrease ankle dorsiflexion at
midstance by around 8%, corresponding to a 2.5 degree decrease in ankle dorsiflexion at
midstance [139]. Likewise, other investigations implementing a +10% increase in step
rate reported decreases in peak dorsiflexion angle of approximately 2 — 2.5- degrees,
compared to preferred step rate [132,140]. These investigations observed a slightly
greater decrease (1 degree) in ankle dorsiflexion than the results observed in the present
study. This discrepancy may be due to differences in average preferred running speeds
and step rates, both of which were slightly greater in the present study. These previous
investigations have also evaluated ankle dorsiflexion, whereas the present study observed
rearfoot angles, with an origin in the calcaneus segment. This difference may have
influenced the observed differences between the present study and prior work. However,
as noted previously, the majority of rearfoot plantar-dorsiflexion occurs at the talocrural
joint [136], indicating that there would be little functional difference between these
calculated angles.

In the frontal plane, peak rearfoot eversion was decreased in the +5% and +10%
conditions compared to the preferred condition. Boyer and Derrick found a significant
linear trend for a decrease in peak ankle eversion as stride length was decreased (thereby

increasing step rate, assuming a constant speed), and observed a 0.6 degree decrease in
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peak rearfoot eversion as stride length decreased [70]. We observed a slightly greater
average decrease in peak rearfoot eversion angle from the preferred to +10% condition of
0.79 degrees. Again, this difference may be due to differences in joint measurement
definitions. Another investigation comparing a +10% increase and preferred step rate
reported only a 0.24 degree decrease from the preferred to increased step rate condition,
which was not significant [141]. Although these authors also evaluated rearfoot motion
with a coordinate system similar to the present study, participants’ preferred step rate was
lower than in the present study, and these authors utilized an overground running
protocol, differing from our use of the treadmill, which may have an effect on joint
kinematics [142].

Few studies have evaluated the effects of increasing step rate on tibial rotation.
Boyer and Derrick found peak knee internal rotation angle to decrease by 0.4 degrees
from preferred to 10% decreased stride length [70]. The present study observed peak
tibial internal rotation to decrease, on average, 0.8 degrees from the preferred to +10%
step rate condition. More similar to the results observed in the present study, peak knee
rotation during stance was found to decrease approximately 0.5 degrees with a 10%
increase in step rate [132]. Although not directly manipulating step rate, Pohl and
Buckley found peak tibial internal rotation angle to decrease almost 3 degrees between a
rearfoot-strike and toe-strike pattern [143]. It has been suggested that running with an
increased step rate may be associated with transitioning from a rearfoot- to a forefoot-
strike pattern [69]. We did not observe a significant difference in FSI between step rate
conditions in the present study, but there was a trend for subjects to land more anteriorly

on the foot, closer to a mid-foot strike pattern. This may indicate that the subjects were
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beginning to demonstrate early patterns of transitioning from a rearfoot-strike to forefoot-
strike pattern.

Analysis using SPM allows for differences between conditions to be viewed
throughout the stance phase, as opposed to only at discrete time points. This approach
provides a more complete view of when changes occur throughout the stance phase.
There were significant differences throughout the stance phase for rearfoot angles in the
sagittal and frontal planes. In the sagittal plane, differences occurred close to peak
dorsiflexion at toe-off. Similarly, frontal plane rearfoot angle was significantly reduced
near the period of peak eversion in both the +5% and +10% conditions compared to the
preferred condition. Tibial rotation angle displayed a greater range of significant
differences during stance, with approximately the first 30% of stance being significantly
reduced in the +10% condition compared to the preferred and +5% conditions.
Interestingly, differences in rearfoot eversion were not observed until the latter part of
this early stance period, suggesting there may be other mechanisms contributing to the
differences in tibial rotation in the first 30% of stance. Some authors have suggested
tibial internal rotation could also be caused by more proximal mechanisms, such as
changes at the hip [47]. Increasing step rate has been shown to affect motion at the hip
[53,70,131,132], adding support for hip compensation to be affecting these changes seen
in tibial rotation early in stance. This period of significance in the first 30% of stance did
not include peak tibial internal rotation; however significant differences were observed
when the discrete values were compared between conditions. Peak eversion occurred
approximately 10% earlier in the stance phase than peak tibial internal rotation. The

significant cluster in the frontal plane angle also occurred about 10% earlier in the stance
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phase than peak tibial internal rotation, suggesting the changes in rearfoot eversion could
have influenced peak tibial internal rotation.

The secondary purpose of this study was to assess changes in ground reaction
forces with increased step rate. Peak vertical ground reaction force was significantly
reduced in the +10% condition compared to the preferred and +5% conditions. Previous
investigations have also reported decreases in peak vertical ground reaction force of 2.6%
and 3.5% with a 10% increase in step rate [139,144]. Similarly, a +10% increase in step
rate was shown to significantly decrease peak vertical ground reaction force by 0.6 N/kg
from the preferred condition [53]. The results from the present study agree well with
these previous findings, as we observed an average 0.07 BW decrease from the preferred
to +10% condition, corresponding to approximately a 2.8% decrease between conditions.
We also observed a significant reduction in peak braking force in the +10% condition
compared to the preferred and +5% condition, and the +5% condition compared to the
preferred condition. These decreases corresponded to a 5.7% decrease from the preferred
to +5% condition, and an additional 3% decrease from the +5% to +10% condition.
Additionally, the +10% condition displayed an 8.6% decrease compared to the preferred
condition. Lenhart et al observed a 5.5% decrease in the anterior-posterior ground
reaction force maximum with a 10% increase in step rate [139]. Other reports have also
detected approximately a 9% decrease in peak anterior-posterior ground reaction force
with a 10% decrease in stride length [145], aligning well with the results in the present
study.

Significant differences in the vertical ground reaction force were observed

between 38 — 51% of stance when comparing the preferred and +10% condition. The
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+5% condition also displayed significantly decreased vertical ground reaction force
between 35 — 47% of stance. These results are likely related to the significant differences
observed in the peak ground reaction forces, as these time periods correspond closely to
the timing of the peak vertical ground reaction force. There was also a small time period
early in stance, between 2 - 13%, found to be significantly different between conditions,
possibly indicating differences in rate of loading in the vertical ground reaction force. In
the anterior-posterior direction, similar results were observed. Significantly decreased
braking force was observed with increasing step rate in the period between 14 — 30% of
stance, likely also reflecting both rate of loading and peak braking force.

Both foot pronation and knee flexion are essential components of gait to enable
efficient shock absorption upon ground contact when the foot moves through the stance
phase during running [146]. As the subtalar joint everts, and the talus adducts, the tibia is
forced to internally rotate [124]. Then, as the knee starts to extend after the foot has
reached midstance, the tibia begins to externally rotate, just as the foot moves into
supination to prepare for toe-off [124]. It has been thought that if the timing is poor
between the transitions to pronation/supination and tibial internal/external rotation, the
distal and proximal ends of the tibia will experience conflicting rotations from the talus
and knee [16,146]. These conflicting rotations could then lead to the development of
RRIs [16]. There appears to be a coupling between tibial rotation and rearfoot motion
[125]; however, it remains unknown if altering these movements has an impact on RRI
development. There is some evidence to suggest adjustments to step rate can influence
forces and stresses in the lower extremities associated with common RRIs. Increasing

step rate has been shown to decrease peak knee flexion during stance, contributing to a
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reduction in patellofemoral joint loading[139]. Similarly, tibiofemoral joint forces have
been shown to decrease with a 10% decrease in step length [67]. Achilles tendon stress
has also been shown to decrease with a 5% increase in step rate [75]. The present study
supports these past findings as we found significant reductions in rearfoot motion, tibial
rotation, and vertical and braking ground reaction forces with increased step rate. Despite
these findings, further research is needed to solidify the connections between changes in
rearfoot motion, tibial rotation, and RRI development.

The results from this study indicate increasing step rate has the potential to alter
rearfoot and tibial motion, as well as ground reaction forces. The observed decreases in
ground reaction forces in the present study could diminish the need for shock absorption,
thus leading to a reduction in subtalar joint motion. As motion at the subtalar joint is
transferred to the tibia [146], reductions in subtalar joint motion could also lead to
decreased tibial rotation. Increasing step rate may allow for proximal changes which
influence tibial rotation, as well. Increasing step rate has been shown to decrease both
ground reaction forces and knee flexion during stance [139]. With the reduced need for
shock absorption, the knee may not be forced into as much flexion. This could alter the
timing between the changes in knee flexion/extension, as the knee would not have to
move through as great of a range of motion from reduced peak flexion. Improved timing
between the shift to external tibial rotation when the knee begins to extend could allow
for a reduction in possible conflicting rotations between the proximal and distal ends of
the tibia.

A limitation of this study was not controlling for whether runners were habitual

rearfoot- or forefoot-strike runners. Differences in ankle and rearfoot kinematics have
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been observed between rearfoot- and forefoot-strike runners in previous investigations
[143]. However, most runners (n = 16) in this sample, as determined by the foot strike
index results, tended to utilize a rearfoot strike pattern, and our participants did not
significantly alter their foot strike pattern with the increased step rate. When comparing
the rearfoot- and forefoot-strike runners, no differences were observed in the variables of
interest. The average step rate of the runners in this study was relatively high before the
increased step rate conditions. Although this study was focused on how increased step
rate influenced rearfoot kinematics, increasing step rate may have a ceiling effect [130],
and it may not be feasible for the average runner to increase their step rates to the level
observed in some of the subjects’ +10% trials. Screening for runners with lower step rates
would increase the applicability of this study, as runners with lower step rates would
likely find more benefit from increasing step rate and may experience more pronounced
effects from an intervention. This study also only tested the acute effects of increased
step rate on measures of rearfoot kinematics and ground reaction forces. Previous
investigations implementing at-home or in-lab gait retraining sessions over the course of
multiple weeks or months have shown participants are able to effectively alter their step
rate [10,11,67,72,130,131,147]. However, the longitudinal effects on rearfoot motion, and
whether the modifications in rearfoot angles and ground reaction forces would still be
observed after implementing a longer-term gait retraining protocol, remain unknown.
Finally, we had participants complete the running protocol on a treadmill. Results from
this study may not be generalizable to overground running, as there have been differences

observed between treadmill and overground running [148].
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Conclusion

The results from this study demonstrate that increasing step rate alters rearfoot
motion in the sagittal and frontal planes, and tibial rotation, as well. These outcomes have
implications for many RRIs such as Achilles tendinopathy, patellofemoral pain, and tibial
stress injuries, as reducing excessive rearfoot motion and tibial rotation may prove
beneficial in rehabilitating or preventing some of these common RRIs. Further research is
needed to quantify the effects these changes in rearfoot and tibial motion have on soft

tissue and bone loads.
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Bridge

The goal of this chapter was to investigate how increasing step rate affects
rearfoot motion and tibial rotation due to the possible influence the coupling of rearfoot
and tibial motion may have on Achilles tendon dynamics and stress. Increasing step rate
was shown to effectively reduce peak sagittal and frontal plane rearfoot angles, and peak
tibial internal rotation. In addition, this study verified previous findings that increasing
step rate reduces peak ground reaction force variables. Data in this chapter support the
further investigation of how increasing step rate influences Achilles tendon loading and
stress. Chapter IV uses these same data to estimate Achilles tendon stress with the
increased step rate conditions. Chapter V then evaluates if similar changes are observed
in rearfoot kinematics and Achilles tendon stress with increased step rate in runners with

current Achilles tendon injury as to those seen in healthy runners.
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CHAPTER IV
EFFECTS OF INCREASING STEP RATE ON ACHILLES TENDON STRESS

DURING RUNNING IN HEALTHY RUNNERS

This chapter is currently in preparation for publication. Kathryn A. Farina designed the
study and collected and analyzed the data. Michael E. Hahn provided mentorship and

aided in study design, general oversight, and editing and finalizing the final manuscript.

Introduction

Achilles tendon injuries are one of the more common running related injuries,
with middle and long distance runners reported to experience a lifetime risk of 50% for
developing an Achilles tendon injury[15]. In addition, the annual incidence for Achilles
injury in high-level runners has been reported to be between 7 — 10%[149]. Despite the
strength of the Achilles tendon, which can experience loads near 12 times body weight in
dynamic activities[21], it is prone to injury from high stress and strain repetitive loading,
creating microstructural damage to the collagenous tendon structure, and without
adequate time for recovery can spiral into a state of disrepair and degenerative
tendinopathy[12]. Achilles tendinopathy is a difficult condition and can cause
intermittent pain for many years or impair physical activity altogether [33,37,150-152].
In addition, the injury is prone to recurrence [19,33,37], as a previous Achilles tendon
injury has been reported to be strongly associated with redeveloping symptoms for
Achilles tendon injury[13]. One study found having Achilles tendinopathy in the previous

12 months prior to current Achilles tendinopathy injury displayed an odds ratio of 6.3
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[13]. Currently, the leading methods of Achilles tendinopathy rehabilitation center around
heavy load resistance, or eccentric exercise training in order to stimulate collagen
synthesis and repair [18,30,153]. However, as many as 45% of patients may not respond
to this treatment [14,20], and if not provided with other avenues of rehabilitation, patients
will likely experience continued symptoms. Considering the percentage of patients who
don’t respond to eccentric load rehabilitation, and the high risk for reinjury[13],
modifications in the runner’s gait may be necessary to decrease injury risk, help facilitate
recovery and reduce risk of reinjury.

The combination of inadequate recovery coupled with excessive loading of the
Achilles tendon appears to be a major component in the development of Achilles
tendinopathy[12]; however, it remains unknown if some people may be predisposed to
Achilles injury risk based on gait mechanics. One theory for placing the Achilles tendon
in a vulnerable position to experience increased microtrauma relates to greater frontal
plane rearfoot eversion conflicting with tibial rotation in the stance phase of gait during
running[16,17]. Adding to this theory, investigations into runners with Achilles
tendinopathy have shown increased rearfoot motion or time to reach peak eversion, in
comparison to uninjured runners[38,39,41]. In addition, it has been shown that the angle
of the calcaneus, whether in inversion or eversion, influences stress distribution within
the Achilles tendon[76]. Although more research is still needed to better understand how
frontal plane rearfoot motion affects the Achilles tendon, using gait retraining to modify
movement patterns may prove beneficial for runners recovering from Achilles

tendinopathy, or reduce risk of developing the injury.
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Gait retraining interventions have become popular in treating other running
related injuries, such as patellofemoral pain syndrome [6,9,11,61,63], iliotibial band
syndrome [8,10], and tibial stress fractures [130]. Methods of gait retraining have used
real-time visual feedback to adjust joint angles [6,9,57] or loading rates [7,59], modifying
foot strike patterns [55,69], or adjusting step rate [10,11,130]. Despite successful
interventions in other running related injuries, gait retraining has largely not been
explored as a treatment option for Achilles tendinopathy. Recent research has explored
the use of transitioning to minimalist shoes as a way to decrease Achilles tendon loading
[154,155]. Running in minimalist shoes may have potential positive morphological
benefits for the Achilles tendon, if transitioned gradually, such as increased cross
sectional area (CSA), stiffness, and Young’s modulus [156]. However, some authors
have cautioned against the use of minimalist footwear and forefoot strike patterns for
patients with Achilles tendinopathy[33], as forefoot strike patterns can increase Achilles
tendon load, stress, and strain[75,157-159]. Twelve-weeks of transitioning to minimalist
shoes and a forefoot strike pattern produced increased Achilles tendon loading during the
stance phase of running, but no morphological changes[154]. Another study using similar
gait retraining methods found increases in CSA and production of Achilles tendon force
during a maximal isometric contraction test[155]. The authors from these studies propose
that the transition to minimalist footwear and forefoot striking could be used to gradually
increase load in the tendon[154,155]. However, the previously observed increases in peak
force between differences in rearfoot and forefoot strike running must be considered and
could place the Achilles tendon at greater risk for injury if adequate recovery and pain

and load are not carefully monitored.
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Increasing step rate is another popular method of gait retraining which could be
employed to target Achilles tendinopathy, as it may modify rearfoot frontal plane motion
and stress in the Achilles tendon. A previous study reported a 5% increase in step rate
reduced Achilles tendon stress by approximately 3% [75]. Few studies have evaluated the
effects of increased step rate on rearfoot frontal plane and transverse motion. One study
observed a trend of decreased peak ankle eversion with decreased stride length [70], and
a recent study reported that increasing step rate decreases peak rearfoot eversion with a 5
and 10% increase in step rate [160].

Previous studies have evaluated Achilles tendon stress using measures of CSA
and Achilles tendon force[75,77,158]. These methods are only able to evaluate Achilles
tendon stress at the selected cross section of tendon and may not account for how frontal
or transverse plane motion affects stress in the Achilles tendon, or how points of stress
may migrate under changing conditions. Finite element (FE) modeling enables the
creation of a tendon model in which multi-axial rotation and load can be applied and
could allow for a more robust view of how load is distributed in the Achilles tendon.
Therefore, the purpose of this study was to evaluate Achilles tendon stress and location of
stress in runners using a FE model with three-dimensional rearfoot rotations and

estimated Achilles tendon force between increased step rate conditions.

Methods

Data from 15 runners (8 male, 7 female) (Table 4.1) collected in a previous step

rate intervention protocol were included in this analysis. These runners were recruited
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from the local area, were currently running pain free and without current running related
injury and running at least 15 miles per week.

Table 4.1. Subject characteristics, preferred running pace, and step rates.
Total (7 females, 8 males, n = 15)

Age (years) 25.60 £9.78
Height (cm) 174.6 + 10.06
Mass (kg) 66.04 + 10.39
Miles per week (miles) 36.00 + 18.63
Preferred Running Pace (m/s) 3.32+£0.40
Preferred Step Rate (steps/min) 175+ 7
+ 5% Step Rate (steps/min) 184 + 8*
+ 10% Step Rate (steps/min) 193 + 9*#

* denotes significant difference from preferred condition; # denotes significant
difference from +5% condition (p < 0.05). Significant differences shown only for the
total sample.

Full details of the previous protocol can be found elsewhere [160]. Briefly, twenty
healthy runners were recruited to run using three different step rates on a force-
instrumented treadmill (Bertec, Columbus, OH) while motion capture data were collected
(Motion Analysis Corp., Rohnert Park, CA) at 1000 and 200 Hz, respectively.
Retroreflective markers were placed on the lower legs and feet to define thigh, shank,
rearfoot, and forefoot segments for the right and left legs. Markers were placed directly
on the feet by cutting windows in standardized, neutral running shoes (Brooks Launch).
Subjects ran at their preferred running speed and step rate for a three-minute trial, after
which step rate was increased by 5 and 10% for two additional three-minute trials, while
running pace did not change. Subjects were cued by metronome to the increased step rate
conditions. Kinematic and kinetic data were collected of twenty foot-strikes during the
final minute of each trial. Step rate was calculated by counting the number of footfalls in

a 20-second period and was verified before and after recording of data.
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A custom MATLAB (The MathWorks, Natick, MA) program was used to
calculate rearfoot and shank kinematics from the left foot throughout stance phase. The
stance phase was defined as when the vertical ground reaction force exceeded 5% of
participant body weight[135]. The rearfoot coordinate system origin was defined as the
midpoint between the medial and lateral calcaneus markers, with the x axis pointed
laterally, y axis pointed anteriorly, and z axis directed superiorly. A quadrad of four
markers on a firm plate attached to the shank was used to define the shank tracking
coordinate system, with the same x-y-z orientations applied as described above. Raw
marker coordinate and force platform data were dual pass filtered using a 4" order
lowpass Butterworth filter with a 20 Hz cutoff frequency. Joint angles of the rearfoot
segment were calculated with respect to the shank segment using a Cardan sequence of
flexion-extension, inversion-eversion, adduction-abduction. Rearfoot joint angles were
averaged across twenty-foot-strikes and time-normalized to 101 data points during the
stance phase. Peak values for each rotation direction were extracted. Fifteen runners from
the previous study were included for further analysis. Five runners were removed from
analysis due to errors in force plate analog data collection.

In the present study, the collected kinematic and kinetic data were further
processed to determine changes in Achilles tendon stress with increased step rate by
using two different methods: finite element (FE) analysis and a calculation of stress using
cross sectional area and Achilles tendon force. For both analyses, Achilles tendon force
during the stance phase of running was calculated as the sagittal plane ankle moment
divided by the Achilles tendon moment arm:

M,

ATF =
ATMA
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where Ma is the ankle plantar flexor moment, and ATwa is the moment arm of the
Achilles tendon. The Achilles tendon moment arm (cm) was calculated using a regression
equation developed from MRI scans that accounts for changes in moment arm length
during stance [108-111]:
ATya = —0.5910 + 0.082976 — 0.000260662
where 6 is the sagittal plane ankle flexion angle. Finally, the ankle plantar flexor moment
was calculated using a Newtonian-Euler inverse dynamics approach:
M,=Ila+wx{Uw)—Mg—14XF; —1,XE,
where Mp is the moment about the proximal end of the segment (ankle), I is the moment
of inertia about the segment center of mass (foot), determined from previously published
segment lengths and heights [112], a is the angular acceleration of the segment, o is the
angular velocity of the segment, Fp and Fq are the proximal and distal reaction forces, Mg
is the moment about the distal end of the segment, and rp and rq are the distances from

center of mass of the segment to the proximal or distal joint.

Finite Element Analysis

The calculated Achilles tendon force was used with rotation data from the rearfoot
segment and shank segment calculated within the global coordinate system in a FE
model. The FE analysis was performed for two time points during the stance phase, peak
calcaneal eversion and peak Achilles tendon force, for each of the three step rate
conditions (preferred, +5%, +10%) for each of the fifteen subjects.

The FE model consisted of an Achilles tendon and calcaneus segment. The model

was generated from the MRI scan of a 30-year-old active, healthy male subject (height:
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175 cm; weight: 68 kg). The MRI was performed using a Siemens Skyra 3.0 Tesla
Scanner (Siemens Medical Solutions, Malvern, PA, USA) to obtain sagittal, coronal, and
axial images of the Achilles tendon and calcaneus. The subject’s ankle was positioned in
a non-weight bearing neutral position in a flex coil and stabilized with foam. The 3D
True FISP sequence, a steady-state coherent sequence in which balanced gradients (net
gradient-induced dephasing over a repetition time interval is zero) are used along all three
axes, was used with 8-mm slice thickness with zero gap between slices, and resolution of
0.8x0.8x0.8-mm.

Digital imaging and communications in medicine (DICOM) files obtained from
the MRI were imported into 3D Slicer software (version 4.11) (www.slicer.org)
[113,114]. The Fast GrowCut algorithm [115] was used in the segment editor [116] to
section the Achilles tendon from the insertion on the calcaneus to near the highest point
visible from the MRI scans (approximately 12-cm proximal from the Achilles tendon
insertion), and the calcaneus. Segments were smoothed and exported as standard
tessellation language (stl) files which described the surface geometry of the 3D objects.
The surface files were then imported into FEBio software [117], where the included
Tetgen function (tetgen.berlio.de) was used to create a tetrahedral mesh. Surfaces for the
Achilles tendon and calcaneus were defined, and material properties assigned in FEBIio
(Table 4.2). Material property values used in this study were selected from literature of
cadaveric Achilles tendons [119] and have previously been used in FE analysis [79,118].
The Achilles was modeled as an isotropic and homogenous Neo-Hookean material. The

calcaneus was modeled as a rigid body.
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Table 4.2. Achilles tendon and model properties. The cross sectional areas refer to
distance from the Achilles tendon distal insertion.

3 cm CSA (mm?) 79.96

4 cm CSA (mm?) 64.09

5 cm CSA (mm?) 49.44
Young’s Modulus (MPa) 819
Poisson’s Ratio 0.4

Material Neo-Hookean

Elements 3639

Faces 2612

Nodes 1308

CSA = Cross Sectional Area.

The boundary conditions for the model were assigned based on the collected
kinematic data. The three-dimensional rotation angles of the calcaneus segment at peak
eversion and peak Achilles tendon force were extracted. The displacement in the x-y-z
directions of the calcaneus was fixed. Data to define the motion of the Achilles tendon
was not collected, but an assumption was made that the Achilles tendon rotation would
follow that of an assumed rigid body shank segment. Three-dimensional rotation of the
shank tracking coordinate system was used to define the rotation angles at peak eversion
and peak Achilles tendon force. In order to apply these rotations to the Achilles tendon
segment, a rigid body was attached to the proximal surface of the Achilles tendon,
emulating a clamp similar to that used in cadaveric studies[120]. In addition, Achilles
tendon force was applied as a rigid body force to the proximal rigid body. The x-y
displacements of the proximal rigid body were fixed; however, because the Achilles
tendon lengthens as the gastrocnemius and soleus muscles contract during stance, the z-
displacement of the proximal rigid body was prescribed a displacement of 6-mm. This

displacement was chosen as a previous study has reported a displacement of
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approximately 6-mm of the Achilles tendon from touch-down to mid-stance during
running[121].

The area of peak von Mises stress was extracted from the simulation results. The
area of tendon from 2 — 6 cm from the distal insertion was used for analysis (Figure 4.1),
as this has been reported to be the area of tendon most frequently injured[33].

A

Mid-Portion
1

Insertion
£
fj T

Figure 4.1. Achilles tendon model showing distal tendon insertion from 0 — 2 cm of

tendon length, and mid-portion of tendon, used for analysis, from 2 — 6 cm of tendon

length, measured from the distal insertion.
The location of the peak stress was measured from the lateral edge of the tendon and
from the bottom of the insertion. These measures were normalized to tendon length and
width, with 6 cm from the distal insertion considered 100% of tendon length, and 2 cm
from the distal insertion considered 0% of tendon length. Because the Achilles tendon
width is not consistent throughout the length of the tendon, the width of the tendon was
measured each centimeter from 2 — 6 cm from the distal tendon insertion. The measured
width at peak stress was then normalized to the width at the measured section of tendon

length, with 0% corresponding to the most lateral edge of the tendon, and 100%

corresponding to the most medial edge of the tendon. For example, if peak stress were
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measured at a tendon length of 5 cm from the insertion, the measured width would be
normalized to the width of the tendon at 5 cm from insertion. This process was repeated
for peak eversion and peak Achilles tendon force time points during stance, for each step

rate condition, for each of the fifteen subjects.

Cross Sectional Area Analysis

Cross sectional area of the Achilles tendon was measured from the segmented
geometry in 3D slicer for the length of the tendon. For analysis, CSA at 3 cm, 4 cm, and
5 cm of tendon length from the insertion were used (Table 4.2). For each CSA, calculated
Achilles tendon force was divided by CSA to evaluate Achilles tendon stress at each of
the selected lengths of tendon for each step rate condition. This analysis was performed

to compare to the results of previous research, and to the FE analysis results.

Statistical Analysis

Repeated measures analyses of variance (ANOVA) (o = 0.05) were used to
evaluate differences in Achilles tendon stress, locations of stress, peak tendon force, and
peak eversion between each of the three step rate conditions. If the assumption of
sphericity was violated, a Greenhouse-Geisser correction was used. In the case of a
significant main effect, a Bonferroni correction was used in post-hoc analysis to
determine significant differences between conditions. Statistical analyses were performed

in SPSS v27 (IBM SPSS Statistics, Chicago, IL).
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Results

Kinematic results of the rearfoot segment can be found in Chapter Ill. Peak

Achilles tendon force was significantly reduced (F (2, 30) = 11.90, p < 0.001) in the +5%

(p =0.018) and +10% (p = 0.004) conditions compared to the preferred condition, and in

the +10% condition (p = 0.022) compared to the +5% condition (Table 4.3).

Table 4.3. Peak Achilles tendon force, Achilles tendon moment arm, peak Achilles
tendon force at peak eversion and peak tendon force, and width and length locations of
peak stress from finite element analysis.

Preferred Step +5% Step Rate +10% Step
Rate Rate
Peak Achilles Tendon 5.32+1.08 5.02 £ 0.96* 4,67 +1.11%
Force (BW)
Achilles Tendon Moment 4.84 +0.22 4.86 +0.18 4.83 +0.35
Arm (cm)
Peak Stress at Peak 79.03 + 7.66 80.45+10.30 80.10 £11.19
Eversion (MPa)
Width Location at Peak 62.46 + 19.65 64.62 + 23.01 58.95 + 27.45
Eversion (% tendon
width)
Length Location at Peak 87.28+11.71 87.22+12.74 81.80 + 16.89
Eversion (% tendon
length)
Peak Stress at Peak 76.42 £9.20 80.53 +11.12 81.19+12.13
Force (MPa)
Width Location at Peak 69.35 + 21.08 71.26 +21.94 67.74 £ 22.52
Force (% tendon width)
Length Location at Peak 88.50 + 13.13 86.78 £ 13.16 84.31 £ 14.63

Force (% tendon length)

* indicates significant difference from the preferred condition; # indicates significant
difference from the +5% condition (p < 0.05). Width and length locations given as %
of tendon length, with 0% = 0 cm at insertion of Achilles tendon on calcaneus, and
100% = 6 cm from Achilles tendon insertion. Width values are with respect to tendon
width at the measured tendon length, with 0% = most lateral edge of tendon, and 100%
= most medial edge of tendon at given length.

57



Finite Element Analysis

An example of the FE model and results from one subject’s simulation are shown
in Figure 4.2. Overall, there were no significant differences observed in peak Achilles
tendon stress at peak eversion or at peak Achilles tendon force between step rate

conditions (p > 0.05) (Table 4.3) (Figure 4.3).

Prefer +5% +10%
Figure 4.2. Example subject finite element results for the preferred, +5%, and +10% step
rate conditions. Note: image shows tendon from insertion to 6 cm of the left calcaneus and
tendon.
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Figure 4.3. Peak Achilles tendon stress (MPa) + standard deviation (error bars) from finite
element analysis for the preferred, +5%, and +10% conditions at peak eversion (EV) and peak
Achilles tendon force (AT).
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In addition, there were no significant changes in the location of peak Achilles
tendon stress between conditions (Table 4.3). The location of peak tendon stress
remained near the center portion of the tendon, leaning to the medial side (around 60 -
70% of normalized tendon width), and around 5 cm of tendon length from the distal

insertion (corresponding to near 85% of tendon normalized length).

Cross Sectional Area Analysis

The calculated Achilles tendon stress using Achilles tendon peak force and CSA
across the length of the tendon from 3 — 5 cm from the distal insertion is displayed in
Figure 4.4. Significant decreases in Achilles tendon stress (F (1.37, 19.13) =9.58, p =

0.003) were observed at 3, 4, and 5 cm in the +5% (p = 0.048) and +10% step rate
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Figure 4.4. Achilles tendon stress (MPa) calculated from cross sectional area (mm?) and
peak Achilles tendon force across the length of tendon from 2 — 6 cm (distance from
Achilles tendon insertion) for the preferred (black), +5% (red), and +10% (blue) step rate
conditions. 2 cm = 83.00 mm?, 3 cm = 79.96 mm?, 4 cm = 64.09 mm?, 5 cm = 49.44 mm?, 6
cm = 47.61 mm?2. Solid lines show the sample mean with shaded area representing standard
deviation.
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conditions (p = 0.014) compared to the preferred condition (Table 4.4). There was not a
significant difference observed between the +5% and +10% step rate conditions at any of

the tendon lengths (p = 0.057).

Table 4.4. Achilles tendon stress at 3, 4, and 5 centimeters (cm) tendon length from distal
insertion calculated with cross sectional area (CSA) and peak Achilles tendon force.

Preferred Step Rate +5% Step Rate +10% Step Rate

Stress at 3 cm (MPa) 4294 +11.24 40.21 £ 10.02* 37.67 £10.83*
Stress at 4 cm (MPa) 49.72 +13.01 46.56 + 11.61* 43.62 £ 12.54*
Stress at 5 cm (MPa) 65.16 £ 17.05 61.01 £ 15.21* 57.16 + 16.43*

* indicates significant difference from the preferred condition; # indicates significant

difference from the +5% condition (p < 0.05).
Discussion

This study sought to evaluate the effects of increasing step rate on Achilles tendon

stress in healthy runners. The main findings of this study were conflicting, as using FE
analysis revealed no significant changes in Achilles tendon stress with increasing step
rate, but using CSA and estimated Achilles tendon force revealed significant decreases in
Achilles tendon stress with increasing step rate in the area of 3 —5 cm of tendon length

from the distal insertion.

Finite Element Analysis Results

A FE model of the Achilles tendon and calcaneus was created from the MRI of a
healthy, active male subject. Data from fifteen runners were used with this model to
estimate Achilles tendon stress at the time points of peak eversion and peak Achilles
tendon stress during the stance phase of running. Despite significant decreases in peak
Achilles tendon force with increasing step rate, similar decreases in peak Achilles tendon

stress were not observed, due in part to larger than expected variation in response to
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increased step rate. On average, peak Achilles stress increased with increased step rate at
both peak eversion and peak Achilles tendon force time points, although these increases
were non-significant. Half of the subjects displayed a decrease in peak Achilles tendon
stress at the points of peak eversion and peak Achilles tendon force in response to
increased step rate. However, these decreases in peak stress were not consistent between
subjects, as some subjects displayed a decrease in peak stress at the point of peak
eversion, but an increase in peak stress at the point of peak Achilles tendon force. A
possible reason for these results could be related to the boundary conditions and
constraints provided for the model. The motion of the proximal portion of the Achilles
tendon was defined by attaching the proximal Achilles tendon to a rigid body segment. In
reality, the Achilles tendon is connected to muscle proximally, and thus using a rigid
body segment to define this motion likely does not accurately represent the muscle-
tendon dynamics and subsequent transfer of force. In addition, the motion of the proximal
rigid body was assigned rotations of the shank segment, which may misrepresent actual
kinematics of the proximal tendon. The lengthening of the tendon was given a value of
6mm displacement based on previous research[121]. This value remained consistent
between step rate conditions and may have contributed to inaccuracy in determining
changes in Achilles tendon stress, as the tendon may not actually displace the same
amount during each condition. This value of 6mm was also not subject-specific and
therefore may not accurately represent the tendon dynamics of each individual subject.
No other studies have evaluated how Achilles tendon stress is affected by changes in
running mechanics using FE analysis, thus it is currently unclear how these results

compare to other research in the literature. One study examined Achilles tendon stress
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during hopping using FE analysis, and found peak Achilles tendon stress reached values
near 50 MPa[80], which was much lower than observed in the present study.

A change in the point of peak Achilles tendon stress was not observed with
increasing step rate at peak eversion or at peak Achilles tendon force. It was hypothesized
that the area of peak Achilles tendon stress would migrate with increased step rate as
changes in kinematics could affect how stress is distributed in the tendon. Despite using
data from fifteen different subjects, the areas of peak stress centered around the central
midportion of the tendon, from 4.5 — 5.5cm tendon length. This area of the tendon is the
most frequently injured[33] and represents the narrowest portion of the tendon. A force
applied across a smaller CSA produces increased stress, which could contribute to
increased risk of injury to the tissue[161]. The FE analysis showed that the area of peak
stress remained in this region with the changes in step rate. As discussed previously, the
consistent 6mm of displacement applied to the proximal portion of the tendon could have
contributed to these results. Similar to the subject-specific results seen with peak stress,
the location of the peak stress changes were variable between subjects. While some
subjects experienced little change in peak stress location, others displayed a noticeable
shift in peak stress location. There is no other study reporting how stress location changes
in the Achilles tendon as a result of changes in running kinematics, making it currently
unknown if a change in peak stress location should be expected with increased step rate.
However, one study using cadaveric tendons has evaluated the influence of various
calcaneal angles on strain in the Achilles tendon, and found that a more everted
orientation places greater strain on the medial portion of the Achilles tendon, while a

more inverted calcaneus produces greater strain to the lateral portion of the tendon[76]. It
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should be noted the results from the present study add some support to this previous
finding, as the location of peak stress, measured at time points where the calcaneus would
be oriented in an everted position, was slightly towards the medial side of the tendon. In
addition, our previous study results [160] indicated a decrease in peak eversion angle
from the preferred to the +10% condition, and although non-significant, the location of
peak stress in the present study tended to move more centrally in the +10% condition
compared to the preferred condition, again, supporting the findings of Lersch and

colleagues[76].

Cross Sectional Area Analysis Results

Peak Achilles tendon stress was calculated from CSA and estimated Achilles
tendon force to compare with the results from the FE analysis and to previous studies.
Peak Achilles tendon stress was calculated in the area between 3 — 5 cm of tendon length
from the distal Achilles tendon insertion and was found to significantly decrease at each
length position with increasing step rate. One other study has assessed Achilles tendon
stress using CSA and Achilles tendon force with changes in step rate. They reported a 5%
increase in step rate decreased peak Achilles tendon stress during running compared to
preferred step rate [75]. The values for peak Achilles tendon stress at 5cm tendon length
observed in the present study compare well with those from Lyght and colleagues, who
reported average peak Achilles tendon stress in the range of 55 — 75 MPa [75]. Although
not measuring Achilles tendon stress, other groups have reported decreases in overall
ankle energy generation with increases in step rate [53], decreases in the peak muscle

forces of the triceps surae muscle group [139], and decreased peak plantar flexor moment
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[75], all of which may contribute to Achilles tendon loading. Running with an increased
step rate draws the center of pressure closer to the body center of mass, decreases vertical
center of mass oscillation, and effectively allows for less energy absorption from the
lower extremity musculature and joints [69,128-130,139]. Decreased vertical center of
mass displacement from increasing step rate may also lend to increases in lower
extremity stiffness[162]. Increased tendon stiffness, in general, may be beneficial for
force generating and transmission capabilities, as it may allow for the tendon to operate at
a more optimal position on the force-length curve[163]. However, it should also be noted
that tendons with decreased stiffness may experience greater strain and could lead to
greater accumulations of microtrauma overtime, leading to tendon injury[163]. Indeed, a
decreased Young’s modulus, a measure of stiffness normalized to CSA and length of the
tendon[163], is related to an increased failure rate of the tendon[164].

As would be expected, peak Achilles tendon force increased with decreased CSA.
At the 5¢cm location, the area where most subjects experienced peak stress in the FE
analysis, peak stress in the CSA analysis was approximately 11 — 30% lower than that
calculated in the FE analysis. As mentioned previously, assumptions for the boundary
conditions of the FE model and inadequate constraints likely confound the results from
the FE analysis, making it unknown if the peak stress values obtained can be considered
valid. However, estimating Achilles tendon stress using CSA allows for stress to be
determined at a single cross section of tendon, and does not account for tendon stretch,
rotation, or displacement which could impart additional stress to the tendon other than
Achilles tendon force, and therefore could underestimate stress in the tendon. Although

higher than the CSA analysis, the results from the FE analysis point to the need to
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consider additional factors contributing to tendon stress. Achilles tendon stress values
obtained using a buckle transducer have been found to be up to 110 MPa during
running[21]. Other studies using methods of CSA and Achilles tendon force have
reported a wide range of values from near 57 — 97 MPa during activity [75,77,158]. The
current values obtained from both the FE and CSA analysis fit within the range of these

measured Achilles tendon stress values.

Limitations

This study was influenced by limitations, in addition to those mentioned
previously. First, a simplified model was used for the FE analysis only consisting of the
Achilles tendon and calcaneus. Additionally, a generic model was used for all subjects
included in the analysis. Similarly, the CSA was not subject-specific, as it was calculated
from the generic Achilles tendon model, and therefore may not represent specific
individual stress for each subject. This model did not consider the Achilles sub-tendons,
the role their twisted structure may have on the tendon and its kinematics, and how force
may not be applied uniformly throughout the tendon as a result of this twisted
structure[27,165]. The Achilles tendon was modeled as a neo-Hookean material which
was consistent throughout the length of the tendon; but tendon material properties may be
anisotropic and change from the proximal to distal end[119,166]. An estimated Achilles
tendon moment arm was calculated from each subject’s ankle plantar flexion angle data,
which may not represent actual Achilles tendon moment arm. The Achilles tendon force
applied to the model was estimated from the Achilles tendon moment arm and ankle

plantar flexion angle. Finally, this applied force was assumed to represent the Achilles
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tendon force and was assumed to transmit fully to the Achilles tendon, and did not
consider how antagonistic co-contraction of the dorsiflexors may affect Achilles tendon

force [167].

Conclusion

Taken together, the results from this study do not allow for a definitive conclusion
to be made regarding how increasing step rate affects Achilles tendon stress, or how
changes in rearfoot motion may influence location or magnitude of stress. Using a
method of CSA and estimated Achilles tendon force revealed decreases in peak Achilles
tendon stress with increasing step rate, which is in agreement with a previous study [75].
However, this method does not consider how the structures around the tendon may
influence stress. In contrast, the FE analysis method did not result in a decrease in
Achilles tendon stress with increased step rate. This method has the potential to produce a
more realistic picture of Achilles tendon stress by allowing for changes in kinematics to
be included which may affect rotation and displacement of the tendon. However, the
current model likely does not have the appropriate constraints to allow for an accurate
representation of Achilles tendon stress during the stance phase of running. Future
modifications to the model to including more precise kinematics of the tendon will allow
for clearer conclusions to be drawn about how increasing step rate affects stress in the
Achilles tendon. Future efforts should continue to develop more robust methods of
analyzing areas of stress within the Achilles tendon during running, and how alterations

in gait kinematics and kinetics affect stress magnitude and location within the tendon.
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Bridge

The purpose of this chapter was to assess how Achilles tendon stress was affected
by increases in step rate during running using a sample of healthy runners and methods of
finite element analysis and cross sectional area analysis. The results from this study were
conflicting, as the finite element analysis results displayed a non-significant increase in
Achilles tendon stress with the increased step rate, and the cross sectional area analysis
revealed decreases in Achilles tendon stress with increased step rate. Limitations of this
study, including non-subject specific models, likely affected these results. Chapter V
combines methods of Chapters 111 and 1V using runners with current Achilles tendon
pain. Chapter V improves on the shortcomings of Chapter IV by creating subject-specific
models for each subject, and evaluates how runners with current Achilles tendon injury
modify rearfoot kinematics and Achilles tendon stress in response to increases in step

rate.
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CHAPTER V
SUBJECT-SPECIFIC MODELS TO DETERMINE THE EFFECTS OF INCREASING
STEP RATE ON ACHILLES TENDON STRESS IN RUNNERS WITH ACHILLES

TENDON INJURY

This chapter is currently in preparation for publication. Kathryn A. Farina designed the
study and collected and analyzed the data. Michael E. Hahn provided mentorship and

aided in study design, general oversight, and editing and finalizing the final manuscript.

Introduction

Many running related injuries may stem from repeated cyclical loading without
adequate time for recovery and have been termed overuse running injuries [168]. It has
been reported that as many as 79% of runners could experience at least one of these
overuse running related injuries in a given one-year period [1]. Achilles tendon injuries
are one of the most common running related injuries, with estimates of 1 in 20 runners
developing Achilles tendinopathy [13]. Achilles tendinopathy is a degenerative process in
the Achilles tendon, in which the tenocytes become disorganized and deteriorate, and
collagen fibers are disrupted, resulting in pain and weakness in the tendon [12]. These
characteristics of the tendinopathic tendon are thought to represent a failed healing
response, brought about by a mismatch between cell recovery and breakdown, placing the
tendon in a state of degeneration [12]. The cause of this state of disrepair is likely
multifactorial, but one theory involves the combined actions of rearfoot eversion and

tibial rotation leading to increased damage in the tendon structure [16]. In this model,
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prolonged or excessive frontal plane rearfoot motion could conflict with the coupled
action of tibial external rotation when the knee begins to extend during stance [16]. These
conflicting motions have been proposed to cause microtrauma within the tendon [16] as a
result of non-uniform stress or increased frictional forces between fibrils, leading to
cumulative damage within the tissue, and ultimately leading to injury [26,27].

Whether excessive eversion is a contributing factor to Achilles tendinopathy or
not, stress distributed across the Achilles tendon may influence tendon health and
recovery. It is well documented that tendons benefit from mechanical stimulation for
collagen synthesis and repair, which is a main reason for the promotion of resistance
training in Achilles tendinopathy rehabilitation [18,30,153]. However, this method of
rehabilitation may prove ineffective in as many as 45% of patients [14,20], and Achilles
tendinopathy is often prone to recurrence [19,33,37]. In fact, one of the major risk factors
for developing Achilles tendinopathy is having a prior Achilles tendon injury [13]. This
begs for alternative methods of rehabilitation which may address underlying movement
abnormalities that may place the tendon in a more vulnerable position or expose the
tendon to increased loads.

Gait retraining has become a staple in the rehabilitation of many common running
related injuries. Gait retraining involves modification of a runner’s movement patterns to
address underlying mechanics which may place additional stresses or loads on certain
structures. These modifications have come in many forms, with the most common goals
being to decrease excessive movements [6,9,62] or loads to body tissues [7,56,59].
Despite the successes observed in other running related injuries with a suspected

pathology related to poor mechanics, gait retraining has largely been unexplored for use
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in Achilles tendinopathy rehabilitation. Identifying ways to alter running gait to modify
stress in the Achilles tendon may prove beneficial for rehabilitating from Achilles tendon
injury and decreasing risk for developing an Achilles tendon injury.

Two studies have evaluated the transition to a forefoot strike pattern with
minimalist footwear over a 12-week period on Achilles tendon stress. Increases in
Achilles tendon force production were observed, which the authors noted may be
beneficial for promoting Achilles tendon structural changes to combat injury [154,155].
However, other researchers have observed increased Achilles tendon force, stress, or
strain in runners utilizing a forefoot strike pattern in comparison to a rearfoot strike
pattern, and generally have recommended against a forefoot strike pattern for runners
combating Achilles tendon injury [33,75,157-159]. One study observed decreases in
Achilles tendon stress with a 5% increase in step rate [75]. Increasing step rate has been
observed to allow the foot to land closer to the body center of mass, decreasing the
energy absorption required of the body, and may prove effective in decreasing stress
within the Achilles tendon [53,75,128]. These previous observations have been reported
from studies involving healthy runners, and it is unknown how runners with current
Achilles tendon injury may adapt to gait modifications, and if these modifications
translate to a decrease in Achilles tendon stress. Therefore, the purpose of this study was
to evaluate Achilles tendon stress in response to an acute increase in step rate in runners
currently experiencing Achilles tendon pain. This study utilized two methodologies to
evaluate Achilles tendon stress: finite element (FE) analysis using subject-specific
models and an approach using cross sectional area (CSA) and Achilles tendon force. The

FE model approach provides the benefit of subject specificity, visualizing stress
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throughout the tendon structure, and simulating the influence of proximal and distal
motion contributions to Achilles tendon stress, while the CSA analysis allows for
comparison with the FE model results and to previous research which has used a similar

approach.

Methods

Six runners (4 females, 2 males) (Table 5.1) with current Achilles tendon pain
were recruited for participation in this study from the local running community. Subjects
had to be between the ages of 18 — 65 years old, be experiencing Achilles tendon pain
symptoms for more than four weeks, and pain localized to the mid-portion of the Achilles
tendon.

Table 5.1. Subject characteristics, preferred running pace, and step rates.
Total (4 females, 2 males, n = 6)

Age (years) 27.17 £ 10.95
Height (cm) 165.33 £ 10.95
Mass (kg) 61.18 £ 9.42
Current miles per week (miles) 26.67 +11.25
Pre-Injury miles per week (miles) 51.67 +22.51
Duration of symptoms (months) 12.00 £ 14.52
Preferred Running Pace (m/s) 3.23+£0.39
Preferred Step Rate (steps/min) 174+ 7
+ 5% Step Rate (steps/min) 186 + 8*
+ 10% Step Rate (steps/min) 192 + 8*#

* denotes significant difference from preferred condition; * denotes significant
difference from +5% condition (p < 0.05). Significant differences shown only for the
total sample.
Subjects were excluded if they currently had other running related injuries, Achilles pain
was located at the tendon insertion site, they had a current or previous Achilles tendon

rupture, or if they had previous Achilles tendon surgery or had plans for surgical

intervention for the current injury. Subjects were not required to have had a clinical
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diagnosis for participation in this study. Instead, they self-reported general Achilles
tendon pain during initial screening procedures. The protocol was approved by the
University of Oregon Institutional Review Board, and all subjects provided written,
informed consent before taking part in the study. Subjects underwent magnetic resonance
imaging (MRI) of their injured foot-ankle complex and completed a running protocol at
increased step rates on a treadmill in which segmental position and orientation, and force
plate data were collected. The running protocol and MRI collections were performed on

the same day.

Magnetic Resonance Imaging

Each subject was provided an MRI scan of their injured Achilles tendon and foot
using a Siemens Skyra 3.0 Tesla Scanner (Siemens Medical Solutions, Malvern, PA).
Sagittal, coronal, and axial images of the Achilles tendon and calcaneus were obtained
using the 3D True FISP sequence with the subject’s ankle positioned in a non-weight
bearing neutral position in a flex coil stabilized with foam. This sequence uses a steady-
state coherent sequence in which balanced gradients (net-gradient induced dephasing
over the repetition time interval is zero) were used along all three axes. The parameters
for the sequence included 8-mm slice thickness, with zero gap between slices, and
resolution of 0.8x0.8x0.8-mm. Each subject’s MRI scan was used to create a subject-
specific mesh structure of the Achilles tendon and calcaneus for use in a finite element

analysis, described below.
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Running Protocol

Subjects were equipped with forty-three retroreflective markers placed bilaterally
on the lower limbs and pelvis. Markers were used to define pelvis, thigh, shank, rearfoot,
and forefoot segments. Participants performed a static trial of stationary standing in the
capture volume space on the treadmill, after which markers on the medial and lateral
malleoli, femoral epicondyles, and greater trochanters were removed so as not to interfere
with running motion. Participants wore standardized, neutral running shoes (Brooks
Launch), in which small windows were cut to place markers directly on the posterior
calcaneus, medial and lateral calcaneus, first and fifth metatarsal heads, and distal hallux.

Three-dimensional marker trajectories were collected using an 8-camera motion
capture system (Motion Analysis Corp., Rohnert Park, CA), and ground reaction force
data were collected using an instrumented treadmill (Bertec, Columbus, OH) at 200 and
1000 Hz, respectively. Subjects performed three running trials of approximately three
minutes each, with kinematic and kinetic data recorded for twenty strides during the final
minute of each trial. The first trial consisted of subjects running at a self-selected easy
pace in which preferred running step rate was determined by visually counting the
number of steps taken during a 20-second period and multiplied by three to obtain steps
per minute. A 5% and 10% increase in step rate over preferred was determined. For the
following two trials, subjects were instructed to match their foot falls to sound of a
metronome set to the increase in step rate. Subjects were given the first two and half
minutes of each trial to acclimate to the increased step rate. Step rate was calculated once

before, and once after, data were recorded to ensure subjects had modified their step rate.
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Kinematic and Kinetic Data Analysis

Marker trajectories were labeled, and gaps filled using Cortex software (Motion
Analysis Corp., Rohnert Park, CA), and exported for further processing in MATLAB
(The MathWorks, Natick, MA). A custom script was written in MATLAB to calculate
rearfoot and shank kinematics during the stance phase of running. The stance phase was
defined as when the vertical ground reaction force exceeded 5% of subject body weight.
For global and segment coordinate systems, the x axis was directed to the right, y axis
pointed anteriorly, and z axis directed superiorly. The rearfoot coordinate system was
defined using the posterior calcaneus, medial and lateral calcaneus markers, with an
origin set at the midpoint between the medial and lateral calcaneus markers. The
anatomical shank coordinate system origin was set at the midpoint between the medial
and lateral femoral epicondyles. The shank tracking coordinate system was placed on a
rigid plate consisting of four markers that was firmly wrapped around the subject’s shank.
Joint angles were calculated using a Cardan sequence of flexion/extension,
inversion/eversion, and adduction/abduction (internal/external rotation). Rearfoot motion
was calculated as the motion of the rearfoot with respect to the shank. In addition,
rearfoot rotation and shank tracking system rotation were calculated in the global
coordinate system for use in the finite element software by calculating an axis of rotation,
and angle about that axis.

Raw marker coordinate and force platform data were dual pass filtered using a 4"
order lowpass Butterworth filter with a 20 Hz cutoff frequency. Rearfoot and shank
angles in the global and local coordinate systems were calculated and ensemble averaged

across 20-foot strikes of either the right or left foot and normalized to 101 data points.
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Determination of which foot was analyzed was based upon the injured leg of the subject.
Peak rearfoot cardan angles with respect to the shank segment for the sagittal and frontal
plane were extracted for statistical analysis. Additionally, peak vertical ground reaction
force (GRF), peak propulsive GRF, and peak braking GRF were extracted.

Achilles tendon force during the stance phase of running was calculated as the
sagittal plane ankle moment divided by the Achilles tendon moment arm. The sagittal
plane ankle moment was determined using an inverse dynamics approach. The Achilles
tendon moment arm (ATwma) was determined using a regression equation developed from
MRI scans that accounts for changes in moment arm lengths at varying ankle positions
during stance [108-111,154]:

ATya = —0.5910 + 0.082976 — 0.000260662
where 6 is the sagittal plane ankle flexion angle. Achilles tendon force was averaged
across foot strikes, as above. Achilles tendon force normalized to body weight was also
determined. Global rearfoot and shank rotations, and Achilles tendon force at peak

eversion and peak Achilles tendon force were extracted to be used in the FE analysis.

Magnetic Resonance Imaging Processing

Digital imaging and communications in medicine (DICOM) files obtained from
the MRI were imported into 3D Slicer version 4.11 software (www.slicer.org) [113,114].
The Fast GrowCut algorithm [115] was used in the segment editor [116] to segment the
Achilles tendon from the Achilles tendon insertion to the highest point visible from the
MRI scan (approximately 12-cm from the Achilles tendon insertion), and the calcaneus

(Figure 5.1). Segments were smoothed and exported as standard tessellation language
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(stl) files which described the surface geometry of the 3D objects. Cross sectional area
(CSA) of the Achilles tendon was measured from the segmented geometry in 3D slicer
for the length of the tendon for further use in estimating Achilles tendon stress using CSA

and Achilles tendon force, described below.

\

Figure 5.1. Example image of segmentation and creation of Achilles tendon
model in 3D Slicer (left). Example Achilles tendon and calcaneus meshed model
in FEBIo (right).

Finite Element Analysis

The Achilles tendon and calcaneus segments were imported into FEBio software
[117], where the included tetgen function (tetgen.berlio.de) was used to create tetrahedral
meshes for each object. Material properties for the segments were selected from literature
of cadaveric Achilles tendons [119] and have previously been used in FE analysis
[79,118] (Table 5.2). The calcaneus was modeled as a rigid body. An additional rigid
body segment was created and attached to the proximal surface of the Achilles tendon,

emulating a clamp, similar to what may be used in cadaveric studies [120]. This proximal
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rigid body was created to apply rotations and Achilles tendon force to the proximal area

of the Achilles tendon.

Table 5.2. Model and material properties for the Achilles and calcaneus segments.
Elements, faces, and nodes of the Achilles tendon segment are presented as mean +
standard deviation of each subjects’ individual model.

Calcaneus Young’s Modulus 7300
Calcaneus Poisson’s Ratio 0.3
Calcaneus Material Rigid Body
Achilles Tendon Young’s Modulus (MPa) 819
Achilles Tendon Poisson’s Ratio 0.4
Achilles Tendon Material Neo-Hookean
Elements 4159 + 778
Faces 2830 = 525
Nodes 1445 + 254

The boundary conditions for the model were assigned based on the calculated
global rearfoot and shank rotations, and Achilles tendon force. The three-dimensional
rotation angles of the calcaneus segment (rearfoot), shank tracking system rotations, and
Achilles tendon force at peak eversion and peak Achilles tendon force were used to
simulate Achilles tendon stress at these two time points. The displacement in the x-y-z
directions of the calcaneus were fixed, as well as the x-y displacements of the proximal
rigid body. The z-displacement of the proximal rigid body was left free to allow for the
tendon to exhibit stretch, as the gastrocnemius and soleus muscles would typically
contract during stance, during the simulation. Data to define the motion of the Achilles
tendon was not collected, and an assumption was made that the Achilles tendon rotation
would follow that of an assumed rigid body shank segment. Therefore, three-dimensional
rotation of the shank tracking system was used to define the rotation of the proximal rigid
body fixed to the proximal surface of the Achilles tendon. In addition, Achilles tendon

force was applied as a z-force to the proximal rigid body.
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The area of peak von Mises stress was extracted from the simulation results. Only
the area from 2 — 6 cm from the distal Achilles tendon insertion was considered, as this
area of tendon has been found to be the area of tendon that is most frequently injured
[33]. The width and length location of the peak stress area was measured from the lateral
edge of the tendon and from the bottom of the insertion. The measured length and width
were normalized to tendon length and width, with 6 cm from Achilles insertion
considered 100% of tendon length. Because the Achilles tendon width is not consistent
throughout the length of the tendon, the width of the tendon was measured every
centimeter in the range of tendon length from 2 — 6 cm from the distal insertion. The
measured width at peak stress was then normalized to the width at the measured section
of tendon length, with 0% corresponding to the most lateral edge of the tendon, and
100% corresponding to the most medial edge of the tendon. For example, if peak stress
were measured at a tendon length of 5 cm from the insertion, the measured width would
be normalized to the width of the tendon at 5 cm. This process was repeated for peak
eversion and peak Achilles tendon force time points during stance, for each step rate

condition, for each of the six subjects.

Cross Sectional Area Analysis

Cross sectional area of each subjects’ Achilles tendon determined from the
segmented geometry was used to calculate a second measure of Achilles tendon stress.
Achilles tendon stress was calculated using peak Achilles tendon force divided by CSA.

Achilles tendon stress was calculated at each centimeter of tendon length from 2 — 6 cm
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from the distal insertion. In addition, average CSA was calculated in the range of 2 - 6

cm from the insertion and used to calculate Achilles tendon stress with average CSA.

Statistical Analysis

Repeated measures analyses of variance (ANOVA) (a = 0.05) were used to
evaluate differences in Achilles tendon stress, locations of stress, peak Achilles tendon
force, peak vertical, propulsive, and braking GRFs, and peak rearfoot angles. If the
assumption of sphericity was violated, a Greenhouse-Geisser correction was used. In the
case of a significant main effect, a Bonferroni correction was used in post-hoc analysis to
determine significant differences between conditions. Statistical analyses were performed

in SPSS v27 (IBM SPSS Statistics, Chicago, IL).

Results
Kinematic and Kinetic Results

Peak discrete variables are presented in Table 5.3. Peak rearfoot dorsiflexion
angle was significantly reduced (F (2, 10) = 7.25, p = 0.011) in the +5% (p = 0.018) and
+10% (p = 0.048) conditions compared to the preferred condition. There was no
significant difference between the +5% and +10% conditions (p = 0.872) (Figure 5.2). No
significant differences were observed with increasing step rate for peak rearfoot eversion
(F (2,10) =2.62, p=0.121) (Figure 5.3) or peak tibial internal rotation (rearfoot

transverse plane motion) (F (2, 10) = 1.78, p = 0.219).
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Table 5.3. Average (n = 6) peak rearfoot angles (degrees), peak tibial internal rotation

(degrees), peak Achilles tendon force (BW), peak vertical ground reaction force (GRF),

peak propulsive GRF, and peak braking GRF (BW) for the preferred, +5%, and +10%

step rate conditions.

Preferred Step +5% Step +10% Step
Rate Rate Rate

Peak Dorsiflexion 19.18 £ 4.25 17.23 £5.11* 17.16 £ 5.79*
Peak Eversion 9.92 +2.38 8.59 + 3.49 6.84 +5.44
Peak Internal Rotation 7.82+7.45 4.33+9.93 7.39 + 6.58
Peak Achilles Tendon Force 5.59 + 1.07 5.63+1.12 5,54 +1.20
Peak Vertical GRF 2.60 +0.23 2.68 £0.24 2.67 +0.27
Peak Propulsive GRF 0.26 +0.03 0.27 £ 0.04 0.27 +0.05
Peak Braking GRF 0.31 £0.07 0.30 £ 0.05 0.30 £0.05

* indicates significant difference from the preferred condition; # indicates significant
difference from the +5% condition (p < 0.05).
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Figure 5.2. Average rearfoot sagittal plane angle across stance phase (solid) + standard
deviation (shaded). Preferred condition displayed in black, +5% in red, and +10% in blue.
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Figure 5.3. Average rearfoot frontal plane angle across stance phase (solid) * standard
deviation (shaded). Preferred condition displayed in black, +5% in red, +10% in blue. Inversion
(+), Eversion (-).

Peak Achilles tendon force was also not significantly different between step rate
conditions (F (1.09, 5.44) = 0.20, p = 0.822). No significant differences were observed

for any peak GRF variables between conditions (p > 0.05).

Finite Element Analysis Results

Finite element analysis results revealed no significant differences in Achilles
tendon stress with increased step rate at peak eversion (F (1.10, 5.51) = 1.26, p = 0.315)
or peak Achilles tendon force (F (1.05, 5.25) = 1.17, p = 0.330) (Table 5.4). Similarly, no
significant differences were observed in locations of peak stress for either time point (p >
0.05). Individual subject peak Achilles tendon stress responses to increased step rate

conditions are displayed in Figure 5.4.
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Table 5.4. Average (n = 6) peak Achilles tendon stress at peak eversion and peak
tendon force, and width and length locations (% of tendon length) of peak stress from
finite element analysis.

Preferred Step +5% Step +10% Step Rate
Rate Rate
Peak Stress at Peak 71.19 £21.33 77.47 £17.25 81.51 + 16.98

Eversion

Width Location at Peak 78.64 £ 14.84 71.71 £13.74 74.50 £ 10.58

Eversion
Length Location at Peak 51.02 + 8.61 50.46 + 6.82 52.62 +5.95
Eversion
Peak Stress at Peak 75.17 + 19.86 81.25+16.84 83.40 + 18.31
Force

Width Location at Peak 77.21 +16.44 77.24 + 16.67 74.24 +12.43
Force

Length Location at Peak 48.44 +£5.36 48.25+£9.81 51.29 +6.79
Force

* indicates significant difference from the preferred condition; # indicates significant
difference from the +5% condition (p < 0.05). Width and length locations given as %
of tendon length, with 0% = 0 cm at insertion of Achilles tendon on calcaneus, and
100% = 6 cm from Achilles tendon insertion. Width values are with respect to tendon
width at the measured tendon length, with 0% = most lateral edge of tendon, and 100%
= most medial edge of tendon at given length.
Cross Sectional Area Analysis Results
Using CSA to calculate Achilles tendon stress revealed no significant differences
between step rate conditions at any length of the tendon (p > 0.05) (Table 5.5) (Figure
5.5). In addition, Achilles tendon stress calculated using average CSA between 2 — 6 cm

of tendon length (from the Achilles tendon insertion) did not reveal any significant

differences between step rate conditions.
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Figure 5.4. Individual subject peak Achilles tendon stress (MPa) in the preferred, +5%, and
+10% step rate conditions calculated from finite element analysis, at time of peak eversion.
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Figure 5.5. Average Achilles tendon stress (solid) + standard deviation (shaded) across
length of tendon from 2 — 10 cm from distal tendon insertion, as percentage of tendon
length. Preferred condition displayed in black, +5% in red, +10% in blue.
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Table 5.5. Average (n = 6) Achilles tendon stress (MPa) calculated at cross sectional
areas (CSA) from 2 — 6 cm, measured from the distal Achilles tendon insertion, and
calculated from average cross sectional area (Avg CSA) for 2 — 6 cm for the preferred,
+5%, and +10% step rate conditions, and cross sectional area (mm?) at each interval.

CSA Preferred Step +5% Step Rate +10% Step
Rate Rate
2cm 92.99 +18.51 36.94 +£10.85 37.43+12.19 36.96 + 13.02
3cm 71.49 £17.63 49.37 +17.22 50.13 + 18.64 49.77 + 19.54
4 cm 65.50 £ 19.92 54.07 £ 15.85 54,95+ 17.29 54.56 + 18.18
5cm 63.68 £+ 20.27 56.35 + 18.41 57.29 +19.88 56.88 +20.70
6 cm 60.03 £ 20.19 61.09 + 23.25 61.97 + 24.15 61.59+ 25.18
Avg CSA  63.68 £ 20.59 56.61 + 19.09 57.50 +20.29 56.88 £ 21.51

* indicates significant difference from the preferred condition; * indicates significant
difference from the +5% condition (p < 0.05).

Discussion

The purpose of this study was to evaluate the effects of increasing step rate during

running on Achilles tendon stress in runners with current Achilles tendon pain using

subject-specific FE models and measured CSA. Increasing step rate did not have any

significant effect on altering Achilles tendon stress in this group of injured runners in

either the FE or CSA analysis. The FE analysis revealed no significant differences in

peak Achilles tendon stress at the time points of peak eversion and peak Achilles tendon

force, and there were no significant differences in the area of peak stress at either time

point. Although non-significant, on average, peak Achilles tendon stress showed a trend

to increase with the increased step rate conditions. This was unexpected, as a previous

study reported a decrease in Achilles tendon stress with a 5% increase in step rate [75].

Similar results were observed in the CSA analysis, with either slight increases in Achilles

tendon stress, or little change in stress, between the preferred and increased step rate

conditions. However, peak Achilles tendon stress levels were higher in the FE analysis

compared to all tendon locations in the CSA analysis. Other studies using methods of
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CSA and Achilles tendon force analysis, similar to the CSA analysis in the present study,
have reported values of peak Achilles tendon stress near 57 — 97 MPa [75,77,154,158].
The results from the present CSA analysis fit well within this range, and although on the
higher end, the FE results are also in this range.

Individual subject responses did not show a consistent trend of increasing with the
increased step rate conditions. Two subjects displayed approximately 95% and 57%
increases in peak Achilles tendon stress from the preferred to +10% step rate conditions,
with one other subject showing a 9% increase from the preferred to +10% step rate
condition. The remaining three subjects all showed decreases in Achilles tendon stress
from the preferred to +10% conditions ranging from 6 — 12%. It is unknown if the large
increases in Achilles tendon stress observed from two of the subjects are accurate
representations of changes in Achilles tendon stress with step rate, as these same subjects
did not display the same patterns in stress with increased step rate in the CSA analysis. In
the CSA analysis, one of these subjects displayed a 15% decrease in Achilles tendon
stress with the increased step rate, and the other showed only a 10% increase in Achilles
tendon stress with increased step rate. For the remaining subjects, the same trends in
either increasing or decreasing Achilles tendon stress with increased step rate were
observed; however, the percent changes were less pronounced. For example, the three
subjects who displayed decreases in Achilles tendon stress with increased step rate in the
FE analysis only showed decreases of 0.76 — 3.5% in the CSA analysis, as opposed to a 6
— 12% decrease.

Larger changes in Achilles tendon stress and higher values of stress observed in

FE analysis could be a result of including rotational elements into the model. It has

86



previously been noted that Achilles tendon stress may be affected by calcaneal angle
[76], which could indicate how including the movement of components attached to the
Achilles tendon contribute to stress in the tendon. The present model included rotational
components at both the distal and proximal ends of the tendon. However, the proximal
rotations may not have been representative of how the Achilles tendon moves during
running, as it was assumed rotation of the tendon would follow that of a rigid body shank
segment. Another factor which could contribute to the values observed in this study is the
vertical displacement of the proximal portion of the tendon. The vertical displacement of
the rigid body attached to the proximal surface of the tendon was left free to allow the
tendon to stretch as it would with muscular contraction from the triceps surae muscle
group. Previous research has reported Achilles tendon displacement during the first half
of stance during running to be approximately 6 mm [121]. The vertical displacement of
the nodes near the proximal portion of the Achilles tendon in this model showed an
average displacement of approximately 5.7 mm, which generally agrees with the findings
from Farris and colleagues. However, this displacement may not have truly represented
stretch and displacement in the tendon, so the accuracy of this component of the model is
unknown. In addition, the x and y displacement components of the proximal rigid body
and the calcaneus were fixed, and this could also restrict the naturally occurring tendon
stretch and movement.

Achilles tendon stress was observed to increase with decreasing CSA, as would
be expected [161]. The smallest CSA, and corresponding region with largest stress, was
found to be around 6 cm of tendon length from the distal insertion, which previous

literature has reported as the narrowest portion of the Achilles tendon [169]. The location
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of peak stress observed in the FE analysis tended to be more distal on the tendon, with an
average location corresponding to near 3 cm of tendon length from the distal insertion. In
addition, the average width location placed peak Achilles tendon stress between the
center and medial side of the tendon. Previous research has indicated the area most
common to Achilles tendon injuries is in the range of 2 — 6 cm of tendon length from the
distal insertion, agreeing with the findings in this study. Unfortunately, no previous
literature reports the width location of peak Achilles tendon stress, so the present values
are not able to be compared with previous findings.

Peak dorsiflexion angle was observed to significantly decrease with increasing
step rate. This finding agrees well with previous literature as a 10% increase in step rate
has been reported to decrease peak ankle dorsiflexion by 2 — 2.5 degrees compared to
preferred step rate [132,139,140], which is similar to the present results. A significant
decrease in peak eversion was not found in this sample of runners; however, on average,
peak eversion decreased from the preferred to +10% condition by nearly 3 degrees.
Previous research has also shown a trend for decreasing peak eversion [70,141], or a
significant decrease [160], with an increase in step rate. The sample size of the present
study was small, and while some subjects displayed marked decreases in peak eversion
with the increased step rate conditions, one showed little change, and another showed a
slight increase, making it difficult to observe significant differences overall.

Unexpectedly, no significant differences were observed in any GRF variables, or
peak Achilles tendon force with increased step rate. Previous investigations evaluating
GRF variables with step rate interventions have found decreases in peak vertical GRF

between 2.6 — 3.5% [139,144,160] and decreases in peak braking forces between 5.5 —
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9% with increased step rate [139,145,160]. Although non-significant, in the present study
peak vertical GRF and peak propulsive GRF were found to increase by approximately
3%, while peak braking GRF decreased near 3%. Similar to the previous observations in
this study, individual subject responses were variable and did not follow a systematic
trend. Peak Achilles tendon force was not significantly different between conditions, with
a slight increase from preferred observed in the +5% condition, and slight decrease in the
+10% condition. One study reported a decrease in Achilles tendon force with a 5%
increase in step rate [75]. Although not manipulating step rate directly, a previous
investigation into differences between overground and treadmill running found increased
step rates when running on a treadmill in tandem with an increased Achilles tendon force
in treadmill running [170]. The results from the present study cannot confirm or refute
either of these previous investigations, as we observed both an increase and decrease in
peak Achilles tendon force, depending on the percentage increase in step rate, and neither
change was significant. Other investigations have evaluated changes in foot strike pattern
from a rearfoot strike to a forefoot strike on Achilles tendon force, and have found a
forefoot strike pattern tends to increase Achilles tendon force [75,108,154,157,158].
Forefoot strike patterns have been shown to decrease step length, thereby increasing step
rate [171,172], and therefore, it is feasible that an intervention aimed at increasing step
rate may increase Achilles tendon force if runners were to switch to a forefoot strike

pattern.
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Limitations

This study had many limitations that make drawing conclusions from the present
results difficult. In addition to those mentioned previously throughout the discussion, the
model created for the FE analysis likely did not have the appropriate boundary conditions
to fully capture Achilles tendon stress during running. Taking measures of Achilles
tendon motion, either using dynamic ultrasound or tracking surface markers on the
tendon for motion capture, would make the model more mimetic of anatomical function.
This model also did not consider the Achilles sub-tendons and how force may not be
applied uniformly through the tendon as a result of the twisted tendon structure [27,165].
The Achilles was modeled using a neo-Hookean material, consistent throughout the
length of the tendon, but tendon material properties may differ throughout its length
[119,166]. The Achilles tendon moment arm was estimated using a standard equation;
however, it may not represent the actual Achilles tendon moment arm for the individuals
in this study. The Achilles tendon force was also assumed to be represented by the
estimated moment arm and plantar flexor moment, and did not consider how antagonistic
co-contraction may affect Achilles tendon force [167]. Finally, this study had a small
sample size (n=6), with recruitment restricted to runners who had a current mid-portion
Achilles tendon injury. The scope of recruitment was further restricted due to the cost of
providing an MRI for each subject, and the time needed to create individual models for
each subject. The small sample made observing real chang9es in the group data difficult,

as one subject’s data could have greater effects on swaying the results.
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Conclusion

The results from this study do not lead to a clear conclusion regarding how
increasing step rate affects Achilles tendon stress in runners with Achilles tendon injury.
On average, Achilles tendon stress was increased with increased step rate; however,
subject-specific responses offered a less clear picture, as not all subjects showed an
increase in stress with increased step rate. In addition, no significant differences in
Achilles tendon stress were observed between step rate conditions using FE analysis with
subject-specific models, or CSA analysis. A larger sample size, and a FE model with
more realistic boundary conditions should enable a better picture of how the Achilles
tendon is affected by increasing step rate, but at this time, it is still unclear how

increasing step rate affects Achilles tendon stress.
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CHAPTER VI

CONCLUSION

Summary of Results and Findings

This dissertation sought to further explore the relationship between rearfoot
kinematics, Achilles tendon stress, and step rate modifications during running in both
healthy and injured runners. Previous research has indicated a potential mechanism for
development of Achilles tendinopathy to be the coupled actions of rearfoot eversion and
tibial rotation, which could cause damage to the tendinous structure with repeated
cyclical loading and inadequate recovery time [16]. With the advent and popularity of
gait retraining in the rehabilitation, or possible injury prevention, of other RRIs, a need
arose to explore the use of gait retraining as a possible tool to decrease risk or aid in
recovery of Achilles tendon overuse injuries in runners. Increasing step rate was chosen
as a gait retraining intervention to explore because it is easy to implement, affects
kinematic and kinetic changes throughout the lower limbs, and has preliminarily been
shown to decrease stress in the Achilles tendon [75]. Previously, there was little research
available regarding how changes in step rate affect non-sagittal plane motion at the
rearfoot. In addition, Achilles tendon stress has primarily been calculated using methods
of cross sectional area and Achilles tendon force, neglecting other possible contributors
to stress in the tendon, such as rotational elements from proximal and distal components
attached to the tendon. To address these gaps, a simple step rate protocol was used to test
the acute effects of increasing step rate on rearfoot kinematics in healthy runners. These
data were then used in a generic finite element model which employed proximal and

distal kinematics of the structures attached to the Achilles tendon to evaluate stress in the
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Achilles tendon with the increased step rate conditions. Finally, subject-specific models
were created for runners with current Achilles tendon pain to assess the effects of
increased step rate on Achilles tendon stress in injured runners.

Chapter 111 revealed increasing step rate significantly decreased peak rearfoot
sagittal and frontal plane angles, and peak tibial internal rotation angle. In addition, peak
vertical ground reaction force and braking force were significantly reduced, confirming
our hypotheses. The results from this study agreed with previous research, which has
shown increasing step rate significantly decreases peak dorsiflexion angle and peak
ground reaction forces during stance [53,132,139,140,144,145]. Previous research has
shown inconclusive results for the effects of increasing step rate on frontal plane rearfoot
motion, with non-significant decreases in rearfoot eversion observed [70]. In addition,
there has previously been few studies evaluating tibial rotation with increasing step rate
protocols. The results from the present study filled the gap for this previously lacking
data regarding non-sagittal plane rearfoot motion, and tibial rotation, alterations in
response to increased step rate. These findings support further exploring if increasing step
rate affects Achilles tendon stress, as peak ground reaction forces and rearfoot angles
were significantly reduced.

Chapter IV utilized a finite element model created from a healthy, active 30-year-
old male subject to use with the kinematic and kinetic data collected in Chapter Il to
estimate stress in the Achilles tendon under different step rate conditions. The results
from this study were conflicting, as the finite element model analysis showed an increase
in stress in the Achilles tendon with an increase in step rate, but the cross sectional area

analysis showed decreases in Achilles tendon stress with the increased step rate
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conditions. Peak stress in the Achilles tendon region from 2 — 6 cm from the tendon
insertion ranged from approximately 76 — 81 MPa in the finite element analysis. Previous
research evaluating Achilles tendon stress during hopping using a finite element approach
found peak Achilles tendon stress values near 50 MPa [80]. However, the cross sectional
area analysis approach revealed peak Achilles tendon stress to be in the range from
approximately 37 — 65 MPa, aligning better with previous research. Previous
investigations using a similar method with cross sectional area to estimate Achilles
tendon stress have found peak stress values near 57 — 97 MPa during running
[75,77,158]. These previous investigations using cross sectional area and Achilles tendon
force to estimate Achilles tendon stress also align better with the findings for peak stress
from the finite element analysis in the present study.

The finite element model may have been under constrained to fully represent how
the Achilles tendon would behave, and the model was non-subject-specific, leading to
possible inaccuracy. Although the cross sectional area analysis showed a decrease in
stress with increased step rate, the cross sectional area used was also not specific to each
subject and did not account for contributors to stress other than Achilles tendon force.
There were also no significant changes observed in the location of peak stress with the
increase in step rate in the finite element analysis. Although non-significant, there did
appear to be a shift of the location of peak Achilles tendon stress from the medial side of
the tendon towards the center of the tendon with the increased step rate conditions,
adding support to previous research which has shown changing calcaneus angle from an
everted to inverted position shifts Achilles tendon strain from the medial to lateral side

[76]. We had hypothesized if there were alterations in rearfoot kinematics, the location of
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stress within the Achilles tendon would be modified. This hypothesis was not supported,
as the location of peak stress within the tendon remained relatively unchanged.

Finally, Chapter VV combined methods from Chapters 111 and 1V, but recruited
runners with current Achilles tendon pain, and created finite element models specific to
each subject. The results from this study revealed non-significant increases in Achilles
tendon stress, or no change in stress, with the increased step rate conditions. Although the
finite element model and the cross sectional areas used were specific to each subject,
there was a fair amount of subject variability. While some subjects did increase Achilles
tendon stress with increased step rate, others displayed decreases in stress, and these
changes were inconsistent between the finite element results and cross sectional area
results. Compared to the results from Chapter 1V, peak Achilles tendon stress was
similar, with values between 71 — 83 MPa, where values in Chapter IV were near 76 — 81
MPa. Peak stress values from cross sectional area analysis were also similar between the
two investigations, with values in Chapter V between 36 — 62 MPa, compared to 37 — 65
MPa. Despite using subject specific models in the present study, peak Achilles tendon
stress values from both finite element analysis and cross sectional area analysis were
similar to the results from using a generic model.

Although the slight increase in Achilles tendon stress with increased step rate, or
no change in stress, was unexpected, it could be due to the small sample of runners used,
and the need to better constrain the finite element model to represent dynamic tendon
motion. However, these results may highlight the necessity for subject-specific
rehabilitation protocols, as some runners may benefit from an increased step rate

program, while others may find it more detrimental to Achilles tendon health. In addition,
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no significant changes were observed in the location of peak Achilles tendon stress in the
finite element model with the increase in step rate.

Taken together, the results from this dissertation revealed increasing step rate
successfully alters rearfoot kinematics during running. Although the decrease in peak
eversion observed in the sample of runners from Chapter V was non-significant, there
was an overall larger change in peak eversion angle in the injured runners compared to
the significant decrease in peak eversion angle observed in the healthy runner sample in
Chapter I11. Although kinematics appear to be successfully modified, the results
regarding Achilles tendon stress are less clear. An under constrained finite element model
in both Chapter IV and V may have contributed to increases in peak Achilles tendon
stress with increased step rate, although not significantly. Cross sectional area analysis
also delivered contradictory findings between studies. Chapter IV results displayed
decreases in peak Achilles tendon stress using cross sectional area and Achilles tendon
force with increased step rate, while Chapter V echoed the findings of the finite element
analysis for an increase in stress with increased step rate. It is challenging to determine
how best to interpret these findings, as the finite element analysis in Chapter IV suffered
from non-subject specificity, and the Chapter V analysis was influenced by great
variation between subject responses. At present, a recommendation for increasing step
rate as a tool to decrease risk for Achilles tendon injury, or rehabilitation from injury,
cannot be provided with confidence. However, these findings do highlight the need to
further explore subject-specific responses to increased step rate on Achilles tendon stress,
especially in runners with current Achilles tendon injury. While the healthy runners in

Chapter 111 primarily decreased Achilles tendon loads with the increased step rate
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conditions, the runners with Achilles tendon injury in Chapter V had a more varied
response. This finding could point to avenues to explore for why some runners may be

more susceptible to Achilles tendon injury than others.

Limitations

This dissertation experienced limitations that likely confounded the observed
results. Beginning with Chapter I11, a major limiting factor in this study and its
applicability was not screening for runners who had a lower starting step rate. The
runners in this sample had average step rates, with some runner’s 10% increase in step
rates being higher than would be feasible for normal, daily running. Many of the
significant changes observed in this study occurred at the +10% step rate, and therefore
may not be realistic to interpret, as these step rates would not likely be adopted, or
recommended, for these runners. This limitation may mask applicability from this study
and recruiting runners with lower step rates could have been more beneficial for making
recommendations to clinicians or runners about the utility of increasing step rate to alter
rearfoot kinematics.

In Chapters IV and V, the main limitations relate to the finite element model.
First, the model was simplified to only included the calcaneus and Achilles tendon.
Muscles surrounding the tendon, namely the triceps surae muscle group, influence the
lengthening of the Achilles tendon. In addition, adding other structures to the model
could enable a more holistic picture of a full foot strike during running, and allow for
other motion and forces to be included. The model was further simplified to not include

the Achilles sub-tendons, which may result in force not being applied uniformly through
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the tendon, nor does it consider that sliding between Achilles sub-tendons could
contribute to stress in the tendon. Additionally, the Achilles tendon material properties
were simplified. A single material was used to represent the entire length of the tendon;
but the Achilles tendon may be anisotropic and display varying material properties from
the distal to proximal end.

Further, calculation of the Achilles tendon moment arm was done through a
regression equation, which may not represent the true moment arm for individual
subjects. The Achilles tendon force was calculated using this moment arm and the plantar
flexor moment. This force was assumed to represent Achilles tendon force and did not
take into account potential antagonistic co-contraction. In addition, this force was
assumed to fully transmit to the Achilles tendon, but other structures surrounding the
tendon could either contribute to or offload some of this force. Finally, only two time
points were analyzed in the finite element model. The complexity of the running motion
made it difficult to represent a full stance phase during running, and therefore only the
time points of peak eversion and peak Achilles tendon force were analyzed.

The boundary conditions prescribed for the finite element model were simplified
to allow the model to converge. Displacements of the calcaneus in the x-y-z directions
were fixed, and only rotations considered. The proximal rigid object was a major
limitation to the study, as this does not accurately represent a normal attachment of the
proximal Achilles tendon. This rigid object was included to prescribe proximal rotations
to the model, and for uniform proximal application of the Achilles tendon force. The
rotations of the proximal object were given those of the shank segment as it was assumed

the tendon would move with the entire shank rigid body segment. This may not
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adequately represent how the Achilles tendon moves naturally. The x-y displacements of
the proximal object were fixed, but the z-displacement was given a fixed value of 6 mm,
based on previous literature evaluating Achilles tendon displacement during the stance
phase of running [121]. However, this displacement was not specific to each subject. In
Chapter V, this displacement was left free to allow for tendon lengthening based on the
subject-specific model and individual kinematics, but this may also not have been
representative of true tendon motion.

Limitations specific to Chapter 1V included the use of a non-subject specific
model and cross-sectional area. The goal of this chapter was to provide a general view of
how a group of healthy runners’ Achilles tendon stress responded to increases in step
rate; however, not using models specific to each subject may provide an unrealistic
picture. In addition, not using subject-specific cross-sectional area sheds little light on
how an individual subject may respond to the changing step rate conditions and relies
only on the calculated Achilles tendon force to show differences.

In Chapter V, many of the same limitations discussed previously were still
present. The subjects in this study self-reported their Achilles tendon pain, and only one
had received a clinical diagnosis from a previous MRI scan. The extent of Achilles
tendon injury in these subjects is therefore unknown and may have influenced the results.
The MRI protocol position each subject’s ankle in a neutral, unweighted position, and
although this is common to MRI protocols, it could have made the models appear to have
more plantar flexion. Taking more MRI images of subjects’ ankles in a variety of

positions could have allowed for moment arms to be measured for each subject based on

99



ankle angle, giving a more accurate value to use for each subject’s Achilles tendon
moment arm.

Limitations pertinent to all the data collected in this study relate to the running
protocol being performed on the treadmill. There may be kinematic and kinetic
differences between overground and treadmill running, reducing the translation of these
results to overground running. In addition, running on treadmills may inflate step rate,
and causing subjects’ preferred step rate to be higher than normal, and may have elevated
the calculations for the increased step rate conditions. Finally, this study evaluated the
variables in an acute response to increasing step rate. It is unknown if these findings

would be observed over a long-term intervention.

Recommendations for Future Work

This dissertation opens avenues for many different research paths. Using step rate
as an intervention in Achilles tendon injuries has been largely unexplored, and there is a
need for alternate avenues of rehabilitation, and methods to decrease injury risk, for
runners with Achilles tendon injuries. Future research should first look to verify the
effects of increasing step rate on rearfoot and tibial motion. It would be sensible to recruit
subjects with lower step rates, as these runners may experience the most benefit, and
display greater effects, to an increased step rate protocol. Long term interventions are
also needed to assess if changes in kinematics or kinetics stand over time. If long term
interventions are employed, measures of Achilles tendon morphological properties and

strength should be taken, as these would help determine if positive adaptations can occur
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to the Achilles tendon structure with increased step rate. Future studies should also
perform protocols overground to increase applicability to more runners.

Future work in the finite element space is needed, as this method can allow for a
more robust picture of stress in the Achilles tendon and where this stress is occurring.
This method also allows for many different boundary conditions to be applied to
represent contributors to stress in the tendon. The current model was likely under
constrained and was not able to fully represent Achilles tendon motion during running.
Further developing the model to allow a more realistic representation of tendon motion
will greatly advance conclusions that can be drawn from a similar study. This could be
done by collecting data of the Achilles tendon displacement during running, through
ultrasound or placing markers directly on the tendon for motion capture. Adding a better
option for a proximal attachment of the Achilles tendon in the FE model is likely also
needed to allow for Achilles tendon force and proximal motion to be described
thoroughly. Finally, adding more segments to the model, such as the tibia and other foot
bones, is likely necessary to allow for displacement of segments and other forces to be
fully depicted.

Improving the calculation of Achilles tendon force, using electromyography and
musculoskeletal models, could improve the accuracy of the Achilles tendon force. This
would also eliminate the need to use the Achilles tendon moment arm for deriving the
Achilles tendon force. Prescribing more appropriate material properties to the Achilles
tendon to better represent its function is paramount and adding the Achilles sub-tendons

would greatly improve the strength of the model.
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Finally, including more runners with Achilles tendon injuries to test the effects of
increasing step rate on Achilles tendon stress is needed, as the small sample used in the
present study did not allow for conclusions to be drawn. In addition, recruiting runners
with diagnosed Achilles tendon injury, rather than self-reported pain, could decrease
variability in the sample. Pursuing these future research areas will allow for
recommendations to be made regarding the practicality of using a step rate intervention in
the treatment of runners with Achilles tendinopathy, or a way to decrease the risk of

Achilles tendon injury.
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