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Hamstring strain injuries (HSI) are the most diagnosed musculoskeletal injury among elite
international track & field athletes. HSIs appear to occur most often during terminal swing phase
of sprinting, placing track & field sprinters and jumpers at high risk of musculoskeletal injury.
Repetitive uninterrupted bouts of eccentric loading movements, such as sprinting, can develop
sites of microscopic damage within muscle fibers, acting as the origin of future muscular injury.
It is unknown if the microscopic damage, occurring from repetitive sprinting movements, can be
quantifiable via imaging technologies.

Ultrasound shearwave elastography (SWE) is new imaging tool used to evaluate muscular
tissue in vivo. However, the financial burden of this equipment can leave research labs with only
a single machine, potentially limiting data collections and the ability to efficiently process data.
Development of a custom SWE image processing algorithm will allow for data processing to be
completed away from the ultrasound machine, resulting in the ability to perform more data
collections. The purpose of this thesis is to develop and validate a custom image processing
code and then implement that code to process a pre-existing dataset.

Our custom image processing algorithm was validated successfully against the ultrasound
machine in muscle, tendon, and ligament tissues, yielding excellent inter-day intraclass

correlation coefficient (ICC) reliability values and excellent standard error measurement (SEM)



values. We reported ICC (SEM) values of 0.999 (0.01 kPa), 0.999 (0.22 kPa), and 0.998 (0.46
kPa) for muscle, tendon, and ligament, respectively.

Validated custom image processing algorithm was applied to a pre-existing dataset tracking
hamstring muscle stiffness of track & field athletes. An outlier analysis revealed one participant
suffered a grade | HSI, 55.69 kPa, 5.45 standard deviations above the mean. Ten more outlier
data points were reported ranging 2.1-4.86 standard deviations above the mean values; however,
these ten data points did not result in a diagnosed muscular injury.

This thesis successfully created a custom SWE image processing algorithm that can be
utilized to assess stiffness in muscle, tendon, or ligament tissue Our preliminary results reveal
we can quantify and track changes in muscle material properties and regular monitoring of
athletes can help identify those individuals at risk of muscular strain via SWE stiffness

assessment.
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Chapter I. Introduction

Among elite track & field athletes, musculoskeletal thigh injuries are the most common
injury type, accounting for 52.9% of all reported muscle injuries during elite international
athletics over an eight year period (Edouard et al., 2016). During international track & field
competitions hamstring strain injury (HSI) is the most documented injury, accounting for 15.7%
of all injuries (Alonso et al., 2012; Crema et al., 2018; Edouard et al., 2016). Hamstring muscles
experience large amounts of re-injury also. Re-injury rates, reported by the Australian Football
League (AFL), indicate injury recurrences reached as high as 26% for HSIs (J. W. Orchard et al.,
2013). Epidemiological data from professional European footballers reported 13% of
documented hamstring strains ended up being identical injury recurrences within 2 months of
initial return to play (Ekstrand, Waldén, et al., 2016). High rates of recurrent injuries are also
causing increased time missed from trainings and competitions; HSIs resulted in an average of
21 missed matchers per club per season during 3 AFL seasons (J. Orchard & Best, 2002). The
amount of time missed due to HSIs has financial implications among sports also. A time-loss
duration of only 14 days, on average, can be as costly as 250,000 euros and $96,000 per HSI for
professional European Football and the National Football League, respectively (Ekstrand,
Waldén, et al., 2016; Elliott et al., 2011).

Exact injury mechanics of HSIs vary within research literature. The consensus among
researchers is that HSIs are acute in nature and result from large force magnitudes. In contrast, it
has been postulated that the initial event that may lead to a muscle strain injury is caused by
microscopic damage to muscle fibers (Friden et al., 1983; Wood et al., 1993). Previous research
in-situ animals suggest that muscles stretched to only 30% of their maximum length causes strain

to the muscle that is equal to a clinically diagnosed “low grade” muscular strain (Noonan et al.,



1994). In the same study, passive stretch of muscle fibers can lead to insufficient energy
absorption capabilities or small structural defects (weak points) within the muscle (Noonan et al.,
1994). Itis also hypothesized that recurrent performance of eccentric contractions of the
hamstring group, i.e. sprinting during training/practice and competition or any sporting event that
requires repetitive explosive running, may result in multiple areas of microscopic damage in the
hamstrings (C. L. Brockett et al., 2001; Clark, 2008). Research literature suggests HSIs occur
during the terminal swing phase of the sprinting gait cycle (Heiderscheit et al., 2005; Schache et
al., 2009, 2012; Thelen, Chumanov, Best, et al., 2005). Cause of damage appears to be a result
of non-uniform lengthening of sarcomeres and the amount of active strain these muscle fibers
accumulate during repetitive eccentric contractions (Lieber & Fridén, 1993; Morgan, 1990).
Previous research found that increasing amounts of accumulated active muscle strain, from
repetitive eccentric contraction, causes HSIs (Garrett, 1990). Continued repetitive eccentric
loading to the sites of disrupted fibers act as a focal point for future damage, potentially lead to a
more severe strain injury (Proske & Morgan, 2001).

We postulate that the accumulated microscopic damage caused from repetitive eccentric
loading may be quantifiable with advancements in imaging technology. Considering the high
injury prevalence, increased re-injury rates, time missed from trainings and competitions, and the
substantial financial burden associated with HSIs, clinicians and researchers should be focused
on identifying an athlete’s potential for injury. Research exists showing ultrasound B-mode
imaging to be as useful as MRI in assessment of hamstring muscle strains lesions (Connell et al.,
2004). However, B-mode imaging is limited by its inability to quantify the microscopic changes

occurring within musculoskeletal tissue. Development of protocols allowing researchers and



clinicians to assess musculoskeletal structure changes on a localized level is an important area
for future research.

Shear wave elastography (SWE) shows promise in allowing clinicians and researchers to
assess microscopic alterations in skeletal muscle. SWE has the potential to help improve
diagnosis, treatment, and investigation into injury mechanisms of skeletal muscle (Yoshitake et
al., 2014). A study conducted by Yoshitake et al., 2014 showed the capability to consistently
measure shear elastic modulus of muscle between trials and between days, reporting intra-class
correlational values as high as 0.978 and 0.948, respectively. It should be noted, processing of
shear modulus to determine mean stiffness values was performed using the built-in Q-box
software on the ultrasound machine (Nordez & Hug, 2010; Yoshitake et al., 2014). However,
the Q-box software limited researchers in their selection of region of interest dimensions,
restricted region of interest shape to a circle, and only allowed for a maximum of three regions of
interest to be analyzed per SWE image. These factors may become problematic for researchers
imaging soft tissue structures differing in architectural size and shape.

A shear wave elastography image processing custom algorithm potentially is less limiting
than the Q-box software currently used on the ultrasound machine. A custom code will permit
researchers to create regions of interest of any shape and size to best fit the structures being
processed and the user will be able to place as many region of interests as they need for
processing. Equally significant, a custom processing code is not only more time efficient but
previous research groups, Gatos et al., 2016, have established it can be equally reliable in
evaluation of shear modulus when compared to the Q-box software. Recently, custom
algorithms for shear wave image processing have become more readily implemented because of

programs such as MATLAB (The MathWorks, Natick, MA, USA) (Dubois et al., 2015; Kim et



al., 2018; Tas et al., 2017) and computer aided design (CAD) systems (Gatos et al., 2016, 2017,
Xiao et al., 2014). Previously mentioned research groups utilizing MATLAB for processing did
not disclose information regarding concatenation of steps compiling the image processing
algorithm, possibly for proprietary purposes. However, Gatos et al., 2016 and 2017 and Xiao et
al., 2014 utilized the CAD system and briefly provided details regarding their image processing
algorithms. Gatos et al., 2016 and 2017 expressed that every pixel within the entire color box,
provided by a SWE image, is evaluated and assigned a corresponding stiffness value. Analyzing
the entire elastography color box is beneficial when evaluating bigger structures such as the liver
for chronic liver disease (Gatos et al., 2016, 2017) and human breasts for tumor (Xiao et al.,
2014). However, it would be more beneficial to have the ability to anlayze specific areas within
the SWE color box; potentially allowing researchers to evaluate smaller structures such as
individual muscle fascicles.
Statements of Purpose
1. The primary purpose of this thesis is development and validation of a custom image
processing algorithm capable of deducing stiffness values from SWE color boxes
produced on the ultrasound machine. Using de-identified ultrasound images of ligament,
muscle, and tendon, we will establish reliability and expect to see ICC values of .90 or
higher. Following reliability, we will validate our algorithm’s stiffness values against
those produced on the ultrasound machine.
2. Upon validating our code, the secondary purpose of this thesis is the application of the
algorithm. Using a preexisting dataset, we will evaluate muscle stiffness changes
occurring in elite track & field athletes during a competitive season. Implementing an

outlier analysis, we hope to identify muscle stiffness anomalies; these anomalies may



provide insight into how muscle material properties change due to accumulation of

muscular strain and/or muscular injury.

Hypotheses
1. We hypothesize male athletes will have stiffer hamstring muscles overall, when
compared to female athlete counterparts.
2. We hypothesize athletes with a history of HSIs will display higher stiffness values than

those athletes with no previous HSI history.

3. We hypothesize tracking mean hamstring muscle stiffness in track & field sprinters and
jumpers across measurement days will allow us to quantify muscle material property
changes among individual athletes.
Significance

Hamstring strain injuries are one of the most common injury types across the globe in
elite competition. A three year injury surveillance at the Penn Relays concluded hamstring
strains accounted for 24% of all injuries reported (D. A. Opar et al., 2014). Despite reported
modifiable risk factors and preventative and rehabilitative programs, hamstring strain incidence
continues to increase. Development of techniques that provide accurate assessment of
musculoskeletal tissue property deviations will help clinicians determine potential initial injury,
treatment and rehabilitation progressions and durations, and return to play for athletes.

Typically, research labs are equipped with one ultrasound machine that is occupied by
multiple studies. As a result, shear wave elastography (SWE) image processing is completed
solely on the ultrasound machine. A custom processing code will provide clinicians and
researchers the ability to assess patients and participants on the ultrasound machine and

simultaneously process images away from the machine on a computer. Thus, maximizing the



number of athletes that can be assessed while not monopolizing the ultrasound for image
processing, ultimately allowing for more efficient use of the ultrasound machine.

SWE has shown success in its ability to quantify muscle stiffness (Seymore et al., 2017).
Like Seymore et al., 2017, previous literature utilizing an ultrasound machine to examine muscle
stiffness, uses the machine’s built-in software to analyze the shear modulus and assign stiffness
values to a given region of interest. Although using the ultrasound machine’s built-in software
for processing is typical, that software is limited in its capabilities. The built-in software on the
ultrasound machine allows the user to either draw a circular region of interest or the user can
trace (using a finger or computer stylus) a desired shape. However, for some smaller soft tissue
structures a circular shape may not be the best option to define a region of interest and a user
traced shape may prove un-reliable. Our custom image processing algorithm will provide the
user with the flexibility to determine the best shape to define a region of interest, e.g. a rectangle
for large musculature.

This thesis aims to provide more evidence establishing validity and reliability in a custom
image processing algorithm’s ability to analyze SWE images. The application of this custom
code will track shifts in muscle stiffness in healthy at-risk populations, e.g. track & field
sprinters, jumpers, and hurdlers. These findings will theoretically provide more insight into the
techniques needed to assess muscle stiffness using shear wave elastography, so future healthcare
professionals can better determine athletes at increased risk of musculoskeletal injuries.
Delimitations

1. Validation of our custom image processing algorithm will only include muscle,
tendon, and ligament soft tissue structures.

2. Subjects are over 18 years of age.



4.

5.

Limitations

1.

Subjects are healthy elite track & field sprinters and jumpers.
Previous injury will not exclude volunteers from participating in the study.

The study only measures elastography of the left and right hamstring muscles.

Our custom image processing algorithm will use rectangles, instead of circles like
the Supersonic Aixplorer ultrasound machine, when defining a ROI.

Small sample size of volunteers.

Hamstring stiffness measurements may possibly be altered because of in-season

resistance training.



Chapter I1. Review of Literature

Introduction

This thesis aims to demonstrate the validity of a custom MATLAB image processing
algorithm and establish reliability in tracking shifts in muscle material property changes in a
competitive season in elite track & field athletes (preexisting data set). The focus of this
literature review will be to exhibit the prevalence of hamstring strain injuries and the burden that
ensues after initial and re-injury. Explore the biomechanics of sprinting and injury pathology
associated with HSIs. Determine the effects eccentric exercise-based intervention programs can
have on hamstring strain injuries. Lastly, this literature review will investigate the history of
musculoskeletal elastography imaging; hoping to delineate the most effective and efficient
imaging technique for assessment of hamstring strain injury pathology.
Prevalence of Hamstring Strain Injury

Among elite athletes, branching many different sports, the lower limbs appear to be the
most susceptible area for injury during trainings and competitions; accounting for almost 54% of
all reported injuries in 15 different sports (Hootman et al., 2007). Perhaps, the most common
diagnosis within lower limb injuries affect the musculoskeletal system, hamstring strains being
the most common injury type (Alonso et al., 2009, 2010, 2012; Crema et al., 2018; Edouard et
al., 2016). Over a period of 6 seasons, Major and Minor League Baseball observed a total of
49,995 injuries, hamstring strains being the most common diagnosis, accounting for 6.7% of all
injuries (Camp et al., 2018). Within the National Football League (NFL) musculotendinous
strains have accounted for 50% of all injuries, hamstring strains being the most common injury
type; these injuries averaged 8 days missed per injury incidence (Feeley et al., 2008). In the

Australian Football League (AFL) hamstring strain injuries (HSIs) were responsible for an



average of 6 new injuries per club per season (Gabbe et al., 2005; J. Orchard & Seward, 2002; J.
W. Orchard et al., 2013). The prevalence of HSIs persists within professional soccer, these
injuries compile between 12-37% of all reported injuries (Ekstrand et al., 2011; Fitzharris et al.,
2017; Woods et al., 2004). During elite track & field competition, HSIs were the most common
diagnosis, ranging between 13.8-24% of all reported injuries and as high as almost 40% of all
reported musculoskeletal injuries (Alonso et al., 2009, 2010, 2012; Edouard et al., 2016; D. A.
Opar et al., 2014).

Despite new research literature introducing new training protocols to help protect against
posterior thigh strains, HSI incidence continues to increase annually (Ekstrand, Waldén, et al.,
2016; J. W. Orchard et al., 2013). More alarming, several months after initial return to play
athletes appear to be re-injuring the same muscle; at least 13% of all HSIs were similar
recurrences, occurring 2 months into return to play (Ekstrand, Waldén, et al., 2016). A Two
decade injury surveillance observing the AFL, recorded HSIs to have an average recurrence rate
of 26%, causing approximately 20 missed matches per club per season (J. Orchard & Seward,
2002; J. W. Orchard et al., 2013). This recurrence rate is similar to previously reported
literature, stating hamstring muscles have a recurrent injury rate between 30-34% (Ekstrand et
al., 2011; J. Orchard & Best, 2002; J. Orchard & Seward, 2002; Woods et al., 2004).

Increased re-injury of HSIs are affecting the amount of time athletes are away from
trainings and competitions. Time-loss injuries accounted for almost 56% of all injuries during
the IAAF World Athletics Championships; at 30.5% of all injuries, hamstring strains were the
most common time-loss injury (Alonso et al., 2009).

Recurrent injuries lead to 30% longer absences than non-recurrent injuries, ultimately

having severe financial consequences (Ekstrand et al., 2011). Yearly costs for overall



management, rehabilitation, and training for HSIs has increased by 71% from 2003-2012
(Hickey et al., 2014). An approximate time-loss duration of only 14 days from a HSI, can have
an average cost as high as 250,000 euros for professional European Football (Ekstrand, Waldén,
etal., 2016). A decade long injury surveillance, conducted by the NFL, concluded that HSIs
potentially cost a single team an annual average of $353,469 (Elliott et al., 2011).

Men appear to suffer more HSIs than women, an injury surveillance of elite track & field
athletes reported 47.2 vs 32.3 injuries/1000 athletes affecting the thigh region (Alonso et al.,
2010). The majority of research literature concludes that men have more HSIs/1000 athletes
than women (D. A. Opar et al., 2014). Interestingly, another study reporting on injuries to elite
track & field competitors from 2007-2015, found equal proportions of HSIs among male and
female athletes, even though they determined men to have higher risk (Edouard et al., 2016).
Increased risk for males may be explained by stiffer muscles, measured by standardized joint
perturbation loading, and longer muscle fiber lengths within the hamstring muscle complex; this
indicates males may be more resistive to muscular length changes, overall increasing risk of
strain injury (Blackburn et al., 2009).

Hamstring Strain Injury Mechanisms

High speed running and sprinting consists of four primary gait segments: ipsilateral toe-
off, contralateral foot-strike, contralateral toe-off, and ipsilateral foot-strike (Schache et al.,
2012). The period between each individual foot-strike and corresponding toe-off is considered
“stance phase” and the period following toe-0ff and the next corresponding foot-strike is
considered “swing phase” (Schache et al., 2010, 2012). Determining the exact physiological and
biomechanical mechanisms that may lead to a musculoskeletal injury have not been universally

established, despite increasing amounts of literature researching injury risk factors.
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It is plausible that the mechanism leading to an HSI are a combination of modifiable and
non-modifiable risk factors and the kinematics associated with specific bodily movements. For
example, dancers frequently perform movements that extremely flex the hip while completely
straightening the knee, passively stretching the hamstring muscle (Askling et al., 2007b). This
study reported dancers suffering a HSI had considerably longer rehabilitation times, when
compared to sprinters suffering a HSI (Askling et al., 2007b; Hincapié et al., 2008). Despite this,
literature concludes most HSIs occur from high speed running and sprinting. Injury pathology
research associated with sprinting movements conclude these HSIs occur during “terminal swing
phase” of the sprinting gait cycle (Heiderscheit et al., 2005; Schache et al., 2009, 2012; Thelen,
Chumanov, Hoerth, et al., 2005).

Terminal swing phase is approximately between 60-75% of the sprinting gait cycle
(Schache et al., 2012). During sprinting the hamstrings concentrically contract as hip extension
occurs, eccentrically contract to decelerate extension of the knee while also stabilizing the knee,
and perform a rapid countermovement from knee extension to knee flexion (Clark, 2008;
Schache et al., 2010, 2012).

Dissimilar research argues that HSIs may occur by other mechanisms other than acute
injury (Zemper, 2005). Research suggests during eccentric contraction muscular injury is caused
by accumulation of active muscle strain within muscle (overuse injury), rather than a result of
force (acute injury) (Lieber & Fridén, 1993). Modeling of the sprinting gait cycle suggests
sprinting and explosive running movements cause the hamstring muscle complex to produce and
be placed under large amounts of load (force, power, and negative work) (Schache et al., 2012;
Thelen, Chumanov, Best, et al., 2005). However, despite muscles being exposed to large

amounts of force causing excessive stretch, 60% beyond resting length, revealed that force was
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not the cause of muscle damage (S. V. Brooks et al., 1995). It was determined that eccentrically
loaded muscle injury is attributable to a large stretch and not the amount of external force (S. V.
Brooks et al., 1995).

Comparably, Lieber & Friden, 1993, measured contractile properties of lower limb rabbit
muscles, stretching tibialis anterior muscles to 25% and 12.5% of muscle fiber length at identical
lengths. “However, because the timing of the imposed length change relative to muscle
activation was different, the groups experienced dramatically different muscle forces” (Lieber &
Fridén, 1993). After 30 minutes of cyclic activity muscle maximum tetanic tension and other
contractile properties were assessed and found to be identical, regardless of strain timing pattern
(Lieber & Fridén, 1993). This study concluded the amount of damage sustained from cyclic
eccentric loading was the same despite different imposing forces on the muscles. Two-way
ANOVA analysis of experimental strain vs. timing (early vs. late stretch) revealed a substantial
effect of muscular strain magnitude (P < 0.001) (Lieber & Fridén, 1993). Essentially, muscle
damage is not a result of large forces imposed on the muscle, but more a function of accumulated
muscular strain magnitude.

The concept of acute hamstring injury theoretically suggests athletes are surpassing the
biomechanical and physiological limits within the hamstring muscle complex during every
sprinting or high-speed running exposure. This idea is unlikely and not consistently supported
by literature. Accumulating muscular strain magnitude appear to be a product of non-uniform
lengthening of sarcomeres; resulting in sarcomere length inefficiencies and increased active
strain in muscle fibers from repetitive eccentric loading (Lieber & Fridén, 1993; Morgan, 1990).
Similarly, eccentric stretch of muscles can cause energy absorption inefficiencies and structural

defects (weak points) within muscle fibers (Noonan et al., 1994). Therefore, instead of large

12



force magnitudes, it is the development of skeletal muscle weak points, due to accumulated
microscopic strain damage, that act as the origin of larger and more debilitating musculoskeletal
strains (C. L. Brockett et al., 2001; Camilla L. Brockett et al., 2004; Proske & Morgan, 2001).

Ultimately, recurrent performance of eccentric loading with multiple developing areas of
microscopic damage, that are undetected by sports medicine personnel, lead to sarcomere length
instability (C. L. Brockett et al., 2001; Camilla L. Brockett et al., 2004; Clark, 2008; Morgan,
1990). This evidence suggests why athletes involved in sprinting sports, explosive running
activities, and long periods of uninterrupted bouts of repetitive eccentric loading of the
hamstrings, are the most at-risk population for sustaining a HSIs (Dalton et al., 2015; Edouard et
al., 2014; Elliott et al., 2011; Malliaropoulos et al., 2010; David A. Opar et al., 2012; J. W.
Orchard et al., 2013; Verrall et al., 2003; Watson & DiMartino, 1987).

Research suggests there are individual differences between the three hamstring muscles,
each have varying rates of injury (Askling et al., 2007a; Crema et al., 2018; Heiderscheit et al.,
2005; Koulouris et al., 2007; Koulouris & Connell, 2003; Verrall et al., 2003). Biceps femoris is
injured the most of the three muscles, involved with 80% of all injuries to the hamstring group
(Koulouris et al., 2007; Koulouris & Connell, 2003; Thelen, Chumanov, Best, et al., 2005;
Verrall et al., 2003). This may be due in part to greater increases in peak musculotendinous
length, 12.2% beyond normal measures compared with 9.8% and 10.4% for semitendinosus and
semimembranosus, repsectively (Heiderscheit et al., 2005; Schache et al., 2012).

Eccentric Contraction and Exercise Effect on the Hamstring Muscle Complex

Aforementioned evidence reiterates that accumulated active muscle strain is the
mechanism that causes a HSI and repetitive eccentric loading occuring in sprinting activities

increases injury risk (C. L. Brockett et al., 2004; Garrett, 1990). Eccentric intervention programs
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lead to two changes in skeletal muscle. During eccentric exercises, sarcomeres stretch beyond
thick and thin filament overlap and remain disrupted after returning to a relaxed state (C. L.
Brockett et al., 2001; S. V. Brooks et al., 1995; Susan V. Brooks & Faulkner, 1996). Non-
uniform stretching of sarcomeres beyond optimum length, during the descending limb of
muscle’s length-tension curve, becomes the origin site of muscle fiber disruption (Morgan, 1990;
Wood et al., 1993). These initial changes, as described above, are considered to be delayed onset
muscle soreness (DOMS); causing small areas of microscopic damage, however temporary,
lasting on average 2-3 days post exercise (C. L. Brockett et al., 2001).

A more prolonged change to eccentric exercise has shown transient changes that lead to
sarcomerogenesis (increased muscle fiber length), allowing a lasting shift in muscle optimum
length, producing a residual training effect in muscle (C. L. Brockett et al., 2001, 2004; Susan V.
Brooks & Faulkner, 1996; Lynn & Morgan, 1994; Morgan, 1990; Warren et al., 1993; Wood et
al., 1993). Animal studies suggest the observed training effect is a direct result of an increased
number of sarcomeres within muscle fibers (Jones et al., 1997; Lynn et al., 1998; Lynn &
Morgan, 1994; Morgan, 1990; Wood et al., 1993).

Increased sarcomere numbers (also characterized by increased muscle volume and
physiological cross sectional area) due to eccentric interventions may allow hamstring muscle
complex to operate at longer lengths while avoiding the region of instability for sarcomere length
distributions (C. L. Brockett et al., 2001). Seymore et al., 2017 hypothesized the mechanism
behind nordic hamstring curl reducing hamstring injury risk was potentially due to an increase in
muscle volume, not fascicle length (Seymore et al., 2017). Two separate articles reporting
torque-angle curves for hamstring muscles showed an average shift of 4 degrees and 7.7 degrees,

respectively (C. L. Brockett et al., 2001; Seymore et al., 2017). According to Brockett et al.,
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2001, larger mean shifts may be a result of not standardizing a fixed hip angle while performing
Nordic hamstring (NH) curl, an established eccentric loading intervention exercise.
Standardizing hip angles at 0 degrees may explain the smaller shift in torque-angle curve during
NH curl (Seymore et al., 2017). Fixed hip angles during NH curl causes the knee to move
through a smaller range of motion, also decreasing possible compensation of hip musculature
and increasing active tension placed on hamstring muscles.

Eccentric intervention programs have shown success in decreasing susceptibility to
damage and lowering risk of HSIs (Arnason et al., 2008; Petersen et al., 2011; Verrall et al.,
2005; Whitehead et al., 1998). Combing NH curl, sport specific agility training, and hip
extension exercises has produced evidence of reducing hamstring strain injury incidence, per
athletic season, in collegiate track & field sprinters from 137.9 to 6.7 over 24 years (Sugiura et
al., 2017).

Musculoskeletal Elastography Imaging

Increasing rates of HSI occurrence, HSI re-injury, and soaring financial costs associated
with HSI suggest coaches and sports medicine physicians and clinicians must reevaluate injury
prevention models, clinical diagnostic tools, and injury rehabilitation. Researchers should focus
on preemptive assessment of muscle material property alterations, allowing for tracking of soft
tissue changes prior to injury.

Previously, magnetic resonance imaging (MRI) has proven reliable in assessing
frequency of injury location within the musculotendinous unit of the hamstring muscle complex
(De Smet & Best, 2000). More recently, magnetic resonance elastography (MRE) has become a
popular approach to measure material properties of muscle using MRI technology (Basford et al.,

2002; Greenleaf et al., 2003; Suga et al., 2001). MRE uses MRI technology to map and quantify
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muscle tissue deformations induced by a cyclical external vibrator (Dresner et al., 2001,
Muthupillai et al., 1995). Reliability has been established in assessing muscle stiffness and deep
musculature; however, scans can only be performed with a patient supine and equipment
procurement cost remains a limiting factor.

Ultrasonography is an essential musculoskeletal imaging tool and with the recent addition
of ultrasound elastography, assessment of soft tissue stiffness has grown in the literature (Winn
et al., 2016). The term elastography was first introduced into the literature by (J Ophir et al.,
1991); this study attempted to describe a new method for quantifying strain and elastic modulus
of biological soft tissues. Ophir’s method utilized external tissue compression, applying a stress
to the targeted soft tissue, and then measures shifts using the ultrasound (J Ophir et al., 1991).
Using bacon slabs as the biological soft tissue, Ophir et al., 1991 was able to distinguish between
muscle layers and the softer layered fat structures, which were reported to have varying
compliance. Elastography is described as a method of quantifying the strain properties of soft
tissue (Jonathan Ophir et al., 2002). Elastic modulus of biological tissue suggests how it may
respond to an applied strain or stress and is represented by either Young’s modulus or shear
modulus (Winn et al., 2016).

Currently in the literature, two primary methods of ultrasound elastography are employed
in clinical diagnostics. First, the method developed in 1991 by Ophir et al., modernly known as
compression/strain elastography, is based on a manually applied force (i.e. from the hands or
from the transducer probe) that repetitively compresses soft tissue and tracks displacement (J
Ophir et al., 1991; Yanagisawa et al., 2011). Strain elastography is limited by the sonographer’s
inability to consistently reproduce manually applied force and uncertainties of varying

dissipation within skin and subcutaneous fat (Winn et al., 2016; Yoshitake et al., 2014). Second

16



and more related to this thesis, shear wave elastography (SWE) produces shear waves from
ultrasonic focused pulses to generate mechanical vibration sources internally, instead of
externally as described by strain elastography (Jonathan Ophir et al., 2002) and MRE (Bercoff et
al., 2004; Sarvazyan et al., 1998). SWE is independent of tissue compression and linked
displacement, unlike compression/strain elastography, ultimately yielding more reliable
measurements (Andonian et al., 2016). SWE evaluates shear wave propagation velocities, then
uses those velocities to estimate shear modulus of relaxed or contracted muscle; collected data is
then used to quantitatively define stiffness in kilopascals (kPa) (Andonian et al., 2016; Shinohara
et al., 2010).

Ultrasound elastography techniques may also prove themselves useful in quickly and
reliably assessing mechanical properties of musculoskeletal systems. A study completed by
Lacourpaille et al., 2012 took 30 healthy adults and randomly assigned them to three groups,
intra-session reliability, inter-day reliability and/or inter-observer reliability. Assessment of
intra-session reliability was completed by the same experimenter with a 15 minute rest between
same day measurement sessions, inter-day reliability was assessed by the same experimenter on
two separate days, and inter-observer reliability was assessed by two separate experimenters with
a 15 minute rest between same day measurement sessions (Lacourpaille et al., 2012). The
experiment measured nine different muscles with different architecture and fiber type to evaluate
the reproducibility and feasibility of ultrasound elastography measurement. Overall, each
assessment lasted approximately 20 minutes. Reliability results reported intra-class correlation
values of 0.872, 0.815, and 0.709 obtained from the three different experimental groups,
respectively (Lacourpaille et al., 2012). With established reproducibility and feasibility,

ultrasound elastography seems a viable assessment tool of healthy muscle in vivo. However,
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more research needs to be collected to determine if ultrasound elastography can be used as tool
to determine muscle injury pathologies.

Exploring and validating the quantitative assessment capabilities of SWE to track
changes in skeletal muscle properties is a promising topic for future research, as it may be useful
in improving injury prevention strategies and identifying muscular injury pathologies (Andonian
et al., 2016). Andonian et al., 2016 may be the first article that monitored muscle stiffness
changes pre, during, and post prolonged mechanical loading from an extreme mountain ultra-
marathon, observing a decreasing trend in quadriceps muscle stiffness. More recently, tracking
changes in muscle shear wave speed of distance runners using SWE demonstrated running
distance had an effect on biceps femoris and semitendinosus muscle (p = 0.02) (Sadeghi,
Newman, et al., 2018). Briefly, the study found semitendinosus shear wave speed decreased one
day after competition in short (3-5 miles), medium (10-13 miles), and long (26+ miles) running
groups and biceps femoris decreased after one day in the medium group. Similarly within
ligaments, SWE has shown positive capabilities in tracking shear modulus in overhead throwing
athletes (baseball pitchers and football quarterbacks) over a 14-week competitive season
(Sadeghi, Lin, et al., 2018). Monitoring changes in shear modulus throughout a competitive
season may be of interest for sports medicine physicians, coaches, and other clinicians in an
effort to improve training and intervention protocols prior to injury (Sadeghi, Lin, et al., 2018).

When interpreting SWE mean stiffness calculations it is important to be mindful of how
these values were processed. Typically, most ultrasound machines have a built-in tool that
allows for direct processing of collected images on the machine. In recently published literature,
research groups have opted to process SWE images away from the ultrasound machine using a

custom code. In a 2014 study by Xiao et al., a computer-aided design (CAD) was developed to
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improve diagnostic accuracy of classification of breast tumors, in hopes of avoiding unnecessary
biopsies. Similarly, in 2016 Gatos et al., adopted a comparable CAD inverse mapping technique
in hopes of improving diagnostic accuracy of chronic liver disease and as a tool to aid in
avoiding needless biopsies. It seems other research groups have also employed MATLAB (The
MathWorks, Natick, MA, USA) software to develop their own image processing algorithms, but
they did not reveal specifics of their image processing algorithm’s stepwise progressions (Dubois
et al., 2015; Kim et al., 2018; Tas et al., 2017). The three studies using MATLAB algorithms to
process data each reported that SWE is a reliable method in evaluating shear modulus; however,
none of them provided validity testing results for their custom image processing algorithm.
Producing validity results is important in interpreting whether the stiffness values produced from
the algorithm match those stiffness values produced by the ultrasound machine. Conversely,
Gatos et al., 2016 provided validity results for their CAD inverse mapping algorithm. This
research group concluded that their programmatically produced stiffness values had an average
difference of 0.01 + 0.001 kPa when compared with values produced by the Aixplorer ultrasound
machine’s built-in Q-box tool.

From the current review, SWE seems to be an appropriate tool for assessment of muscle
shear modulus, demonstrating strong reliability and reproducibility (Dubois et al., 2015).
Utilizing SWE to monitor changes in muscle shear modulus has potential to be a viable clinical
tool in assessment of muscle prior to injury, throughout the rehabilitative regimen, and recovery.
However, more research is needed; specifically, research validating processing techniques and
research establishing reliable capabilities of hamstring muscle stiffness tracking. Future
examination into these areas may help in determining if hamstring muscle strain injury pathology

can be identified via SWE.
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Summary

In summary, increasing incidence of hamstring strains and elevated risks for re-injury are
causing athletes to miss more time from trainings and competitions. Muscular strain injuries in
elite athletics are inevitable, but a better understanding of injury mechanisms is required if
athletes, coaches, and clinicians have a desire to reduce incidence rates. For HSIs it appears that
the small areas of disruption that develop from repetitive eccentric loading are the initial sites of
strain. These developing weak points within sarcomeres, if untreated, may lead to more severe
injury if eccentric loading continues.

Often those initial disrupted fibers within muscle are undetected because they are
microscopic in nature and not every athlete, symptomatic or asymptomatic, is regularly assessed
by clinicians. MRE is too expensive of a tool for wide clinical use, rendering it difficult to gain
access too. Ultrasound B-mode image has shown the ability to detect muscle injury, but it may
not detect those microscopic damages. SWE is an immerging technology that has potential to
regularly measure microscopic muscle material property changes, however lacking substantial
research because of its novelty.

More research providing valid and reliable measurement protocols for assessing muscle
stiffness can lead to quick preemptive clinical assessment of athletes with strong reproducibility.
The purpose of this thesis is to develop and validate an algorithm capable of processing SWE
imaging data. Upon successful validation, we plan on implementing the algorithm to process

elastography data from a pre-existing dataset.
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Chapter I11. Methods

Introduction

This thesis developed a custom image processing algorithm capable of assessing stiffness
in SWE images. Development of this algorithm may allow researchers to process SWE imaging
data more efficiently away from the ultrasound machine, ultimately creating more availability for
the ultrasound machine to collect imaging data. Using de-identified images of different tissue
types, we validated stiffness assessments produced from our custom image processing algorithm
against stiffness values produced on the ultrasound machine.

Upon validating of the algorithm, we applied it to an available small dataset. This pre-
existing dataset was removed from the ultrasound machine prior to being fully processed;
therefore, used our custom image processing algorithm to process this imaging dataset
completely. The pre-existing dataset utilized SWE to quantify changes in collegiate track &
field sprinters’, jumpers’, and hurdlers’ muscle shear modulus. Muscle shear modulus was
initially measured at the beginning of the competitive season and subsequent identical monthly
data collections were administered. If an athlete indicated they had suffered an HSI, they were
asked to return for measurement as soon as possible and the sonographer documented all
preceding activities associated with the injury. All procedures were approved by the University

Internal Review Board.

Exclusion Criteria
1. Track & field athletes not participating in these events: 100 meters, 200 meters, 400
meters, 4x100 meter relay, 4x200 meter relay, 4x400 meter relay, 100/110-meter hurdles,

400-meter hurdles, long jump, and triple jump.



2. Below the age of 18.

Participants

All participants were volunteers from the East Carolina University track & field team,
competing either as a sprinter, jumper, or hurdler. All participants were above the age of 18
years old. A demographic questionnaire (see Appendix B) was completed by each participant, in
addition to an informed consent (see Appendix C). The questionnaire gathered information
about previous and/or current history of HSIs and location (right or left leg and proximal, mid-
belly, or distal) of previous and/or current HSIs. The specific track & field events each athlete
participated in and if applicable, leg dominance, start leg (sprinters), lead leg and trail leg
(hurdlers), and jumping leg (jumpers) were also gathered from the questionnaire. Data gathered

from participant questionnaires is displayed in tables 1 and 2.

Table 1: Participant Demographics

Mean St. Dev.

Age 19.67 1.41
Height (cm) 175.77 8.41
Weight (kg) 70.27 10.13
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Table 2: Participant Injury History and Events Competed in

SS = short sprint (60m, 100m)
LS = long sprint (200m, 400m)
SH = short hurdle (55/60m H, 100/110m H)
LH =400mH

LJ = long jump
TJ = triple jump
HJ = high jump
Multis = heptathlon, decathlon

Equipment and Instrumentation

R = right hamstring

L = left hamstring

Both = both hamstrings
P = proximal

M = mid-belly

D = distal

Subject # |Sex Events Current Injury |Location |Past Injury |When Location |[StartLeg |Lead Leg |Jumping Leg
S001 M LS, SS, LH|No N/A Yes 3yrs Both Both Both N/A
S002 F SS, LS No N/A Yes lyr Both Left N/A N/A
S003
S004 M LS No N/A No N/A N/A Right N/A N/A
S005 M LS, SH, LH[No N/A Yes 9 mos RP Both Left Left
S006 F SS, LS, LJ [No N/A Yes 7mos, 2yrdLD, RM  [Left Right Right
S007 M No N/A No N/A N/A Right Left Right
S008 M SH, LH No N/A Yes 4 mos LP Right Left Left
S009 M LS Yes R No N/A N/A Left N/A N/A
S010 F SH,PV  [No N/A No N/A N/A Right Left Both
S011 F Multis No N/A No N/A N/A Right Right Left
S012 F SS, LS No N/A Yes 2yrs R Right N/A N/A
S013 F SS, LS No N/A No N/A N/A Left N/A N/A
S014
S015 F LH, Multis |No N/A Yes 9 mos RD Right Right Left
Events: Location

Shear wave elastography and B-mode images were taken with a Supersonic Aixplorer

(SuperSonic Imagine, S.A., Aix-en-Provence, France). Images were captured using a

SuperLinear™ SL15-4 musculoskeletal transducer (SuperSonic Imagine, S.A., Aix-en-Provence,

France). To assist in wave propagation, an ultrasound gel was placed on the SL 15-4 transducer

during measurements. Height and weight data were documented with a Seca 703 digital scale

(Seca gmbn & Co.kg, Hamburg, Germany).

Natick, MA, USA). MATLAB is widely used computer programming language in biomechanics

Image processing algorithm was developed using MATLAB 2016a (The MathWorks,

research. The use of this software provides the possibility to select analysis areas, independent

of the measurement area selected on the ultrasound machine (Tas et al., 2017). MATLAB also

23




features a variety of built-in custom functions in their image processing toolbox, whereas other
programming languages do not.
Measurement Protocol

The information below describes in detail the protocols used to collect the preexisting
data set. This includes, documentation signed by each participant, participant specific measures,
ultrasound collection setup, and actual data collection phases.

Prior to shear wave elastography an informed consent was given to participants for them
to read and sign. Participants’ height and weight were also recorded. Once the questionnaire
was completed, participants lay prone on the training table for shear wave elastography
assessment.

The range of stiffness values during SWE assessment was fixed from 0-100 kPa (figure
1). Soft tissue structures that are stiffer are displayed red, while less-stiff structures are displayed
blue. Every SWE image was also
collected at 50% opacity, default
setting for the Supersonic
Aixplorer. The ultrasound probe

was oriented parallel to the muscle

during stiffness readings, allowing
Figure 1: Displays rgb range within a SWE elastogram
for better shear wave propagation.

Despite the described user selected settings for stiffness range and image opacity from the

preexisting data set, our MATLAB processing algorithm will have the capacity to assess images

of all opacity scales and measure structures below or beyond 100 kPa.
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Measurement protocol evaluated right and left biceps femoris, semitendinosus, and
semimembranosus in three different regions (proximal, mid-belly, and distal). A minimum of
three elastography measurements were taken at each site, totaling at least fifty-four images per
participant per session. Participants were asked to return once per month for the duration of the
athlete’s training and competitive season to repeat the day 1 measurement protocol. To
standardize measurements of muscles in every region between days, distances were marked and
measured from the lateral knee epicondyle to the probe position. Athletes suffering an injury, in
training or competition, were asked to recall where on the posterior thigh the injury occurred and
to describe the events preceding injury occurrence.

Data Processing

Based on literature, processing of SWE images is primarily accomplished directly on the
ultrasound machine. Using the Q-box tool, stiffness readings are provided by a circle region of
interest (ROI). Once the ROI is established, ultrasound machine’s software calculates mean,
minimum, maximum, and

RGB color bar values vs. Max stifiness range
standard deviation i

stiffness values for the

ROI. The remaining non-

processed data, from the

preexisting data set, was

removed from the

ultrasound machine.

. 100 %0 80 70 60 50 40 k] 20 10 0
Therefore, data processing Stfvess (P2
Figure 2: Ascending Segment of Red Color Bar Data (R1), Ascending Segment of Green
to determine stiffness from Color Bar Data (G1), Ascending Segment of Blue Color Bar Data (B1), Descending
Segment of Green Color Bar Data (G2), and Descending Segment of Blue Color Bar Data
(B2).
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the distal, mid-belly, and proximal locations for the hamstring muscle on both left and right legs
was completed in MATLAB.

A custom MATLAB algorithm, modeling the output components derived from processed
images on the ultrasound machine, was run on every image. Initially, MATLAB command
“uigetfile” was called, selecting the image to be analyzed. Calling the built-in MATLAB
function “uigetfile” displayed a user interactive box, prompting the user to select a “.png” image
for analyzing. Selected image was stored as variable “SWE_image”. The script then
programmatically cropped that image’s RGB color bar (upper right corner), storing it as a data
variable. Polynomial model line fit equations, MATLAB 2016a built-in function “fit”, were
created and individually fitted to ascending and descending segments of each red, green, and
blue color bar data vectors (figure 2). Output arguments from “fit” function included the
polynomial model line fit equation and a MATLAB “struct” containing “Goodness of Fit”
statistics. Each line fit equation (R1, G1, B1, G2, and B2) had an r? value of 0.9991 or higher,
establishing an excellent fit to the inputted data. Each RGB polynomial model line fit equation
was implemented to determine stiffness values for all images in this data set.

Secondly, the script  EHEG—_—_ T

D1 LBFD -

accounted for the image : Color Image S meeibe = : |I
opacity settings and then
defined a ROI within the

selected SWE_image. As

B-mode Image

mentioned previously, the

user selected setting for

image opacity was set to : : :
Figure 3: Top Graphic: Shear Modulus Elastogram Superimposed Over B-Mode Image

(CI) Bottom Graphic: B-Mode Image (BM)
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50%. Assuming the true pixel intensity values located within each elastogram are a weighted
average of the top graphic (shear elastic modulus superimposed over b-mode image) and the
bottom graphic (b-mode image) as seen in figure 3. This relationship is mathematically

represented below (equation 1: a):

Bmode + True color values
2

a) Color Image =

b) True color values = 2 x Color Image — Bmode
Equation 1

Table 3: Changes to Pixel Intensity Values After Equation 1 is Applied

"Color Image"| "Bmode" Equation 1: b "True Color Values"
0.1059 0.0235 0.1883
0.1255 0.0235 0.2275
0.1608 0.0235 0.2981
0.1804 0.0235 0.3373
0.2039 0.051 0.3568
0.2314 0.1333 0.3295
0.1804 0.0824 0.2784
0.1922 0.1059 0.2785
0.2314 0.1333 | True Color Values = 0.3295
0.1765 0.1333 |2*Color Image - Bmode 0.2197
0.1882 0.149 0.2274
0.1608 0.1333 0.1883
0.1686 0.1608 0.1764
0.1882 0.1608 0.2156
0.2039 0.2118 0.196
0.2039 0.2118 0.196
0.2196 0.2275 0.2117
0.2471 0.2667 0.2275

Figure 4: A: SWE_image Before Accounting for 50% Image Opacity Setting. B: Effects of Equation 1 After 50% Image Opacity
Setting Has Been Accounted for
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Variable “Bmode” represents pixel intensity values located within the B-mode image (figure 3:
bottom graphic). Pixel intensity values corresponding to the true color map is represented by
variable “True color values”. Variables, “Bmode” and “True color values”, are theoretically
averaged and the result is represented by “Color Image” (figure 3: top graphic). Given our
algorithm provides us values for “Color Image” and “Bmode”, we must solve for “True color
values”; thus, accounting for the 50% opacity setting and allowing calculation of true pixel
intensity values to analyze stiffness. The resulting true color value calculation is expressed in
equation 1: b. Table 1 provides example pixel intensity values and results after each value is
inputted into equation 1. Effects from equation 1 on the image being analyzed is visualized in
figure 4.

Supersonic Aixplorer ultrasound machine defines its ROI in the shape of a circle.
Unfortunately, when programmatically creating a circle ROI we were unable to account for
partial pixels that may or may not be included by the ultrasound machine’s calculation a ROI.
We propose drawing ROIs in rectangles are easier when working with muscle groups that have a
large area and programmatically, we can include any potential partial pixels near the corners of
our ROI. Built-in MATLAB function “imrect” was called, allowing the user to click, drag, and
release, drawing a rectangular ROl in the center of the elastogram on SWE_image. Positioning
of the ROI must begin at the upper left corner, meaning the user must place the cursor there prior
to drawing the ROI. To calculate the position of the ROI “getPosition (ROI)” is called; this
function’s output argument is displayed in the following syntax: [Xmin Ymin Width Height]. It
should be noted that “Xmin” and “Ymin” represent the coordinates of the lower left corner of the
ROI. Utilizing this output argument, x and y coordinates of the corners of the ROI can be

calculated and stored into X and Y column vectors.
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a) X = [Xmin; Xmin + Width; Xmin + Width; + Xmin]
b) Y =[Ymin; Ymin; Ymin + Height; Ymin + Height]
Equation 1
Coordinate vectors X and Y, in combination with image variable produced after 50% opacity
setting was accounted for, were used as input arguments for MATLAB function “improfile”.
This function used ROI position data to extract every true color pixel intensity value for each
RGB color triplet located inside the ROI and stored that data in a matrix.

Prior to establishing stiffness values, each RGB color triplet’s pixel intensity value must
be evaluated for valid stiffness information. Pixels not containing valid stiffness information
excluded in any stiffness measurement calculations (Gatos et al., 2016). Therefore, all the
pixels, calculated from calling “improfile”, must be checked to confirm each pixel contains valid
stiffness information. A conditional statement was written stating that if a certain pixel intensity
value was below a certain threshold for each RGB color triplet then the algorithm stopped
running and provided the user with an error message. If it is determined each pixel contained
valid stiffness information, the algorithm printed a message to the MATLAB workspace stating
SO.

Lastly, the algorithm assigned a stiffness value to each RGB color triplet within the ROL.
Recent literature, using MATLAB to assess soft tissue stiffness, converted each RGB color
triplet’s pixel intensity values to a single stiffness value according to the values of the color bar
(Dubois et al., 2015; Mendes et al., 2018). A for-loop with embedded “if-statements” will iterate
through the matrix containing RGB color triplet pixel intensity values. The for-loop evaluated
each individual RGB color triplet; depending on each red, green, and blue pixel intensity value

the “if-statements” determined which polynomial line fit equation was called to assign a stiffness
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value. The end of the loop returns a matrix containing stiffness; mean, median, standard
deviation, minimum, and maximum are then calculated and placed into a table. A flowchart

outlining specific sequences in algorithm’s script can be found in Appendix D.

== >100 kPa

80

Figure 5: A: Biceps Femoris (BF) Distal 1 B: BF Mid-Belly 1 C: BF Proximal 1 D: BF Distal 2

Pilot Testing of MATLAB Algorithm
Images used in pilot testing had max kPa set to 100, opacity in default setting at 50%, and
the orientation of the probe was parallel to muscle. Piloting the algorithm produced a user drawn

rectangular ROI in the center of the elastogram (figure 5). Stiffness values produced from the

algorithm can be seen in table 4. Table 4 Pilot Data Results
_Stiffness (kPa)| Median |Standard Dev.| Minimum|Maximum
A.LBFD 1 11.59 11.74 0.82 9.66 12.72
B.LBFM 1 12.77 12.61 0.84 11.74 15.28
C.LBFP 1 12.63 12.61 0.13 11.85 12.72
D.RBFD 2 15.45 15.38 2.67 12.61 21.18
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Statistical Analysis

Reliability Analysis of Custom Image Processing Algorithm

Intraclass correlation coefficient (ICC) analysis of mean values between inter-day
sessions will provide information regarding our custom algorithm’s reliability in determining
stiffness assessments of SWE images. Standard error measurement (SEM) will be calculated to
determine inter-day consistency of our custom image processing algorithm. Reliability of this
algorithm will be established using de-identified images from other research lab protocols. De-
identified images will be selected to include different structures such as muscle, tendon, and

ligament.

Validation Analysis of Custom Image Processing Algorithm

Based on the evidence gathered from Zaki et al., 2012, using a Bland-Altman limits of
agreement statistical analysis method we aimed to validate our MATLAB algorithm against
stiffness means collected directly on the ultrasound machine (considered gold standard). Bland-
Altman statistical methodology has shown strong evidence as the best statistical analysis tool
when assessing agreement between medical instruments (Zaki et al., 2012). This statistical
analysis method is the most widely used method in comparing medical instruments in specialty

areas such as medicine, surgery, radiology, and nutrition (Zaki et al., 2012).

Analysis of Pre-existing Dataset

Following validation of the custom SWE image processing algorithm, the previously
collected track & field hamstring dataset will be analyzed using our new custom algorithm. With
a smaller sample size of 14 participants from the preexisting data set, the ability to run statistical
analysis was restricted. We primarily used descriptive statistics to evaluate any potential

individual hamstring stiffness differences between genders. We also planned to evaluate
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stiffness differences between athletes that have a history of HSI compared to athletes with no
previous history of HSI. Cohen’s D effect sizes were calculated to evaluate significance of any
potential differences between male and female athletes and athletes with a previous HSI history
vs. athletes with no previous HSI history. Interpreting the magnitude of each effect sizes, the
following scale was used: <0.20 (no effect), 0.20-0.49 (small effect), 0.50-0.79 (medium effect),
0.80-1.29 (large effect), and greater than 1.30 (very large effect) (Rosenthal, 1996).

Most participants (N = 8) completed two days or more of elastography measurements;
however, some participants only completed one day of elastography measurements. Due to this
fact, our descriptive analysis of gender differences and previous HSI history vs. no previous HSI
history included only measurement day one data. Data from measurement day one produced 117
analysis data points for each biceps femoris, semitendinosus, and semimembranosus. On
measurement day one, S009 injured their right hamstring muscle; this data point was substituted
with S009 day three so that gender differences and previous injury vs. no previous HSI history
will not be skewed by this injury data point.

An outlier analysis will be used to evaluate stiffness differences between biceps femoris,
semitendinosus, and semimembranosus (147 analysis data points for each muscle, respectively)
at each measurement location across measurement days. Only those participants with more than
one measurement day of elastography data were included in the outlier analysis. Box plots were
created in Microsoft Excel to determine if any outliers exist within individual hamstring muscles.
Briefly, boxplots display a 5-number summary of a data set: minimum, 1 quartile (Q1),
median, 3" quartile (Q3), and maximum. Frequently in research outliers produced from an
outlier analysis are excluded from further data analysis and interpretation, because it is

determined any potential outliers are considered infrequently occurring data points.
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Dissimilarly, when analyzing individual participant muscle stiffness values, an outlier can
possibly provide insight into the condition of muscle in a distressed state. We postulate any
identified outliers may indicate injury or increased risk of potential injury resulting from an
accumulation of microscopic damage. An outlier analysis will determine which stiffness
changes in individual hamstring muscles are 1.5 times below or above our data’s interquartile

range (IQR). Outliers are calculated with the following equation:

1. Lower Range Outlier Limits = Q1 — (1.5 *x IQR)
2. Upper Range Outlier Limits = Q3 + (1.5 * IQR)
Equation 2
Lastly, we used descriptive statistics to analyze mean hamstring stiffness changes throughout the
competitive season. We hypothesize any stiffness differences across measurement days greater
than our SEM indicate real changes in tissue. Analyzing hamstring stiffness means will allow us

to determine how the effects of a competitive season impacted hamstring muscles.
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Chapter IV. Results
Reliability of Custom Algorithm

Inter-day reliability for the custom algorithm produced excellent ICC values of 0.999,
0.999, and 0.998 for muscle, tendon, and ligament, respectively. Absolute SEM values,
calculated from our reliability results, were 0.01kPa, 0.06kPa, and 0.14kPa for muscle, tendon,
and ligament, respectively. Relative SEM, expressed relative to mean difference between day to
day reliability assessments, were 4.55%, 16.22%, and 6.8% for muscle, tendon, and ligament,

respectively.

Validation of Algorithm Against the Ultrasound Machine

Muscle, tendon, and ligament images were then analyzed using the custom image
processing algorithm. To validate our algorithm, stiffness calculations from the algorithm and
from the ultrasound machine were compared and analyzed with Bland-Altman plots (figures 6-
8). Absolute mean differences between both measurement techniques and 95% limits of
agreement (LOA) were reported as 0.05 kPa (+ 0.77), 3.23 kPa (£ 13.35), and 5.32 kPa (+ 20.01)
for muscle, tendon, and ligament, respectively (table 5). When compared to stiffness means
from both measurement techniques, we calculated relative stiffness differences of 0.16%, 2.43%,

and 1.77% for muscle, tendon, and ligament, respectively (table 5).



Table 5: Absolute and Relative Mean Differences Between Algorithm and Ultrasound Machine

Absolute Mean Differences Between Relative Mean Differences Between
Tissue Type Measurement Techniques (kPa) Measurment Techniques (%)
Mean + LOA g5, Mean + LOA g5,
Muscle 0.05x0.77 0.16 £2.43
Tendon 3.23£13.35 2.43 £10.06
Ligament 5.32 £ 20.01 1.77 £ 6.66
Muscle Plot
1

2

= 08 1= = = = = = = = = = = = = = = = = - -

@

S g 06 )

T 04 ° °

5 ¢

S50 0 O

=N

s 9 -0.2 L

> £

E g -0.4 °

T 06

e _—— e e e == e e - =

= -0.8

0 10 20 30 40 50 60

Algorithm and Ultrasound Machine Mean Stiffness (kPa)

Figure 6: De-identified Muscle Images Bland-Altman Plot

35




Tendon Plot

20
()
£ e o e e e e e e e e e e e e e e e e = -
=
5 15 °
E (%]
5 § 10 °
S 9o ° °
2L 5 °
© =
f=a)
59 0 °
g & °
> 4=
EES 5
=9 °
5 10 - - - - - - - - - - - - - - - - - - - = .
o0
<
-15
0 50 100 150 200 250
Algorithm and Ultrasound Machine Mean Stiffness (kPa)
Figure 7: De-identified Tendon Images Bland-Altman Plot
Ligament Plot
30
a
Q 25 = en an en en e e e e e e e e e e e e = - -
-
b= 20
& )
15
g L4 O
= 10
Ee] ch i [ ®
c
s 9 5
= A -10
D. _15--------------------
2 20 °
E
5 0 50 100 150 200 250 300 350 400 450
= Algorithm and Ultrasound Machine Mean Stiffness (kPa)

Figure 8: De-identified Ligament Images Bland-Altman Plot

Hamstring Stiffness Gender Differences: Day One Data
S003 and S014 were omitted from this analysis because of missing demographic

information and lack of data collection adherence, respectively. A total of thirteen participants
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were included in analysis of hamstring stiffness gender differences. Most study participants
were female (N = 7), including 46% males (N = 6) (table 2). Hamstring muscle stiffness for
females averaged 15.24 + 2.22 kPa, 18.33 + 4.64 kPa, and 17.55 + 2.18 kPa for biceps femoris,
semitendinosus and semimembranosus, respectively (figure 9). Hamstring muscle stiffness for
males averaged 15.48 + 2.34 kPa, 20.07 £ 3.33 kPa, and 18.66 + 2.64 kPa for biceps femoris,
semitendinosus, and semimembranosus, respectively. Gender difference effect sizes were
calculated as 0.11, 0.44, and 0.46 for biceps femoris, semitendinosus, and semimembranosus,
respectively. Semitendinosus and semimembranosus musculature measured to be 8.67% and
5.95% stiffer in males than in females.

Day 1 Gender Differences in Hamstring Stiffness
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Figure 9: Gender Stiffness Differences within Individual Hamstring Muslces

Previous HSI History vs. No HSI History: Day One Data
Thirteen participants were included in our comparison of stiffness values for athletes with

a previous history of HSIs (N = 7) vs. athletes with no previous HSI history (N = 6). S009 was
37



the only participant reporting a current HSI (Grade | HSI in their right leg, diagnosed by an
athletic trainer) (table 2). Semimembranosus muscle saw similar stiffness values between
comparison groups. Athletes with a history of hamstring strain injury appeared to have less stiff
tissue than athletes without a history of HSI in biceps femoris and semitendinosus. Hamstring
stiffness for athletes with HSI history averaged 14.41+ 1.54 kPa, 18.75kP + 4.00 kPa, and 18.12
+ 2.66 kPa for biceps femoris, semitendinosus, and semimembranosus, respectively (figure 10).
Hamstring stiffness for athletes with no previous HSI history averaged 16.44 +

2.43 kPa, 19.59 * 4.40 kPa, and 17.98 + 2.23 kPa for biceps femoris, semitendinosus, and
semimembranosus, respectively (figure 10). Effect sizes were calculated as 1.02, 0.20, and 0.06
for biceps femoris, semitendinosus, and semimembranosus, respectively. Participants with no
previous injury history had 12.35% (2.43 SD) and 4.29% (4.39 SD) stiffer biceps femoris and

semitendinosus, respectively.
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Figure 10: HSI History vs. No HSI History and Its Impact on Muscle Stiffness
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Outlier Analysis of Individual Participant Hamstring Stiffness

Our outlier analysis included only those individuals (N = 8) with at least two
measurement days’ worth of data. Six total outliers were calculated from biceps femoris muscle
data (figure 11). Five outliers were calculated from semimembranosus data (figure 13).
Semitendinosus muscle data did not produce any outliers (figure 12). Examining individual
muscles and comparing stiffness values at each location revealed biceps femoris and
semitendinosus proximal muscle stiffness were significantly less stiff than the distal location

(figure 11 and 12). Figure 13 shows semimembranosus distal location was significantly less stiff

than the mid-belly location.
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Figure 11: Stiffness Differences in Biceps Femoris Muscle at Separate Locations
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Tracking Individual Participant Hamstring Stiffness Throughout Competitive Season

Each individual hamstring muscle at each location (distal, mid-belly, and proximal) for
both left and right legs were plotted (18 total plots) to track changes occurring in muscle stiffness
across measurement days. The analysis included only the participants that had at least two
measurement days’ worth of elastography data (N = 8). Figure 14 illustrates how most
hamstring muscles generally changed throughout a season. Figure 15-17 reveal some
participants experienced significant stiffness changes across measurement days. The remaining

plots can be viewed in Appendix A.
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Figure 14: Individual Participant Left Biceps Femoris Mid-Belly Stiffness Changes Throughout Competitive Season
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Figure 15: Individual Participant Right Biceps Femoris Proximal Stiffness Changes Throughout Competitive Season
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Figure 16: Individual Participant Right Semimembranosus Mid-Belly Stiffness Changes Throughout Competitive Season
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Tracking Mean Hamstring Stiffness Throughout Competitive Season

Analysis of mean hamstring stiffness data compared left and right leg stiffness for each
hamstring muscle, by averaging each location (distal, mid-belly, and proximal) for each
participant (N = 8). Table 6 shows mean stiffness results for biceps femoris muscles. Left
biceps femoris muscle became stiffer across measurement days 1-4, mean stiffness peaked on
day four, 16.09 + 2.15 kPa (figure 18). Mean stiffness for right biceps femoris becomes less stiff
across measurement days 1-4, with day one reporting highest stiffness values, 17.79 + 4.68 kPa
(figure 18). Table 7 shows mean stiffness results for semitendinosus muscles. Left
semitendinosus muscle becomes slightly less stiff across measurement days, with highest
stiffness values on day two, 21.35 + 4.21 kPa (figure 19). Mean stiffness for right
semitendinosus slightly decreased across measurement days; peak stiffness values occurring on
day one, 20.54 + 3.53 kPa (figure 19). Table 8 provides mean stiffness results for
semimembranosus muscles. Left and right semimembranosus muscles each became less stiff
across measurement days; peak stiffness values reached 19.19 + 3.48 kPa and 20.57 + 7.15 kPa
occurring on day 1 for left and right semimembranosus muscles, respectively (figure 20).
Examining figures 18-20, changes in stiffness across measurement days appear small.
Comparing percent differences in mean stiffness changes from measurement day one to day four
against our relative SEM value for muscle (4.55%) showed 5/6 (right semitendinosus was -

1.46%) hamstring muscles had percent differences of 5% or greater. (table 9).
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Table 6: Biceps Femoris Stiffness Across Measurement Days (kPa)

Day 1 Day 2 Day 3 Day 4
Left Right Left Right Left Right Left Right
S004 1453  13.93 11.13  10.80
S005 1442  17.13 1541  14.08
S006 16.32  17.99 19.21  19.02 15.74  21.35
S007 11.82  26.58 1346  12.33
S008 1493  11.76 16.74  14.53 1236  13.84 1478  14.38
S009 1958  14.51 17.44  18.77 20.22  13.80 1857  17.33
S010 1462  21.18 1452  13.95 16.66  16.63 1493  13.34
S011 15.78  19.21 18.11  14.72 15.08  14.32
Mean 15.25  17.79 1575  14.78 16.01  15.99 16.09  15.02
Std. Deviation 2.19 4,68 2.66 2.85 2.84 3.22 2.15 2.07
Table 7: Semitendinosus Stiffness Across Measurement Days (kPa)
Day 1 Day 2 Day 3 Day 4
Left Right Left Right Left Right Left Right
S004 13.34 1586 1424 14.26
S005 2460  22.02 23.35 1841
S006 19.19  20.06 21.29 2061 19.48  18.12
S007 21.42 2011 20.63  20.18
S008 23.42  20.75 2577 2222 21.30  18.25 21.18  23.78
S009 17.90  17.22 20.67  18.86 20.99  19.74 20.65  21.87
S010 16.69  20.59 1759  17.96 13.73  13.16 1651  15.08
S011 2743 27173 27.24  27.69 23.79 2234
Mean 2050  20.54 21.35  20.02 19.86  18.32 19.45  20.24
Std. Deviation 4.60 3.53 4.21 3.88 3.76 3.35 2.56 457
Table 8: Semimembranosus Stiffness Across Measurement Days (kPa)
Day 1 Day 2 Day 3 Day 4
Left Right Left Right Left Right Left Right
S004 2157 1852 1293  18.14
S005 23.48 22.67 19.56 14.16
S006 15.36  21.76 15.46  19.70 21.65  22.10
S007 17.08  14.93 1463  17.76
S008 19.05  15.67 21.47  17.60 15.82  14.54 17.16  16.40
S009 2405  36.21 17.82  13.92 18.35  19.58 18.63  22.48
S010 1520  13.69 17.23  14.45 19.54  16.34 17.40  15.06
S011 17.74  21.12 21.19  18.03 18.47  19.68
Mean 19.19  20.57 1754  16.72 18.77  18.45 17.73  17.98
Std. Deviation 3.48 7.15 3.09 2.21 2.11 2.99 0.79 3.95
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Table 9: Percent Differences Between Measurement Day 1 and Day 4 Means

Measurement Day 1

Measurement Day 4
Percent

. Mean Stiffness Mean Stiffness .
Hamstring Muscle (kPa) (kPa) Differences
Left Biceps Femoris 15.25 (2.19) 16.09 (2.15) 5.50%
Right Biceps Femoris 17.79 (4.68) 15.02 (2.07) -15.57%
Left Semitendinosus 20.50 (4.60) 19.45 (2.56) -5.12%
Right Semitendinosus 20.54 (3.53) 20.24 (4.57) -1.46%
Left Semimembranosus 19.19 (3.48) 17.73 (0.79) -7.61%
Right Semimembranosus 20.57 (7.15) 17.98 (3.95) -12.59%
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Chapter V. Discussion

Introduction

Ultrasound machines with SWE capability, specifically Supersonic Aixplorer, are
expensive and force research laboratories and other clinical practices to operate utilizing one
machine. As a result, researchers and clinicians conducting studies assessing multiple
participants may end up monopolizing their ultrasound machine’s usage; thus, not permitting
simultaneous data processing and hindering research efficiency. Development of a custom
algorithm that processes SWE data away from an ultrasound machine offers researchers and
clinicians more time for data collections and can decrease time needed to process data.

The first part of this thesis developed a custom algorithm with the ability to consistently
analyze SWE images and provided stiffness assessments for specified ROI’s. Application of the
newly validated custom algorithm to an existing data set was the second part of this thesis.
Algorithm reliability results concluded excellent ICC and SEM values for muscle, tendon, and
ligament. After establishing our code works and takes consistent measurements and validating
it against the ultrasound machine, we applied the custom image processing algorithm and

analyzed a pre-existing data set.

Established Reliability of Custom Algorithm

Inter-day reliability reported excellent values for all three tissue types; for muscle and
tendon each reported ICC values of 0.999 and ligament reported a value of 0.998. We
determined, a priori, SEM values above 5 kPa would be considered more than measurement error
and an indication of programmatical errors within our custom algorithm. Each of our SEM for
muscle (0.01 kPa), tendon (0.06 kPa), and ligament (0.14 kPa) were well below that threshold.

The SEM values observed are postulated to be caused from differences in how the custom image



processing algorithm creates its ROl vs. how the ultrasound machine creates its ROI. Supersonic
Aixplorer defines its ROI in the shape of a circle. In contrast, our custom algorithm defined its
ROI in the shape of a rectangle. Based on the SEM values listed above, we believe these error
values were caused by our custom algorithm using rectangles for ROI instead of circles. Each of
the SEM calculations were below 1 kPa, thus reiterating the differing ROI shape did not
substantially influence our custom algorithm’s ability to produce comparable stiffness values to
the ultrasound machine. Given the excellent SEM values reported in this thesis, it is plausible to
presume if both measurement techniques had the same shaped ROI our algorithm would have

produced more comparable stiffness values to the ultrasound machine.

Validated Custom Algorithm

Bland-Altman plots displayed no large offset from zero, indicated by small mean
differences calculated in muscle (0.05 kPa), tendon (3.23 kPa), and ligament (5.32 kPa) (figure
6-8). Examining mean differences between both measurement techniques allowed us to
confidently predict a 95% probability the stiffness difference between our custom algorithm and
the ultrasound machine would be £ 0.77 kPa in muscle. For tendon, we confidently predicted a
95% probability the stiffness difference between our custom algorithm and the ultrasound
machine would be + 13.35 kPa. Ligament tissue data concluded we could confidently predict a
95% probability the stiffness difference between our custom algorithm and the ultrasound
machine would be + 20.01 kPa in ligament.

Comparing SWE imaging of muscle to tendon and ligament tissue displayed tendon and
ligament had a much smaller range of similar tissue surrounding their structures. The lack of
similar tissue surrounding these irregular structures possibly created a larger effect in stiffness

assessment values. We postulate the larger mean difference values observed in tendon and
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ligament are caused by an increased amount of dissimilar surrounding tissue being included in

our ROI creation.

Hamstring Stiffness Gender Differences

Based on an effect size of 0.11, no small differences were observed when comparing
male and female biceps femoris musculature. Both muscles, semitendinosus and
semimembranosus, had small significant gender stiffness differences, effect sizes of 0.44 and
0.46, respectively. Figure 9 also showed semitendinosus muscle regardless of gender is the
stiffer muscle in the hamstring muscle complex. Male athletes had stiffer semitendinosus
muscles compared to female sprinter and jumpers. Male athletes having stiffer semitendinosus
muscle is related to previous research that reported males have stiffer semitendinosus tendon
than female counter parts (Itoigawa et al., 2018). Previous research literature also reported male
athletes had higher injury rates for HSI’s than female counterparts; findings in this thesis
possibly provide insight as to why males have higher HSI incidence, due to having stiffer tissue
(Edouard et al., 2016; D. A. Opar et al., 2014). Further research is needed on this topic to make

that evidence conclusive.

HSI History vs. No Previous HSI History

Previous literature estimating stiffness from the frequency of oscillation of the shank
about the ankle, found previously injured runners had greater plantar flexor musculotendinous
stiffness than healthy athletes (Pamukoff & Blackburn, 2015). Our preliminary results yielded
contrasting results; athletes with no previous history of HSI appeared to have a large significant
difference in biceps femoris muscle (effect size 1.02) compared to athletes with a previous
history of HSI’s. Biceps femoris muscle being the most injured hamstring muscle may partially

explain the effect size we calculated (Comin et al., 2013; Connell et al., 2004). No significant

52



differences were calculated in semitendinosus and semimembranosus muscle, effect sizes 0.20
and 0.06, respectively. There is some evidence that supports our findings that healthy tissue is
stiffer than injury symptomatic tissue (Maquirriain, 2012). This study concluded athletes with
Achilles tendinopathy had lower stiffness measurements possibly due to increasing ankle
compliance (Maquirriain, 2012). We should note Maquirriain, 2012, measured stiffness in
Achilles tendon by modeling vertical ground reaction force during hopping tasks. It is plausible
athletes in our study with a history of HSI had lower stiffness values due to an increased
compliance of the previously injured tissue, possibly a result from injury rehabilitation.
Alternatively, because we do not know the hamstring stiffness before injury for the athletes with
a history of HSI, we must consider the possibility these athletes may have had naturally less stiff

tissue.

Individual Participant Outlier Analysis

One subject (S009) was diagnosed with a hamstring strain injury after day one data
collection (Table 2). HSI was diagnosed by an athletic trainer as a grade | right hamstring strain
injury. S009 was a 200- and 400-meter sprinter that had no previous history of HSI. SWE
analysis of the right semimembranosus, at the mid-belly, revealed stiffness values unlike any
other assessment from this dataset. Semimembranosus mid-belly stiffness assessments measured
55.69 kPa (figure 13). Compared to all other participants’ semimembranosus mid-belly stiffness
assessments, S009 stiffness measurements were 5.45 standard deviations above the mean (figure
13). It is worth noting that SO09 proximal right semimembranosus also revealed a high stiffness
measurement of 35.57 kPa (figure 13). When compared to all other participants’ proximal
semimembranosus assessments, S009 stiffness measurements were 3.64 standard deviations

above the mean (figure 13).
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Further analysis of hamstring stiffness data revealed eleven data points considered to be
outliers when compared to mean values from each hamstring muscle at either location, including
values from S009 injured semimembranosus mid-belly. Figure 11 shows biceps femoris muscle
producing 6 outlier points, ranging from 2.1-4.86 standard deviations above mean values. Two
of six biceps femoris outliers were from S007 right mid-belly and proximal muscle; measuring
33.76kPa (4.44 standard deviations above the mean) and 32.28kPa (4.86 standard deviations
above the mean), respectively. Figure 13 shows semimembranosus muscle data producing 4
outliers, ranging 2.21-3.64 standard deviations away from mean values, not including injury data
from S009.

Even though the stiffness measurements from the ten outliers did not cause injury, based
on preliminary analysis it is plausible these outliers may indicate early onset microscopic
damage within muscle fibers. We postulate SWE assessment of muscle stiffness revealing
values 3 standard deviations beyond normal stiffness values, may be a possible accumulation of
strain threshold indicator that may assist in identifying potential injury risks. Based on the
interpretation of the preliminary data, we can potentially say athletes exhibiting stiffness values
more than 3 standard deviations above the mean, represent an accumulation of microscopic
damage within muscle tissue, but not substantial enough to cause major injury. We also
postulate athletes exhibiting stiffness values more than 5 standard deviations from the mean, may
be at an increased risk for potential muscular strain injury and intervention should be considered

to avoid injury.

Tracking Hamstring Stiffness Throughout Competitive Season
Plotting individual participant stiffness data across measurement days for each muscle at

all three locations (distal, mid-belly, proximal), allowed any alterations occurring within muscle
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to be observed more easily. Generally, figure 14 demonstrates how participants’ hamstring
stiffness changed throughout the competitive season; stiffness ranges between 12-23kPa.
Fluctuations in hamstring stiffness were evident but did not produce injury (figure 14). These
changes appeared to be normal and a result of normal musculature responses to an athletes’
varying in-season training and/or competition schedule. Remaining individual hamstring
stiffness plots that did not produce an injury or display stiffness values more than three standard
deviations above mean can be found within appendix A. Conversely, figures 15-17 reveal
changes in hamstring stiffness values throughout the competitive season; these changes are
another representation of the outlier data previously mentioned. Based on S009 injury data point
we believe the outliers give us some insight into muscle material properties prior to injury and
individual line plots of hamstring stiffness data at specific locations, allow us to examine how

muscles respond before and after elevated stiffness levels.

Seasonal Effect on Mean Hamstring Stiffness

Based on 5/6 hamstring muscles we analyzed having percent differences of 5% or
greater, we believe the changes observed in mean hamstring stiffness across measurement days
are real because they exceed the calculated 4.55% relative SEM for muscle tissue. After
examining stiffness values from each individual hamstring muscle across all measurement days,
it appears left and right semitendinosus muscle was stiffer than biceps femoris and
semimembranosus muscles. Despite being stiffer, semitendinosus muscle data did not reveal any
accumulation of damage or injury outliers from our outlier analysis. This may be explained by
previous literature reporting semitendinosus muscle is the least injured hamstring muscle, biceps
femoris 84%, semimembranosus 11%, and semitendinosus 4% (Comin et al., 2013; Connell et

al., 2004; Ekstrand, Lee, et al., 2016). It is possible the stiffer muscle observed in the
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semitendinosus may act to protect that muscle from injury, potentially reducing injury incidence
within the muscle. We speculate muscular stain injuries could be altering the structural integrity
of tissue. These alterations could be developing weak points, post-injury, causing muscle tissue

to be less stiff and thus leaving that tissue at an increased risk of injury.

Areas for Future Research

This thesis successfully created a custom SWE image processing algorithm; capable of
assessing stiffness values in muscle, tendon, and ligament tissues. Future SWE studies
measuring stiffness in any other additional soft tissue structures, can use this new algorithm to
process elastography imaging data.

Participant SO009 displayed substantial differences in stiffness of their injured
semimembranosus mid-belly compared to other participants’ data. It is plausible that measuring
stiffness of injured muscles immediately following muscular strain could show stiffness values
higher than 5 standard deviations above the mean. The ability to track microscopic damage may
assist in injury recovery process; tracking stiffness in rehabilitated muscles can help athletic
training personnel quantitatively determine when an athlete can safely return to activity. Future
studies monitoring stiffness of injured athletes should implement daily SWE assessment to better
understand how stiffness of injured tissue recovers.

Identifying at risk athletes, through careful monitoring of muscle stiffness, can possibly
help athletic training personnel prevent major muscular injury in athletes (Sadeghi, Lin, et al.,
2018). This thesis identified potential accumulation of muscular strain threshold (three or more
SD above the mean) and potential muscular injury threshold (5 or more SD above the
mean).Future research focused on SWE stiffness assessment immediately following an injury

may provide baseline stiffness values that can be useful in interpreting potential stiffness outliers,
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like the outliers identified in this thesis. A prospective study utilizing SWE to monitor athletes
that have suffered a muscular injury can provide insight into if the thresholds identified by our
outlier analysis are true; if these injury thresholds are true then these values can be used in

identifying at risk athletes in future research. .

Limitations

There were some limitations to this thesis, first being a small sample size. Of the original
14 participants in this pre-existing dataset, only eight were included in the analysis of tracking
stiffness throughout the competitive season. Subjects from this dataset were recruited from a
single track & field team; allowing us to include sprinter and jumping athletes of similar age and
skill level that met our inclusion criteria.

Secondly, there is a risk of hamstring stiffness becoming altered in some capacity by in-
season resistance training. Daily variations in training formats and intensities may influence
hamstring muscle stiffness. Information detailing daily training regimens was not disclosed in
this dataset. Knowing specific daily activities of athletes may provide more insight into muscle
stiffness changes within individual athletes across measurement days.

Lastly, the ultrasound machine defines its ROI in circles, while our custom algorithm
defines ROI in the shape of rectangles. Our custom algorithm still demonstrated it can produce
similar stiffness values compared to the ultrasound machine’s stiffness values in multiple tissue
types, despite this distinction (figure 6-8). We believe the mean percent error values from our
validation analysis is a result of this ROI difference. If the ultrasound machine and our custom
algorithm defined ROI using the same shape, we believe the mean percent error values would be
less than the values reported earlier, suggesting an even better match of stiffness values between

both measurement techniques.
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Conclusion

We developed a working algorithm that analyzed stiffness in SWE images and
successfully validated our code against three tissue types. Our custom SWE image processing
program algorithm will allow researchers and clinicians to process images away from the
ultrasound machine; thus, increasing opportunities for data collections and make data processing
faster. Application of the custom SWE processing algorithm allowed us to analyze a dataset
unable to be completely processed on the ultrasound machine.

Examining individual participants” hamstring stiffness throughout the competitive season
yielded preliminary results showing significant changes in muscle stiffness. Hamstring muscle
stiffness values more than three standard deviations above the mean may be an indication of
accumulation of strain; however, it appears not substantial enough to increase eminent muscular
injury risk. Hamstring stiffness value more than five standard deviations above the mean may
have been the cause of muscle injury seen in S009. We believe the preliminary results from this
thesis justify regular monitoring of athlete’s hamstring muscle stiffness, because it appears there
is highly increased stiffness prior to injury. A prospective study aimed at close monitoring of
athletes’ hamstring stiffness changes can help identify those individuals at risk of injuring their

hamstrings.
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APPENDIX A: INDIVIDUAL PARTICIPANT HAMSTRING STIFENESS PLOTS
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APPENDIX B: DEMOGRAPHICS QUESTIONAIRE

Questionnaire for Ultrasound Elastography Measurements as Predictor for Hamstring
Strains

1. Date of Birth:

2. Sex Male Female

3. What events do you compete in? (List all)

4. Do you currently have a hamstring strain injury?
Yes No

If yes, please specify what leg the injury occurred in, which muscle(s) the injury occurred in, and where in
the muscle(s) it occurred (if possible)

5. Have you had a hamstring injury in the past?
Yes No

If yes, how long ago was it?

If yes, please specify what leg the injury occurred in, which muscle(s) the injury occurred in and where in
the muscle(s) it occurred (if possible)

6. What is your start leg?
Right Left
7. What is your lead leg (if applicable)?

Right Left



8. What is your jumping leg (if applicable)?

Right Left
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APPENDIX C: INFORMED CONSENT DOCUMENT

East Carolina Informed Consent to Participate in Research
Information to consider before taking part in research that has no more than
minimal risk.
University

Title of Research Study: Development and Application of a Custom Algorithm to Assess Hamstring Muscle
Stiffness

Principal Investigator: Zachary J. Domire, Ph.D.

Institution/Department or Division: Department of Kinesiology

Address: 332 Ward Sports Medicine Building

Telephone #: 252.737.4564

Study Sponsor/Funding Source: N/A

Researchers at East Carolina University (ECU) study problems in society, health problems, environmental
problems, behavior problems and the human condition. Our goal is to try to find ways to improve the lives of you
and others. To do this, we need the help of volunteers who are willing to take part in research.

Why is this research being done?

The purpose of this research is to determine if muscle stiffness is a predictor of hamstring strains. The decision to
take part in this research is yours to make. By doing this research, we hope to learn if there is a correlation between
muscle stiffness and the occurrence of hamstring strains.

Why am | being invited to take part in this research?

You are being invited to take part in this research because you are sprinter/jumper on the ECU track & field team
and over the age of 18 years old. If you volunteer to take part in this research, you will be one of about 100 people
to do so.

Are there reasons | should not take part in this research?
I understand I should not participate in this study if I am below 18 years old.

What other choices do I have if | do not take part in this research?
You can choose not to participate.

Where is the research going to take place and how long will it last?

The research procedures will be conducted in the Biomechanics Laboratory in the Ward Sports Medicine Building.
You will need to come to room 332 approximately 10 times during the study. The total amount of time you will
be asked to volunteer for this study 10 hours over the next 10 months.



What will I be asked to do?

You are being asked to do the following in the order presented:

Read and sign this informed consent form.

Provide personal information about your general health, injury history, and leg dominance.

Have your height and weight measured.

Have ultrasound elastography images of your hamstring muscles taken while lying in the prone position.
Return once per month to have steps 3 and 4 repeated.

If you strain your hamstring, you will be asked to come in once per week for steps 3 and 4 to be repeated
until the injury appears normal on the ultrasound. (Note: this will increase the number of hours and total
time you will be asked to volunteer for the study)

ogakrwdE

Ultrasound is the technique of using sound waves that are unable to be felt to create an image; much like a pregnant
woman gets a sonogram to see a picture of her baby. In this case, the sound waves will be used to create an image
of your muscle. Using these sound waves, we are also able to measure the stiffness of your muscle by measuring
how quickly these waves travel through the tissue. This ultrasound technique is called elastography.

What possible harms or discomforts might I experience if | take part in the research?
It has been determined that the risks associated with this research are no more than what you would experience in
everyday life.

What are the possible benefits I may experience from taking part in this research?

We do not know if you will get any benefits by taking part in this study. This research might help us learn more
about possible risk factors for hamstring strains. There may be no personal benefit from your participation, but the
information gained by doing this research may help others in the future.

Will 1 be paid for taking part in this research?
We will not be able to pay you for the time you volunteer while being in this study.

What will it cost me to take part in this research?
It will not cost you any money to be part of the research.

Who will know that I took part in this research and learn personal information about me?
To do this research, ECU and the people and organizations listed below may know that you took part in this research
and may see information about you that is normally kept private. With your permission, these people may use your
private information to do this research:
e The University & Medical Center Institutional Review Board (UMCIRB) and its staff, who have
responsibility for overseeing your welfare during this research, and other ECU staff who oversee this research.
e Any agency of the federal, state, or local government that regulates human research. This includes the
Department of Health and Human Services (DHHS), the North Carolina Department of Health, and the Office
for Human Research Protections.

How will you keep the information you collect about me secure? How long will you keep it?

Data files will be kept for 6 years after the study is completed. We will keep your personal data in strict confidence
by having your data coded. Instead of your name, you will be identified in the data records with an identity
number. Your name and code number will not be identified in any subsequent report or publication. We (the study
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investigators) will be the only persons who know the code associated with your name and this code as well as your
data will be kept in strict confidence.

What if | decide | do not want to continue in this research?
If you decide you no longer want to be in this research after it has already started, you may stop at any time. You
will not be penalized or criticized for stopping. You will not lose any benefits that you should normally receive.

Who should I contact if I have questions?
The people conducting this study will be available to answer any questions concerning this research, now or in the
future. You may contact the Principal Investigator, Zac Domire, at 252-737-4564 (days, between 8 am to 5 pm).

If you have questions about your rights as someone taking part in research, you may call the Office of Research
Integrity & Compliance (ORIC) at phone number 252-744-2914 (days, 8:00 am-5:00 pm). If you would like to
report a complaint or concern about this research study, you may call the Director of the ORIC, at 252-744-1971.

I have decided | want to take part in this research. What should | do now?
The person obtaining informed consent will ask you to read the following and if you agree, you should sign this
form:

e | have read (or had read to me) all of the above information.

e | have had an opportunity to ask questions about things in this research I did not understand and have
received satisfactory answers.

e | know that I can stop taking part in this study at any time.

e By signing this informed consent form, I am not giving up any of my rights.

e | have been given a copy of this consent document, and it is mine to keep.

Participant’'s Name (PRINT) Signature Date

Person Obtaining Informed Consent: | have conducted the initial informed consent process. | have orally
reviewed the contents of the consent document with the person who has signed above, and answered all of the
person’s questions about the research.

Person Obtaining Consent (PRINT) Signature Date

Principal Investigator (PRINT) Signature Date
(If other than person obtaining informed consent)
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APPENDIX D: CUSTOM ALGORITHM FLOWCHART
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Figure 1.3 — Check that every pixel in our ROI contains valid
stiffness information
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Notification of Continuing Review Approval: Expedited

From: Biomedical IRB

To:  Zachary Domire
CC:
Patrick Rider
Date: 4/1/2020
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UMCIRB 14-001352
Development and Application of a Custom Algorithm to Assess Hamstring Muscle Stiffness

The continuing review of your expedited study was approved. Approval of the study and any consent form(s) is for
the period of 3/31/2020 to 3/30/2021. This research study is eligible for review under expedited category # 4. The
Chairperson (or designee) deemed this study no more than minimal risk.

Changes to this approved research may not be initiated without UMCIRB review except when necessary to
eliminate an apparent immediate hazard to the participant. All unanticipated problems involving risks to
participants and others must be promptly reported to the UMCIRB. The investigator must submit a continuing
review/closure application to the UMCIRB prior to the date of study expiration. The Investigator must adhere to all
reporting requirements for this study.

Approved consent documents with the IRB approval date stamped on the document should be used to consent
participants (consent documents with the IRB approval date stamp are found under the Documents tab in the study
workspace).

The approval includes the following items:
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Document
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of the Application for Waiver of Authorization have been determined to be the minimal necessary for the specified
research.
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