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ABSTRACT

Rotator cuff disease impacts approximately over 50% of the population above the age of
60, causing pain and ultimately possible loss of shoulder function. The rotator cuff is
composed of muscles and tendons that work in tandem to support the shoulder and aid in
the movement of the arm. History of trauma and increased age can lead to a rotator cuff
tear, which can range in severity from a partial-thickness tear to a full-thickness, total
rupture. Currently, diagnostic techniques for rotator cuff disease are based on physical
assessment, detailed patient history, and medical imaging, primarily X-ray, MRI and
ultrasonography. However, limitations still exist regarding rotator cuff diagnosis and
monitoring. Ultrasound has been shown to have good accuracy in the identification and
measurement of full-thickness and partial-thickness rotator cuff tears. Quantitative data
regarding rotator cuff tears is not as readily available as the qualitative data provided by
the aforementioned techniques. The device designed through this study improves the
method of transduction and the analysis of in situ measurement of rotator cuff
biomechanics. Improvements include the ability of the clinician to apply a uniform force
to the underlying musculotendentious tissues while simultaneously obtaining an
ultrasound image and the addition of Bluetooth for ease of data transfer. Preliminary
studies were performed with the device on both post-operative and healthy patients, in
which the stress and strain experienced by the rotator cuff tissue was analyzed. This
device will ultimately aid in developing a more thorough predictive diagnostic model for
the treatment of rotator cuff disease and aid clinicians in choosing the best treatment

option for patients.
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CHAPTER ONE

INTRODUCTION

Overview

Rotator cuff disease is the most common shoulder problem, with about 20.7-22.1% being
affected by it. 12 The largest risk factors for rotator cuff tears include a history of trauma and a
person’s age. I The number of those affected by the disease increases with age; over 50% of the
population over the age of 60 is affected by rotator cuff disease.l 3 4 Rotator cuff tears have
significant impacts on a patient’s life aside from the pain experienced by the disease, which can
ultimately cause loss of function. The impacts include significant decrease in overall health,
particularly with regards to physical functioning, social functioning, physical health, and
emotional health. 5¢ It has even been suggested that a patient’s quality of life is effected to the
same degree as those with one of five major medical conditions: hypertension, congestive heart
failure, acute myocardial infarction, diabetes mellitus and clinical depression. > Although tears
are common in the elderly, they can occur in those under the age of 40 if accompanied by acute

trauma. 7 Of all the patients seen by shoulder surgeons, rotator cuff injuries account for 30%. 8°

Anatomy

The shoulder joint, or glenohumeral joint, is a ball and socket joint that allows for
interaction between the glenoid fossa of the scapula and the head of the humerus, which is shown
in figure 1.1. 19 This joint is the most mobile joint in the body whose main purpose is the correct

functional placement of the hand. 811 This task requires mobility, strength, and stability. The



rotator cuff is comprised of four main muscles and their musculotendinous attachments, which

provide the stability of the glenohumeral joint. 812

Humeral Head
Center

Figure 1.1: Glenohumeral Joint Surface Model

The rotator cuff is comprised of four main muscles: the subscapularis, the supraspinatus,
the infraspinatus, and the teres minor, as shown in figure 1.2 and 1.3. 13 The subscapularis
muscle originates in the scapula and is innervated by the subscapular nerve. 12 It is a large
structure that is flat in shape and is powerful enough to oppose the function of both the
infraspinatus and teres minor muscles posteriorly. 14 The supraspinatus originates in the scapula
and inserts into the greater tuberosity via its tendon. 12 It works in conjunction with the teres
minor, which originates in the scapula as well. The teres minor is innervated by the axillary

nerve and inserts into the greater tuberosity. The infraspinatus originates in the supraspinous



fossa and is innervated by the suprascapular nerve. All of the aforementioned muscles end in

tendons that fuse with the fibrous capsule to form the cuff. 14

| Bcpetal tendon —4

Bueps muscle
(long head)

Sternum

Fig 1.2: Anterior View, Rotator Cuff Anatomy
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Fig 1.3: Posterior View, Rotator Cuff Anatomy

During shoulder motion, the muscles of the rotator cuff stabilize the glenohumeral joint.
Contraction of the supraspinatus in conjunction with the deltoid muscle is responsible for
abduction of the arm. 815 Supraspinatus activity continues throughout the process of abduction. 1°
This upward motion caused by the supraspinatus is opposed by the action of the infraspinatus,
subscapularis, and teres minor, which all depress the humeral head to ensure and maintain
stability of the joint. 8 The muscles of the rotator cuff have varying contributions to the torque
produced during abduction, with 30% being due to the subscapularis, 25% by the supraspinatus,

and 10% by the infraspinatus. 1 The four muscles of the rotator cuff both generate torque and



depress the humeral head, allowing for stabilization of the joint. In large rotator cuff tears, this

stabilization is compromised and the humeral head is allowed to migrate. 12

Rotator Cuff Tears

Typically, a rotator cuff tear is the result of degeneration, as a result of shear wear in the
presence of hypovascularity that reduces tendon integrity. '' An extreme overload event, such as
a significant fall, motor vehicle crash, or shoulder dislocation, can also cause a tear. 811
However, degeneration is most frequently the cause of tears as opposed to trauma. 8 The three
stages of rotator cuff disease defined by Neer depict the anatomical changes within the rotator
cuff that lead to the varying degrees of thickness: Stage I tears occur in patients younger than 25
and are typically due to edema and hemorrhage of the bursa and tendon; Stage II tears occur in
patients 25-40 years old and are typically due to tendonitis and fibrosis; Stage III tears occur in
individuals over the age of 40 and involves partial or full-thickness tearing of the cuff. 17

A study of cadaveric models found that of 30.24% of tears found, 11.75% were full-
thickness and 18.49% were partial-thickness. 18 In an autopsy study, the incidence of partial tears
was found to be 28.7%. 1° In smaller tears, increased fibroblast cellularity, increased expression
of leucocytes, and increased expression of vascular markers occur, all which are indicative of
inflammation and healing. However, these traits are seen less often as the size of the tear
increases. 20 In large tears, evidence of edema and degeneration has been seen with little signs of
inflammation and healing, as seen in smaller tears. This suggests that smaller tears have a greater
chance of healing than larger ones due to the presence of anatomical markers associated with
inflammation and healing. 20 It has been demonstrated that 10% of partial-thickness tears fully

heal and 10% will become smaller. However, 53% of partial-thickness tears will propagate, with
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28% progressing to full-thickness tears. 21 When the progression to a full-thickness tear occurs,
persistent tendon defect can occur if surgical measures are not taken, which can ultimately lead
to detrimental effects in both cells and tissue within the joint. ° It has been suggested that
supraspinatus involvement always occurs in rotator cuff ruptures. 1° The supraspinatus tendon
becomes thickened and more likely to tear with increasing age. 22

The most common symptoms associated with rotator cuff disease are pain in the
shoulder, moderate to severe weakness, and reduced range of motion. 23 Although some rotator
cuff injuries present debilitating symptoms that significantly alter the quality of life, symptoms
are not always present with the existence of a tear. 2 Only 34.7% of rotator cuff tears are
associated with symptoms, leaving 65.3% of rotator cuff tears to be asymptomatic. 2 The
presence of asymptomatic tears is common, and increases in probability with age. 223-25
Asymptomatic tears constitute for about half of the tears in people in their 50s and over two-
thirds of those in people over the age of 60. 2 Over half of asymptomatic rotator cuff tears have
been demonstrated to progress to symptomatic in less than three years, during which the tear
increases in size. 2> Overall, asymptomatic tears are twice as likely as symptomatic tears within
the population. 2

Across literature, it is unanimously agreed upon that the likelihood of rotator cuff disease
increases with age. 12419232426 Approximately 30-54% of individuals over the age of 60
experience the pain and debilitation associated with rotator cuff disease. #2426 The prevalence
increases markedly above the age of 80 in which 36.6%-80% of individuals are affected by
rotator cuff disease. 24 This prevalence significantly increases every decade, affecting 10.7% of

those in their 50s, 15.2% of those in their 60s, 26.5% of those in their 70s, and 36.6% of those in



their 80s, in a particular study. 2 It has been suggested that neither dominance nor gender have
any affect on rotator cuff disease. 4

Although rare, rotator cuff disease can occur in individuals under the age of 40. The
prevalence of rotator cuff tears under the age of 40 is 0-4%. 224 This is typically due to acute
trauma caused by impingement and flexibility deficits, strength deficits, or both. 7 This type of
injury is often seen in throwing athletes such as baseball players, rowers, and tennis players.

When torn, it has been observed that increasing rotator cuff tear thickness is correlated
with increased strain in the intact posterior portion and decreased strain in the torn anterior
portion. *” The stiffness of a torn supraspinatus initially decreases, but quickly increases with
time from the injury, as observed in animal studies where rotator cuff tendons were torn and
observed. ** The presence of atrophy and fatty infiltration in rotator cuff tears directly correlates
with how repairable a tear is. It has been observed that fatty infiltration and atrophy increase
within a 48-month period and within one year of rotator cuff tendon repair, atrophy improves
partially while fatty infiltration does not recover. *~°

With regards to medical costs, workers compensation, and decreased productivity, it has
been suggested that rotator cuff disease accounts for $3-5 billion a year. 3132 Second to back
pain, rotator cuff injuries are one of the main cases of lost work time in manual laborers. 33
Rotator cuff tendonitis is common among those who work in heavy labor-intensive fields. For
example, approximately 18.3% of shipyard welders and 16.2% of plate workers experience the
pain associated with rotator cuff disease, which has been attributed to the heavy hand tool use in
such fields. This excessive muscle maneuver increases strain in the supraspinatus and the
infraspinatus. This strain on the supraspinatus that occurs in overhead lifting significantly

contributes to the shoulder disabilities often seen in individuals in theses professions. 33



Existing Diagnostic Methods

Currently the diagnosis of rotator cuff disease includes patient history analysis, pain
assessment, a physical examination, and testing utilizing imaging modalities. During the physical
examination, a physician assesses for signs of impingement, which includes applying various
forces, varying from 5-10 pounds, to the joint at varying angles as well as analyzing the range of
motion. Force is applied during downward pushes to examine if pain exists at this point and
disappears when the force and push is removed, shown in figure 1.4. 34 With rotator cuff disease,
pain is often exacerbated with overhead movements, which is another symptom clinicians look
for during the physical examination. 12 Although patient history and a physical examination are
often the first steps performed during rotator cuff diagnosis, it has been suggested that there is a
lack of a clinically relevant diagnosis utilizing the two. 3> If the physical examination, pain
assessment, and patient history point towards a positive diagnosis, imaging modalities are

utilized to further differentially diagnose the injury.

'/i)L
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Figure 1.4: Rotator Cuff Physical Examination



Magnetic resonance imaging (MRI) is often used in the diagnosis of rotator cuff injuries
for patients considering surgery. MRI has excellent soft tissue contrast and does not use ionizing
radiation, making it a good candidate for the diagnosis of injuries in the shoulder joint. 3¢ This
technique not only limits the analysis of real-time results, but is also costly, time-consuming, and
requires a large space for the equipment. It is the high-cost and time consumption associated with
MRI that often makes it an impractical diagnostic device for rotator cuff injuries. 22 It has also
been observed that MRI does not have the ability to differentiate between partial and full-
thickness tears nor incomplete tears. This modality also does not have the ability to differentiate
between the different surfaces at which a tear is located. 37

The other imaging modality used in the diagnosis of rotator cuff tears is ultrasound.
Ultrasound is an attractive diagnostic device for several reasons. Obtaining images with
ultrasound 1is a relatively quick process that is safe and noninvasive. It is also not limited by
patient size, cooperation, or positioning and can be used bedside. It is also readily available. 38
Ultrasound allows for real-time results and has been suggested to be a reliable, timesaving
practice in the diagnosis of rotator cuff tears when performed by a skilled clinician. 3% Studies
have reported varying sensitivity and specificity values for ultrasound, ranging from 96.2-100%
and 95.4-97%, respectively, for full-thickness tears. 3940 The estimation of tear size is more
accurate for larger tears than smaller tears with ultrasound, with 96.5% of larger tears being
correctly estimated and 91.6% of smaller tears being correctly estimated. 3° When used to
diagnose partial-thickness and full-thickness tears, ultrasound detects 80% and 90%,
respectively, of total tears, correctly showing the site of the tear in every patient. 41

In the argument of whether ultrasound or MRI is the best diagnostic modality for rotator

cuff disease, various data and opinions exist. Some argue that ultrasound is not as accurate as



MRI in the diagnosis of rotator cuff tears. 2 However, many studies suggest that ultrasound and
MRI are comparable for the diagnosis of rotator cuff disease, and are essentially equal diagnostic
tools. 43-45 It has also been observed that the sensitivity of ultrasound diagnosis (93.4%) is greater
than MRI diagnosis (87.5%). 46 Due to the fact that ultrasound has a high sensitivity and
specificity, is economic, and fast, it is the preferred diagnostic method. 4546 Ultrasound also

performs better in the detection of partial-thickness tears. 47

Current Diagnostic Limitations

Although the aforementioned methods have the ability to correctly diagnose rotator cuff
disease, there is a lack of thorough, biomechanical data with each method. Although qualitative
data is available, limitations exist with the aforementioned tests that prevent clinicians from
obtaining both qualitative and quantitative data to aid in the diagnosis. This indirect assessment
also prevents diagnoses from being standardized. Various clinicians interpret the qualitative data
differently provided by the techniques currently used, causing diagnoses to be very subjective. In
short, there is little scientific basis upon which treatment decisions are currently made. 38 The
availability of a quantified standardized procedure would allow for a complete and accurate
comparison of tears between various patients as well as tears before and after treatment or
surgery in the same patient. The ability to quantify rotator cuff tears is something that can
overcome the limitations currently encountered. 38

As previously stated, little research has been performed in the area of quantifying the
active rotator cuff tendon. However, interest in this area is developing due to the relatively high
rate of failed rotator cuff repairs. 38 Bull, Reilly, et al described the use of arthroscopically

insertable force probes to study the rotator cuff in vivo. #4849 These force sensors were
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arthroscopically implanted into the subscapularis tendon, after which forces were applied during
active tendon movement and measured. The results of the subscapularis tendon loading
suggested that the subscapularis is capable of producing up to 250 N of force during maximum
internal rotation of the shoulder. 48 Kim et al also described an in vivo supraspinatus analysis
which documented the strain of the superficial, middle, and deep regions of the supraspinatus
tendon. 50 The displacement and strain was measured during isotonic and isometric shoulder
movement, in which a greater displacement was observed in the superficial region than the deep
region during isometric motion, 1.66mm and 0.61mm respectively. During isotonic motion, the
displacement was greater in the deep region than the superficial region, 1.61mm and 0.70mm
respectively. 50

Studies have been performed using an ultrasound in vivo approach on the Achilles tendon
51-53tibialis anterior tendon 5455, and patellar tendon. 657 However, such an approach has not
been extensively studied in the rotator cuff. The measurement of in vivo tendon function via
ultrasound utilization is a method that shows great promise for the rotator cuff tendon, especially
when combined with force and stress deformation estimations. 38 Tendon stiffness can be a
predicative model for rotator cuff disease and can be measured through ultrasound utilization due
to the fact that ultrasound can obtain images before, during, and after compression of the tendon.
Therefore, tissue strain can be measured utilizing the ultrasound probe to administer force. 58
This force will allow for the collection of quantitative data that can then be paired with the
qualitative data obtained from ultrasound imaging to produce a more thorough, comprehensive
diagnosis of rotator cuff injury. With this method, force sensors do not have to be physical
implanted, there are no known side effects, and real-time, dynamic images can be obtained and

paired with quantitative data. This will allow for a more objective judgment of postoperative
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rotator cuff healing through mechanical data that is currently not available. This will also allow
the use of tendon biomechanics to serve as an indicator of normal versus compromised tendon
function, allowing for a standardized diagnosis to exist among clinicians regarding rotator cuff
disease. In this study, an apparatus was developed that utilizes force measurements and
ultrasound images to obtain, compile, and process raw data to yield diagnostically relevant data
indicative of rotator cuff tendon mechanics. This device was then tested on patients with normal
and compromised rotator cuff tendons to obtain preliminary diagnostic data regarding force

measurements relating to rotator cuff disease.
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CHAPTER TWO

DEVICE DESIGN AND SOFTWARE

Device Design

The original idea for the device was to have a moving component that allowed for the
measurement of a baseline force and compression force, ergonomic. Earlier iterations of this
device that were designed were too bulky to allow for the incorporation of the force sensors
while also being adaptable to different types of ultrasound probes. Due to the requirement that
the device needed to fit a variety of ultrasound probes, the smallest component of the device
needed to be big enough to fit the largest, most common probe, the HFL50x 15-6 MHz
transducer. Hence, the final iteration of the device was created and is comprised of two parts, an
internal component and a shell.

The internal piece has two parts that fit together, as shown in figure 2.1. These two parts
are attached onto an ultrasound probe that is pushed into the patient’s shoulder and, therefore,
rotator cuff tissue. This part is what is utilized, in conjunction with the ultrasound probe, to
administer the force that is measured and reported. The internal piece is designed to be universal
for all ultrasound probes, which is achieved by having several different options of the internal
piece. All of these pieces have the same exterior design, so that they are all compatible with the
same shell, with various foam patterns on the interior to compensate for the different probe sizes
available on the market. The transducer is placed within the long axis of the infraspinatus muscle
at the level of the posterior glenohumeral joint line, inferior to the spine of the scapula. Each
ultrasound image is centered along the spinoglenoid notch, where standardized measurements are

calculated.
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The shell, which is shown in figure 2.2, is comprised of two parts. The cross-section of
the shell, which is one of the two pieces, is shown in figure 2.3. Two force sensors are placed on
the bottom of these parts, which then attach over the internal component, as shown in figure 2.4.
Therefore, when fully assembled, the shell contains force sensors that push against the internal
component when applied to rotator cuff tissue, as shown in figure 2.5. This allows for the sensors
to read the force applied to the tissue by the clinician. The top of the shell was designed with a
curved surface to fit the contour of the human hand, making the use of this device more
comfortable for the end user. This curvature also allows the device to be fully functional with the
use of only one hand, much like the use of an ultrasound probe. This aspect of the device
mitigates a learning curve with the end user, due to the fact that its handling and use is much like

that of the ultrasound probe itself.
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Figure 2.1: Internal Component of the Device

Figure 2.2: Shell of the Device
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Figure 2.3: Cross-section of the Shell of the Device

Figure 2.4: Full Device with Separated Components

16



Figure 2.5: Fully Assembled Device

This design is more ergonomic and reliable as compared to the first iteration™.
The first iteration of the apparatus had some drawbacks, the most significant being the
force measurements from the sensor were not uniform. The old iteration used flex sensor
to measure force, which is a less reliable way of measuring force than the compression
load cell sensors used in this device. Also, the flex sensors have a shorter life span than

those used in this device and are more prone to wear. This led to the clinician having to

17



repeat the procedure several times to obtain acceptable readings. The improved device
also incorporates the hardware of the device, the battery and Arduino board, within the
device, whereas the old device had a box external to the device itself containing the
hardware. The Fio V3 Arduino board used in this device is also much smaller in size than
the Arduino Uno board used in the old device. The previous iteration also utilized
springs, which are susceptible to wear and corrosion. This improved device is comprised
of two parts, where one part is able to move over the other. This aspect decreases the
likelihood of the wear and tear that existed with the previous iteration. The large springs
in the previous device design also required the use of both hands to compress the device,
and allow for the compression force measurement. This meant that the device was not
held like the ultrasound probe itself, and created a learning curve for the clinician using
it. The new design is smaller and only requires one hand for use and is gripped in a

similar manner as an ultrasound probe.

Software and Functioning

The system within the device allows for the measurement of force measurements,
both at a baseline value and a compression value, after which the difference is analyzed.
The system does the following: (i) obtains both baseline and force measurements when
attached to the probe that is used to push into the tissue; (ii) difference between the
baseline and force is calculated then utilized to obtain stress; (ii1) the length of the tissue

at the baseline and compression force are measured on ultrasound images; (iv) the
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difference in length between the baseline and force lengths is calculated and utilized to
obtain strain; and (v) Young’s Modulus is calculated using the calculated stress and

strain. This process is outlined in Figure 2.6.

Ultrasound imaging

Image Captured

Tissue Deformation
Analyzed

Force Reading
Displayed From Voltage

Calculate strain of the
tissue

Figure 2.6: Procedural Block Diagram

Step 1 listed above can further be explained with respect to how the device allows
for the force measurement to be obtained and read. This is displayed in Figure 2.7. First,
two compression load cells force transducers collect the data. When the device is used,

these sensors, which are attached to the shell, push onto the exterior surface of the
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internal piece. The sensors report the voltage associated with the amount of force the

clinician applies with the aid of the transducer to the patients shoulder.

Force administered on
patient

Corresponding voltage read
by sensor

Voltrage transferred via
Bluetooth-compatible device

Voltage is recorded

Voltage is entered into
Matlab program

Matlab program converts
voltage to force measurement

Figure 2.7: Software Procedural Diagram

The obtained voltages are then transferred to a laptop via the Bluetooth present on
the Fio V3 Arduino board fitted on the device . The previous iteration of this device
used an USB cable to transfer the obtained measurement to a computer, which is

something that needed to be improved upon. With respect to the earlier iteration,
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clinicians complained about the how difficult it was to use a device that was hooked up to
a computer via a cable along with the transducer that the device surrounds also being
hooked up to a separate system. This prevented ease of use, and it was essentially a
nuisance for clinicians to try to use a device wired to several different machines.
Therefore, with this device, Bluetooth was incorporated into the hardware to prevent this
annoyance and allow the clinician to use the device more easily. With the Bluetooth, the
device is free of cables, and does not have to be attached to a computer. The laptop that
displays the collected data can be placed anywhere in the near vicinity, allowing the
clinician to used the improved device almost like an ultrasound transducer.

After the recorded voltage is transferred to a laptop, it is entered into a Matlab
program that was created to convert the voltage to the corresponding force measurement.
Once the sensors were incorporated into the device, calibrations were performed to obtain
the forces that correspond to the voltages read by the sensors. Various weights were
loaded onto the device and the corresponding output voltages were recorded. For each
weight, two voltages were recorded, one for each of the sensors. Several trials were
performed, and the voltages for each weight were averaged as well as for the two sensors.
A linear interpolation was then performed to ensure each possible voltage output had a
corresponding force measurement. A look-up table was created with all possible voltage
outputs and the corresponding force measurements, which was incorporated into a Matlab
program that allows the clinician to enter the voltage displayed from the device to obtain

the correct force measurement. Ultimately, this program takes the voltage input and gives
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the corresponding calibrated force using the look up table. If the voltage entered is not

available in the table, the program interpolates linearly to find the corresponding force.
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CHAPTER THREE

PATIENT DATA

Methods

A clinical study was performed to ensure the proper functioning of the device as
well as to obtain preliminary results. The device was used on a total of eight patients, four
healthy patients and four post-operative patients. The post-operative patients had rotator
cuff repairs performed approximately two years prior to testing. The healthy patients
were in their mid-20s and had no previous rotator cuff or shoulder injuries. For the post-
operative patients, three trials of both the involved, the shoulder the surgery was
performed on, and non-involved shoulder were performed. For the healthy patients, three
trials of both the dominant and non-dominant shoulder were performed.

For each trial, the device was attached at a Sonosite HFL50 transducer and
attached to a Sonosite ultrasound system. The device was then used to obtain a baseline
image and the corresponding force measurement, which was done by gently touching the
probe to the patient’s skin. The clinician then applied as much force as possible to the
tendon and a force measurement was recorded while simultaneously obtaining an
ultrasound image. OsiriX was then used to measure the length of the tendon in both the
baseline and force images for each trial, as shown in figures 3.1 and 3.2. The strain was
calculated by dividing the difference between the baseline and force lengths (Al) by the
baseline length (1). Stress was calculated by dividing the difference of the baseline and

compression force measurements by the area of the transducer. The stress and strain
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relationship, Young’s modulus, was then plotted. Stiffness was also calculated, difference

in force measurements divided by the difference in lengths (displacement), and plotted.

30174
ND-UNINV-BL-2
‘o‘_ ad

arn——

Figure 3.1: Baseline length measurement
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Figure 3.2: Compression force length measurement

Preliminary Study Results

Once data was obtained, the stress, strain, and stiffness for each trial was
calculated. The mean and standard deviation of each was calculated, as shown in table
3.1. The stress and strain were plotted to produce a graph, Young’s Modulus. Two
separate graphs were produced: one for the healthy patients (dominant versus non-
dominant) and one for post-operative patients (involved versus non-involved), as shown

in figures 3.3 and 3.4. The calculated stiffness values were also graphed, shown in figures
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3.5 and 3.6. For post-op patients, the external rotation and functional outcome scores,
which range from 0-100 with 100 being fully functional, were recorded, as shown in table
3.2. The stress, strain, and stiffness for the post-op patients were then each graphed

against the external rotation, as shown in figures 3.7-3.9.
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Strain (o) Stress (€) Stiffness
Mean Std dev Mean Std dev Mean Std dev
Dominan | 0.16119 | 0.03707 | 55.6323 | 16.1231 | 8.90739 | 1.89968
Healthy |t 4853 7643 4091 8326 4047 1064
patient 1 | Non- 0.10366 | 0.04740 | 35.4557 | 15.9738 | 9.42990 | 0.55145
dominant 8075 5893 4681 1086 9537 5885
Dominan | 0.13368 | 0.01255 | 48.2523 | 6.88539 | 7.61849 | 0.57863
Healthy |t 5424 9438 7121 8094 658 5833
Patient 2 | Non- 0.19175 | 0.02216 10.5843 | 9.26620 | 2.77483
dominant 7092 1055 | 64.601 8253 136 1299
Dominan | 0.14867 | 0.03297 | 52.1410 | 1.09113 | 11.0176 | 1.56543
Healthy |t 7212 3723 7576 4087 0849 8252
Patient 3 | Non- 0.14778 | 0.11071 | 122.773 | 4.82289 | 11.1924 | 5.88064
dominant 8249 4768 6742 1118 8797 0741
Dominan | 0.12937 | 0.10641 | 59.6804 | 8.24875 | 16.6094 | 7.95279
Healthy |t 5908 4672 9242 402 1612 3956
Patient 4 | Non- 0.20016 | 13.0427 | 77.1401 | 13.0427 | 10.2690 | 2.59823
dominant 4657 0965 8182 0965 7879 3537
0.63365 | 0.50142 | 31.7449 | 2.05273 | 7.64246 | 10.6887
Post-op | Involved 1889 7597 2424 1756 5325 9201
Patient 1 | Non- 0.11155 | 0.04671 | 47.7762 | 17.9030 | 15.6879 | 9.29193
involved 279 9958 1212 5942 3787 6222
0.16325 | 0.03628 | 64.8390 | 15.9809 | 7.87477 | 3.37474
Post-op | Involved 3404 4379 9091 2916 8701 8371
Patient 2 | Non- 0.20733 | 0.10037 | 35.6337 | 8.16578 | 5.75633 | 5.41392
involved 386 2843 1212 1368 7444 7065
0.08570 | 0.01774 | 68.6484 | 16.6343 | 14.6770 | 5.85445
Post-op | Involved 1646 1195 8485 8794 6847 7874
Patient 3 | Non- 0.14512 | 0.08086 | 56.8235 | 0.49559 | 8.51200 | 4.65934
involved 3425 4795 6061 664 732 6869
0.11720 | 0.05024 | 37.0448 | 7.59715| 9.95088 | 5.81373
Post-op | Involved 1619 1965 4848 0314 3545 5105
Patient 4 | Non- 0.11720 | 0.05024 | 48.7298 | 6.95190 | 8.17124 | 4.07887
involved 1619 1965 4848 9595 838 1634

Table 3.1: Statistical Analysis of Stain, Stress, and Stiffness
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External Functional Outcome
Rotation Score
Patient 1 Involved 10.9
_ Non- 13.15 06
involved
Patient 2 Involved 21.4
_ Non- 21.45 o1
involved
Patient 3 Involved 20.65
_ Non- 18.55 96
involved
Patient 4 Involved 11.65
Non- 93
involved 1.8

Table 3.2: External Rotation and Functional Outcome for Post-op patients
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Figure 3.3: Stress versus Strain Curve: Healthy Patients
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Stiffness: Post-op Patients
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Figure 3.6: Post-op Patient Stiffness
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Figure 3.7: Stress vs. External Rotation for Post-op Patients
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Figure 3.9: Stiffness vs External Rotation for Post-op Patients
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For the healthy patients, when the dominant rotator cuff is under stress, the strain
experienced by the tissue does not change. When the non-dominant rotator cuff is under
stress, the strain experienced by the tissue increases, as shown in figure 3.3. For post-
operative patients, an decrease in the strain experienced by the tissue was observed when
the rotator cuff was put under stress in the involved and non-involved shoulder.

In the healthy patient sample, three patients had greater stiffness in their non-
dominant shoulder, while the other had greater stiffness in their dominant. The one
patient who had greater stiffness in the dominant shoulder was an overhead athlete, which
could attribute to this difference. In the post-operative patients sample, three patients
exhibited greater stiffness in their involved shoulder, while one patient exhibited greater
stiffness in their non-involved.

For post-operative patients, when stress was compared to external rotation,
increased external rotation was observed as stress increased in the involved shoulder,
whereas decreased external rotation was seen when stress increased in the non-involved
arm, as seen in figure 3.9. When compared to strain, decreased external rotation was
observed as strain increased in the involved shoulder and increased external rotation was
seen in the non-involved shoulder as strain increased, as seen in figure 3.8. With regards
to stiffness, in the involved shoulder, increased external rotation was seen when stiffness
increased. In the non-involved shoulder, deceased external rotation was observed when

stiffness increased, as seen in figure 3.9.
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CHAPTER FOUR

CONCLUSIONS AND DISCUSSION

Conclusion

The device produced is a significant improvement upon the previous iteration by
improving several of the issues with the first iteration of the device. The issue of non-
uniform force measurements was improved by incorporating a compression load cell
sensor into the device, rather than the flex sensors used in the old device. This device is
also smaller and lighter than the previous iteration, and is designed to better fit the
contour of the human hand. This new design mitigates the learning curve involved in the
use of the device that was experienced with the first iteration. This device also improves
upon one of the complaints from clinicians about the previous iteration: the cables. By
incorporating Bluetooth into the device, it does not have to be physically attached to a
computer, allowing clinicians to use it more easily.

The study performed with the device not only provided preliminary results
regarding the stress and strain experienced by the rotator cuff tissue in various patients,
but also served to validate the utility of the device. The device was not only easy to use,
but also produced conclusive results. An increase in the strain experienced by the tissue
was observed as stress was applied in both the non-dominant shoulder in healthy patients
and the involved shoulder in post-operative patients. Changes in the strain experienced by

the tissue on the dominant side of healthy patients were not observed as stress was
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applied. However, when stress was applied to the non-involved side of post-operative

patients, a decreased amount of strain was observed.

Future Work

Although this device is a significant improvement upon the previous iteration,
both in design and functioning, there is still room for improvements. Future plans include
having a push button on the device that would allow for force data to be obtained in
conjunction with the ultrasound image, to ensure both the quantitative data and
qualitative images are obtained simultaneously with little effort. Ultimately, the goal with
this device would be to record a video from the ultrasound, rather than just an image, in
which the force measurements can be captured continuously. This will allow for the
production of a stress versus strain curve, rather than just one value, in conjunction with a
video of the compression of the tissue upon the administration of the force. This will
allow for an even more complete diagnosis and monitoring of the injury.

Further work with this device can also be directed towards its use in anatomical
areas other than the rotator cuff. For example, this device could be used on the Achilles
tendon to aid in the diagnosis and monitoring of Achilles injuries, allowing for a more
complete diagnosis than currently available. The device could also be used in the
veterinary market. There are less diagnostic devices available for the animal model than
the human model, and this device could be utilized to produce a more complete diagnosis

for a range of injuries similar to those in humans.
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