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Abstract

THE DIFFERENTIATION OF MUSCLE CONTAINING MYOFASCIAL TRIGGER
POINTS FROM HEALTHY MUSCLE USING SHEAR WAVE ELASTOGRAPHY

Matthew D. Bird
George Mason University, 2019

Thesis Director: Dr. Parag Chitnis

Myofascial trigger points (MTrPs) are palpable, painful nodules that develop in skele-
tal muscle and are a characteristic finding in myofascial pain syndrome (MPS), a common
chronic pain condition. Symptomatic MTrPs are frequently the target of therapeutic treat-
ment for the management of MPS. However, the pathophysiology of MTrPs is poorly under-
stood and the diagnostic criteria remain inconsistent. Based on previous investigations into
MTrPs using ultrasound imaging, we hypothesized that muscles containing MTrPs have
heterogeneous fiber orientation within the affected zone and surrounding areas compared to
palpably normal muscle. For this study, we sought to utilize the known variation of shear
wave speed with muscle fiber orientation as a method of determining anisotropy in muscle
fibers. We developed a standardized method of acquiring shear wave elastography images
at different transducer orientations using a custom transducer holder with a fixed imaging
window. The holder was fitted over palpable MTrPs in the upper trapezius of patients suf-
fering from chronic neck pain (>3 months). The transducer holder allowed for registration
of the palpable MTrPs to any collected images. The variation of the shear wave speed of
the muscle, as a function of the transducer angle, was used as a surrogate for muscle fiber

orientation. The asymmetry of the fiber orientation was then determined and compared



between active (spontaneously painful) MTrPs, latent (not spontaneously painful) MTrPs,
and normal muscle tissue. The results of this study showed an increase in muscle fiber
asymmetry with increasingly symptomatic muscle, with normal muscle having the lowest
asymmetry (6.64 + 7.23 °, N = 11), then latent MTrPs (11.51 £+ 9.86 °, N = 22), and finally
active MTrPs (14.19 + 11.76 °, N = 40). A statistically significant difference was found
between the normal and active MTrPs groups (p<0.014). This data suggests that disruption
of muscle fiber architecture may be an important feature that distinguished active MTrPs

from normal muscle tissue.



Chapter 1: Introduction

Chronic pain is a poorly understood yet widespread and continuously growing problem [1].
Chronic pain affects approximately 20% of adults in developed countries. In the United
States as many as 100 million adults suffer from chronic pain with an associated economic
cost of $560-635 billion annually [1,2]. Despite its widespread prevalence and increasing
awareness, chronic pain remains under-diagnosed and under-treated [1]. When treatment
for chronic pain is sought, it can often be misunderstood, misdiagnosed, and/or simply
medicated by physicians [3]. Chronic pain is a condition that becomes more common as
we age [1,4]. As life expectancy continues to increase worldwide [5], and with a growing
elderly population, it is becoming more important than ever to deepen our understanding
of chronic pain.

Myofascial pain syndrome is the most common cause of chronic pain, usually affect-
ing the neck or lower back [6-8]. Myofascial pain syndrome affects approximately 30% of
primary care clinic patients and 85-93% of patients in specialty pain centers [9]. A charac-
teristic finding in myofascial pain syndrome is the development of myofascial trigger points.
Trigger points are defined as tender, taut, palpable nodules that form in the skeletal muscle
[8]. Trigger points come in two varieties: active trigger points which cause spontaneous
pain, and latent trigger points which only cause pain upon palpation [10,11]. The role of
trigger points in myofascial pain syndrome is currently not well understood. This is due to
a lack of understanding of the soft tissue neighborhood of the muscles involved.

The purpose of this study was to further the understanding of how the presence of
trigger points affects the local musculature. I propose the use of shear wave elastography
ultrasound in order to measure differences between subjects suffering from myofascial pain

syndrome associated with trigger points and those with no pain. Ultrasound provides a



relatively inexpensive, safe, and noninvasive method for the examination of the skeletal
muscle, while the use of shear wave elastography allows for a quantitative measurement to
be taken and correlated to the subject’s pain level. This could be used to create a metric

to evaluate the success of clinical intervention for myofascial pain syndrome.



Chapter 2: Background

2.1 Muscle Physiology

The human body contains three different types of muscle: skeletal, cardiac, and smooth.
Of these, only skeletal muscle is responsible for voluntary contraction, while also helping to
maintain and protect the skeletal system.

Skeletal muscle is wrapped in a sheath of dense, irregular connective tissue called epimy-
sium, allowing for contraction while maintaining its structural integrity. Each muscle con-
tains bundles of fibers called fascicles held together with a connective tissue called per-
imysium. Each fascicle bundle contains a connective tissue called the endomysium that
encapsulates between 10-100 muscle fibers. These muscle fibers are the cells that make
up the muscle and are some of the longest in the human body, with lengths up to 30cm.
The muscle fibers can be further broken down into a cluster of myofibrils within a plasma
membrane called a sarcolemma, demonstrated by Figure 2.1.

The contractile element of the muscle is the sarcomere, show in Figure 2.2, a highly
organized arrangement of actin and myosin proteins that comprise the myofibril. The
sarcomere is a repeating unit throughout the myofibril with the boundary between sarcomere
units called the Z-line. Contraction begins at the motor end-plate when a motor neuron
releases the neurotransmitter acetylcholine (ACh) into the synaptic cleft. The ACh binds
to receptors in the sarcolemma causing the depolarization of the muscle fiber triggering
an action potential. The action potential depolarizes the membrane, forcing the release
of calcium ions and allowing the uptake of sodium ions. The calcium ions initiate the
contraction which is then sustained with adenosine triphosphate (ATP); an organic molecule
that is the primary source of energy throughout the body. While calcium ions remain in

the sarcoplasm, and there is available ATP, muscle fibers will continue shortening through
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a process known as the sliding filament model.

Skeletal muscle Epimysium Muscle fascicles

Perimysium
Endomysium
Muscle fibers

Muscle fascicle

Sarcolemma

Figure 2.1: The anatomy of skeletal muscle [12].

The sliding filament model describes how the actin and myosin protein components of
the sarcomere slide past each other when signaled to contract, as demonstrated in Figure 2.3.
This is caused when myosin-binding sites on the actin filaments are revealed by the calcium
ions within the sarcoplasm. This begins the cross-bridge cycle in which the myosin is able
to bind to actin and slightly pull it before releasing. While ATP is present, the myosin will
continue to re-attach and pull the actin further until the muscle is fully contracted. Notably,

the region between the Z-lines decreases but all components remain the same length.
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Figure 2.2: The anatomy of the muscle fiber and the myofibrils contained within it [12].

(a)

Thin filament Thick filaments
(actin) (myosin)
Zline M line Z line
B
| band Aband I band
(b)
..... -
accod
Ll L
I band Aband | band

Figure 2.3: The sarcomere during relaxation (a) and contraction (b) [13].



2.1.1 Trapezius Muscle

The trapezius muscle is a large, superficial muscle that covers most of the upper back,
extending from the occipital bone to the lower thoracic vertebrae of the spine as shown in
Figure 2.4. The trapezius contains three functional regions. The upper trapezius is used
to support the weight of the arm, extend the neck, and medially rotate the scapula. The
transverse trapezius stabilizes and retracts the scapula, while the lower trapezius medially
rotates and depresses the scapula [14]. In addition to providing support and mobility to
the arms, neck, and scapula, the trapezius plays an important role in supporting the spine,

allowing the spinal column to stay erect while in a standing position.

Lumbar triangle

Figure 2.4: The location of the trapezius muscle.



2.2 Chronic Pain

Chronic pain is the terminology usually used to describe any pain that has lasted for longer
than three months. Because pain is a subjective experience, it is difficult to consistently
rate pain. Everyone experiences pain differently, from their sensitivity to pain, to their
sensation felt as pain. This creates difficulties when trying to assess pain across patient
populations. The most common form of rating pain is to use a simple 0-10 rating scale
of pain severity though, several other rating methods exist. Each of these assessments is
completed using a checklist of observations and objective measurements to identify signs
of pain. Examples are the Brief Pain Inventory and the Mankoski and McGill Pain Scales
which are questionnaires completed by the patient. Each questionnaire has the patient
describe their pain symptoms, how they experience their pain, and how their pain affects

their daily life.

2.2.1 Myofascial Pain Syndrome

Myofascial pain syndrome (MPS) is the most common chronic pain disorder. MPS affects
the fascia of the skeletal muscles in the neck, shoulders, and upper and lower back but, can
cause pain throughout the body in a process known as referred pain. While common, the
condition is poorly understood with no known etiology or pathophysiology. Even within the
pain community, there is no consensus on the diagnostic criteria. The most agreed upon
criteria deemed to be either essential to, or associated with, MPS are tender spots causing
local pain, recognition of symptoms upon palpation of the site, and taut bands of muscle

as described in Table 2.1 [6].

2.2.2 Myofascial Trigger Points

A frequent finding in sufferers of MPS are myofascial trigger points (MTrPs), visualized in
Figure 2.5. The most common definition of MTrPs is that they are tender, taut, palpable
nodules that can form in skeletal muscle, notably meeting most of the criteria in Table 2.1.

MTrPs come in two varieties, active MTrPs (A-MTrPs) which cause spontaneous pain [10],
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Table 2.1: Palpatory findings of MPS [6].

Essential | Associated | Irrelevant | Exclusionary
Tender spot causing local | 148 (72%) | 48 (23%) 9 (4%) 2 (1%)
pain*
Recognition of symptoms | 117 (58%) | 72 (35%) 12 (6%) 1 (<1%)
upon palpation of tender
spot*
Taut band* 76 (36%) | 118 (57%) 14 (7%) 0 (0%)
Tender spot referring pain | 72 (35%) | 122 (58%) 10 (5%) 3 (2%)
or dysesthesia™®
Tender nodule* 70 (34%) 115 (56%) 17 (8%) 4 (2%)
Tender nodule within taut | 60 (29%) | 123 (59%) 23 (11%) 1 (<1%)
band**

Responses reported as n (%).

*>90% of respondents judges these to be ”essential to” or ”associated with” the
diagnosis of MPS.

**>80% of respondents judged these to be ”essential to” or ”associated with” the
diagnosis of MPS.

and latent MTrPs (L-MTrPs) which only cause pain upon palpation [11].

2.2.3 Diagnosis

MTrPs are recognizable within the muscle as a taut nodule during palpation of the tender
site. Manual palpation and the response of the participant allows for the differentiation
between A-MTrPs and L-MTrPs. L-MTrPs only produce a painful response upon palpation.

There is some debate as to whether the creation of a local twitch response is a necessary
criteria for the diagnosis of a MTrP. A local twitch response is an involuntary, localized
twitch only affecting the taut bands of skeletal muscle. The local twitch response is elicited
through either the insertion of a needle into the taut band or by creating a snapping pal-
pation where two fingers are placed over the taut band and slid away perpendicular to the
muscle fiber orientation [16]. The local twitch response produces a measurable electrical

response and has only been seen in muscle containing MTrPs.
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Figure 2.5: The taut muscle bands of a trigger point in the upper trapezius [15].

2.2.4 Pathology

The pathogenesis of MTrPs is currently unclear, but there are multiple proposed mecha-

nisms, as described below, that could explain their development.

Energy Crisis Theory

The energy crisis theory is the idea that MTrPs are developed through an increase in
the demand on the muscle. Macro-trauma or repetitive micro-trauma causes an increase
in calcium release from the sarcolemma and prolonged shortening of the sarcomeres. A
multitude of problems can predispose a person to microtrauma such as vitamin deficiencies,
sleep disturbances, and lack of exercise [17]. This prolonged shortening diminishes the
oxygen supply leaving the cells, preventing the production of ATP, a chemical necessary for
muscular relaxation. The resulting buildup of metabolic waste could be responsible for the

pain and tenderness.



This theory is supported by the number of individuals that develop MTrPs while main-
taining occupations that require repetitive stress on a specific muscle [18]. Surgical scars
and a variety of sports injuries caused by repetitive motions or spraining have also been

shown to predispose a subject to the development of MTrPs [19].

Motor End-Plate Hypothesis

Studies have shown that MTrPs contain a point that creates characteristic electrical activity
[20]. This point is frequently in the motor end-plate zone [21,22]. The activity created by the
end-plate can be measured through electromyography (EMG) and is believed to represent
increasing rates of release of acetylcholine from nerve terminals. This alone is not enough
to explain the muscle contraction required for MTrP formation but, can co-exist with the

energy crisis theory.

Radiculopathic Model

The radiculopathic model suggests that MTrPs are a secondary occurrence to a neurological
condition [23,24]. Gunn proposed that neural injury or compression could cause muscle
spasms resulting in myofascial pain. This starts a snowballing effect leading to further
neuropathy and degenerative changes in tendons and ligaments and perpetuates muscle

shortening.

2.2.5 Treatments

Treatment for the management of MPS commonly focuses on the treatment of MTrPs [25].
However, many treatments for MTrPs are only supported by anecdotal evidence and are
not conclusively shown to be effective, lacking any validation study. The following are

treatments that have been investigated.
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Massage Therapy

Some massage techniques are used to relieve headaches caused by referred pain from MTrPs.
One study shows a decrease in headache frequency post-massage but, the results are iden-
tical to the control group that received the placebo treatment [26]. Another study included
four test groups, a control group receiving a placebo treatment, a soft tissue massage group,
a neural mobilization group, and a group which received a combination of soft tissue massage
and neural mobilization treatment. This study found an increase in pain-pressure thresh-
old in all non-placebo groups as well as, decreasing frequency, intensity, and punctuation.
Results were improved in the combined treatment group [27]. Though a literature overview
conducted by Maistrello et al suggests that there is little evidence for the usefulness of these

treatments [28].

Stretching

The process of stretching the muscle containing the MTrP while topically applying ei-
ther dichlorodifluoro-methane-trichloromonofluoromethane (Fluori-Methane) or ethyl chlo-
ride spray [17]. The sudden application of cold is believed to decrease pain sensitization

while allowing for the muscle to be passively stretched to normal length [17].

Dry Needling

Dry needling, sometimes referred to as trigger point dry needling, is the repeated insertion
of a solid filament needle into the MTrP. Multiple insertions may be done during a single
session. The premise of this technique is that the advancement of the needle into the
MTrP elicits a local twitch response in the muscle. These local twitch responses may help
yield successful therapeutic outcomes for MTrP deactivation, possibly by disrupting the
contracted musculature of the MTrP.

Gerber et al [29] conducted a study assessing the pain symptoms of subject’s A-MTrPs
before and after dry needling. This study concluded that dry needling reduces pain and

can change MTrP status.
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A second study was conducted by Gerber et al [30] assessed a patient’s pain level and
MTrP status before and after the dry needling of A-MTrPs, L-MTrPs, and normal muscle.
It concluded that after a 6-week followup, a significant portion of patients had sustained
improvement.

It is worth noting that the review of MTrP dry needling literature by Ong and Claydon
found many studies inconclusive and called for further comparison of MTrP dry needling

to placebo treatments [31].

Injection

MTrPs are identified using the same process as used in dry needling, but a hollow-bore
needle is used instead to inject a solution into the MTrP. Lidocaine or procaine solutions
are most frequently used for injection, but diclofenac, botulinum toxin type A, bupivacine,
etidocaine, corticosteroids, and saline solutions have also been previously used. The patient
may experience a soreness after injection depending on the solution injected or the needle
gauge used. Thinner needles produce less soreness but, may prevent proper penetration of
the needle into the MTrP. M'TrP injection has been reported to have an immediate cessation
or reduction of pain [32].

The improvement seen by MTrP injection is longer than the expected relief duration
injected solutions. This suggests that there is an additional mechanism happening beyond

the injection itself [33].

Electric Stimulation

Transcutaneous electrical nerve stimulation (TENS) is a therapy where electrodes are placed
on the patient’s body and a low-voltage electrical current is passed into their body. The
electrodes are placed over MTrPs with the reasoning that they will stimulate the effected
nerve fibers. It has been found that low frequencies (<50Hz) produced no pain relief while
high frequencies (>50Hz) produced significant relief [34]. However, there was no change in

the pain-pressure threshold.
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Electroacupuncture is a combination of TENS and dry needling. It is the insertion of
a pair of solid filament needles into the affected site, and then passing an electrical current
through the needles. Ahmed et al suggests that electroacupuncture has much improved
outcomes when compared to TENS [35].

Because there is no consensus on which of these approaches is the most beneficial for
the treatment of MTrPs, I propose the use of medical imaging as a method to assess the

clinical outcomes of these interventions and the affect they have on the musculature.

2.3 Imaging

Medical imaging is a term used to describe any modality used to view the human body with
the purpose of diagnosing, monitoring, or treating medical conditions. Of these modalities,
only magnetic resonance imaging (MRI) and ultrasound are safe, using only non-ionizing ra-
diation, and are able to provide the contrast and resolution necessary to image musculature.
The following is a review into these imaging modalities and their use in the examination of

MPS and its characteristic MTrPs.

2.3.1 Magnetic Resonance Imaging

MRI is a noninvasive imaging modality that forms anatomical images through the use of
powerful magnetic and radio-frequency (RF) fields. A magnet forces protons within the
body to deviate from their equilibrium state and align in the direction of the magnetic
field. An RF pulse is introduced which forces the protons to realign either 90° or 180° from
the magnetic field. Once the RF pulse ends, the MRI’s sensors are able to determine the
amount of energy required for the protons to return to the alignment of the magnetic field.

Different settings of the MRI may be adjusted in order to affect the resulting scan.
Repetition Time (TR) is the time between excitation of the same slice, and Echo Time
(TE) is the time between the RF pulse and the peak of the signal. The two most common
MRI imaging sequences are T1-weighted MRI which uses a short TR and TE, and T2-
weighted MRI which uses a long TR and TE. Each method highlights different parts of the

13



body such as T1-weighted MRI being better for imaging fat while T2-weighted MRI can
more visibly display edema. Several relevant studies have been conducted using MRI to
image and evaluate muscle and MTrPs. Those most closely related to our proposed project
are listed below.

Baraja-Vegas et al [36] used MRI to examine changes to the contractility of the gas-
trocnemius after dry needling L-MTrPs within the muscle. They used Short Tau Inverse
Recovery (STIR), a form of fat-saturated T2-weighted MRI commonly used to detect mus-
cle edema to identify swelling in the gastrocnemius while tensiomyography (TMG) was used
to determine the gastrocnemius’ contractility. Both MRI-STIR and TMG were preformed
prior to, and one hour after, dry needling had occurred. Their results showed that post-
dry needling, there was a significant increase in the MRI-STIR measurements for edema,
increased muscle stiffness, and faster muscle contraction reaction times when compared to
the non-needled control group.

Sollmann et al [37] used T2-weighted MRI to assess MTrPs in the upper trapezius of
patients with migraines. T2-weighted MRI maps were created of the A-MTrPs. They
found that the A-MTrPs contained significantly elevated T2 values when compared to the

surrounding musculature.

Magnetic Resonance Elastography

Magnetic Resonance Elastography (MRE) is an extension of traditional MRI that can be
used to measure tissue elasticity. MRE is conducted while a device emitting low-frequency
vibrations is placed upon the patient in the scanner. The vibrations created by the device
travel through the tissue, the velocity of which can be calculated. The velocity measurement
can be used as a proxy measurement for tissue stiffness, with greater velocities indicating
greater stiffness. Several studies have used MRE to examine muscle. Those relavant to this
study are explained below.

Ito et al [38] created a novel MRE technique with the use of a vibration pad to allow for

the simultaneous elastography of both the supraspinatus and trapezius muscles. The goal
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of their study was to find a quantitative method of noninvasively determining stiffness for
the purpose of diagnosis and treatment of rotator cuff tears. They found that the greatest
imaging quality of the trapezius was achieved when the vibration pad was operated at
75Hz, while the supraspinatus improved in quality until 75Hz and then plateaued at higher
frequencies.

Chen et al [39] used MRE to examine taut bands of muscle in the upper trapezius. This
study involved patients with and without tant bands within the muscle. Each had MRE
scans taken and the shear stiffness was calculated within the region of interest. The results
indicate a higher stiffness around taut bands when compared to the surrounding muscle

tissue, confirming the existence of taut bands of muscle identified by palpation.

2.3.2 Ultrasound

Ultrasound is a noninvasive imaging modality that can be used to produce images of the
body through the use of high frequency sound waves. An ultrasound transducer contains
individual elements made of piezoelectric material capable of emitting sound waves and de-
tecting their reflection back. As emitted sound waves travel through tissue, any boundaries
within the tissue or changes in tissue texture will result in a partial reflection of the sound
wave. When the reflection returns to the transducer, the time passed since emission and
the speed of sound through the medium are used to calculate the distance to where the
reflection occurred.

The most basic form of ultrasound is called amplitude mode (A-Mode) and is created
from the signal of an individual piezoelectric element. This is displayed as a 2-D plot where
the y-axis represents depth into the tissue and the x-axis represents the intensity of the
reflection received. The stronger the reflection, the higher the intensity, as shown in the left
side of Figure 2.6.

The most common form of ultrasound is called brightness mode (B-Mode) which is
created by combining the signals of an array of piezoelectric elements. The intensity of the

A-Mode signal is converted into a brightness value, with higher values appearing brighter
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and with each A-Mode signal forming a single scanline. An array of A-Mode scanlines is
able to be converted into a 2-D B-Mode image where the x-axis is width and the y-axis is
depth, as displayed on the right side of Figure 2.6. Ultrasound has been adapted to image

muscle and has been previously used to examine MTrPs.

A A-Mode B

Depth

=

Inténsify Width

Figure 2.6: A: An A-Mode created from a single element in an ultrasound transducer. B:
A B-Mode image comprised of many A-Modes put together. The A-Mode plot is taken
from the red line in the B-Mode image.

Turo et al [40] used B-mode ultrasound to determine if texture-based analysis could dif-
ferentiate between the structural heterogeneity of symptomatic MTrPs and normal muscle.
Entropy filtering was performed on the B-Mode images and compared between L-MTrPs,
A-MTrPs, and normal muscle. The results showed that A-MTrPs have lower entropy and,
therefore, are more homogenous than normal muscle.

Though B-Mode is the most common form of ultrasound imaging, there are several
ultrasound techniques that can be used to identify additional quantitative features of the

images.
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Doppler

Doppler is a form of ultrasound imaging that uses high-frequency sound to measure move-
ment, traditionally from blood flow. If movement is occurring, the pulses emitted from the
transducer will experience a phase shift. This technique has been previously used in the
examination of MTrPs.

Sikdar et al [41] used Doppler ultrasound and compartment modeling to assess the
velocity waveforms in blood vessels surrounding MTrPs. The preliminary findings suggest
that A-MTrPs have higher peak systolic velocities and negative diastolic velocities compared

to L-MTrPs and normal muscle.

Vibration Sonoelastography

Vibration Sonoelastography (VSE) is a form of ultrasound that makes use of an external
vibration applying a harmonic signal to the surface of the tissue, inducing shear waves. The
shear wave speed (SWS) can be measured in order to obtain the elasticity of the tissue.
VSE has been previously used in the assessment of MTrPs.

Sidkar et al [42] used vibration sonoelastography (VSE) to examine L-MTrPs and A-
MTrPs and normal muscle tissue. Each site was rated based upon its echogenicity and blood-
flow waveform. This study concluded that A-MTrPs and L-MTrPs appear hypoechoic,
suggesting a local change in tissue echogenicity. A-MTrPs were determined to have a higher
blood-flow score when compared to L-MTrPs. This study was able to conclude that VSE
can be used to distinguish between MTrPs and normal muscle.

Turo et al [43] used VSE and B-Mode Ultrasound to try and differentiate between
A-MTrPs and normal muscle. They concluded that A-MTrPs have lower entropy when
compared to normal muscle and that MTrPs are stiffer than normal muscle.

Turo et al [44] used VSE to examine A-MTrPs before and after dry needling treatment.
This study found that among patients that responded to the treatment, the heterogeneity
index was lower and even lower among the patient population with resolved MTrPs.

Sikdar et al [45] used VSE and B-Mode Ultrasound to examine MTrPs. The MTrPs
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appeared as hypoechoic regions in the muscle. Spectral Doppler analysis showed lower
vibration amplitudes within MTrPs compared to surrounding tissue. This suggests that
MTrPs are hypoechoic and their stiffness can be quantified using ultrasound.

Ballyns et al [46] used VSE and Doppler on A-MTrPs, L-MTrPs, and palpably normal
sites to determine whether any changes to the physical properties of the muscle occurred.
The results showed that A-MTrPs were larger than L-MTrPs and palpably normal sites.
Additionally an increase in blood vessel pulsatility occurred near A-MTrPs. This study
concluded that MTrPs could be classified by area and that the pulsatility index may be a

meaningful evaluation of MPS.

Supersonic Shear Imaging

Supersonic Shear Imaging (SSI) focuses multiple acoustic pulses together resulting in a
conical shear wave. The shear wave is tracked using an ultrafast scanner allowing for the
calculation of velocity and, therefore, elasticity. The use of SSI has been found to have
applications in the examination of muscle.

Gennisson et al [47] used SSI to examine the viscoelastic and anisotropic properties
of muscle tissue. By inducing a shear wave into the brachialis muscle they were able to
map the elasticity of the muscle. Imaging occurred with increasing load placed on the
brachialis muscle (0-5kg), and with the transducer being oriented either perpendicular or
parallel to the muscle fibers. Their results show that increasing load on the muscle causes
increased elastography values. Additionally, having the transducer aligned with the muscle

fiber orientation results in much higher elastography values.

Shear Wave Elastography

Shear Wave Elastography (SWE) is an ultrasound method similar to SSI but instead of
focusing multiple acoustic pulses, a single high intensity acoustic pulse is generated by the
transducer. This pulse creates a perpendicular shear wave traveling through the tissue. By

monitoring the shear wave, it is possible to calculate its speed. The speed of the shear wave
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can be used to calculate the elasticity of the tissue. I believe that the use of shear wave

elastography may be a useful tool for the examination of MTrPs.
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Chapter 3: Methodology

3.1 Study Population

For this study, forty participates were recruited who exhibited chronic myofascial neck pain

(>3 months). The George Mason University Review Board approved all study procedures.

3.2 Evaluation

Prior to imaging, subjects underwent a series of five tests carried out by a group of trained
physicians. The combination of these tests allowed for the diagnosis of either normal,
healthy muscle tissue or a MTrP, and the further differentiation between an A-MTrPs or
L-MTrPs.

3.2.1 Written Self Evaluation

Fach subject completed the necessary paperwork prior to beginning any experimentation.

The Brief Pain Inventory was used to identify the severity of any current pain, its
location, as well as, how the pain affects well-being such as mood, relationships, ability to
sleep, and ability to walk. The Brief Pain Inventory is also used to identify what causes a
worsening of the pain, and what, if anything, causes relief from the pain.

The Beighton Scale is used as a measurement for hypermobility in the subject’s joints.
This is a binary rating system indicating whether the elbow and knee joints can hyperextend
beyond 10°, whether the fifth finger is capable of passive dorsiflexion beyond 90°, or if the
thumb is able to dorsiflex to the flexor aspect of the forearm. A final test is conducted
by having the subject bend and rest their palms flat on the floor with their knees fully

extended. The results are scored between 0-9.
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The next test is the Brighton Score which is a continuation of the Beighton Scale. Points
are accumulated for joint pain, varicose veins, abnormal skin, and having Marfanoid habitus
body type (having especially long extremities) among other things. These points are added
to the previous score received from the Beighton Scale for a total assessment score of the

subject’s hypermobility. The final scoring metric is a 19 point scale shown in Table 3.1.

Table 3.1: Brighton Score Classifications
Points | Classification
11-19 | Severe

8-10 High
4-7 Moderate
2-3 Low
0-1 None

The Widespread Pain Index is used to score how widespread the subject’s pain is across
their body and the severity of that pain. The first section determines the extent of pain
across the subject’s body and is scored between 0-19, zero equates to no pain with 19
signifying wide-ranging pain across the body. Symptom severity is measured on a scale of
0-12. A zero represents no problem while 12 indicates a severe problem.

The final form was developed for this specific research project and contains two parts.
The first part is completed by the subject and inquires which side of the neck the pain
originates, how long the subject has had the pain, and what alleviates the pain. The second

part is used by the physicians to record the results of the following tests.

3.2.2 Palpation

Trained physicians manually palpated the subject’s neck and shoulders, shown in Figure
3.1, in order to identify tender sites or taut bands of muscle. Any taut bands were marked

to clearly identify any areas for further examination.
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Figure 3.1: Palpation of the subject’s upper trapezius in order to locate taut muscle bands.
Once a taut muscle band is located, it is marked for easy identification.

3.2.3 Algometer

The algometer is a hand-held pressure measurement device, exhibited in Figure 3.2, used
by the physician and placed on the neck or shoulder region of the subject. The physician
applies increasing force to the subject through the algometer. The subject indicates when
the applied force induces pain. The force required to illicit the painful response at that
location is chronicled. This was repeated throughout the upper trapezius, focusing on the
marked sites identified through palpation or the previously completed self evaluations. This

is used to determine the subject’s pain-pressure threshold.

3.2.4 Pin Prick Test

The pin prick test uses a series of seven needles of increasing weight (8mN, 16mN, 32mN,
64mN, 128mN, 256mN, 512mN). A sensitized location on the trapezius is selected and the
smallest needle is gently lowered perpendicular to the skin until the tip of the needle makes
contact. The needle does not penetrate the epidermis, instead its force is gently applied to
the surface of the skin as demonstrated in Figure 3.3. After each application of the needle
the subject indicates on a scale of 0-10 their level of discomfort and their response
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Figure 3.2: An algometer being used over a subject’s marked site to determine the pain-
pressure-threshold at that location.

Figure 3.3: A: The 8mN needle fully extended. B: The 8mN needle gently lowered perpen-
dicular to the skin’s surface, causing the needle to retract inside its casing and applying the
8mN force to the contact point.
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is recorded. Each needle application is repeated for a total of ten times, then reproduced
with the next largest needle. This continues until all the needles are used or the subject is

in too much discomfort to continue.

3.2.5 Cervical Range-Of-Motion (CROM) Assessment Device

The CROM is a device that is placed over the head that allows for the measurement of the
range of motion of the cervical region. The CROM has three compasses that are placed on
each plane around the subject’s head; one on the top of the head, one of the forehead, and
one over the left ear, as shown in Figure 3.4. The compasses are all guided by a pair of
magnetic bars hung around the subject’s neck; one in the front and one in the back creating

a magnetic field around the subject. The subject is instructed to perform a series of motions

Figure 3.4: The CROM is placed over the subject’s head and used to assessment their range
of motion when performing occipital flexion and extension, lateral flexion, and cervical
rotation.

24



while compass measurements are taken before and after each movement, allowing for the
calculation of their range of motion. Subjects perform occipital flexion and extension, lateral

flexion, and cervical rotation.

3.3 Imaging

3.3.1 Setup

Imaging was carried out using an Aixplorer Ultrasound System (SuperSonic Imagine, Aix
en Provence, France) with an L.10-2 linear array ultrasound probe while the subject was in a
seated position. This system was used for both B-mode and SWE imaging. A custom made
transducer holder, shown in Figure 3.5, was designed to enable the transducer to be held

in place on the subject’s body while allowing for rotation to precise angles in 10° intervals

while imaging through a window with a diameter of 20mm.

Figure 3.5: A: The outer ring of the transducer holder. This ring has a marker every 10°
allowing for precise rotation of the inner ring. B: The inner ring where the transducer is
held. The 10mm-by-10mm square cutout allowing for registration to a M'TrP site is visible.
C: The inner and outer rings combined.
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3.3.2 Data Collection

The window of the transducer holder was placed over one of the sites marked on the sub-
ject’s upper trapezius and held in place with adhesive while the 0° indicator marked the
approximate muscle fiber orientation, as shown in Figure 3.7. This approximation was made
by estimating a line between the acromioclavicular (AC) joint to the C7 spinous process on
the spine, in the approximate direction of the fibers of the upper trapezius, as demonstrated

in Figure 3.6. This registers the marked site to the B-mode and SWE images.

"Acromioclavicular ;
4 JO s tappdit oo o .7

Figure 3.6: In order to establish transducer probe orientation, the approximate orientation
of the muscle fibers of the upper trapezius is determined by imagining a line connecting the
acromioclavicular joint and the C7 spinous process.

The ultrasound machine was then turned to the SWE imaging mode and the custom
probe holder turned to -90°. After a several second pause that allows the low frame rate of
the SWE imaging to properly measure the tissue within the imaging window, an image is
saved and the probe is then rotated clockwise 10°. This is repeated for a total of nineteen

images.

3.4 Processing

After the data collection, the file containing all of the saved images from that session was
opened on the ultrasound machine and the built-in Q-box tool was used. This tool allows
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Figure 3.7: Custom Probe holder mounted on the shoulder with transducer inserted and
aligned to 0°, the approximate alignment of the muscle fiber orientation.

for the selection of an region of interest (ROI) within the SWE images and calculates the
average SWE value within the ROI. Two measurement options are available: velocity (m/s),
and shear modulus (kPa). Velocity is the direct measurement, while the shear modulus is
calculated using Equation 3.1 where p is the shear modulus, p is the tissue density, and V
is the shear wave velocity. The velocity measurement was used for all processing due to

being the direct measurement.

p=pxV? (3.1)

The Q-box ROI was used to select the largest possible region of the trapezius with-
out exceeding its upper and lower boundaries, exemplified in Figure 3.8. Each of the 19
images per marked site was converted into nineteen corresponding velocity measurements.

These measurements were then transferred to MATLAB for further analysis. The velocity
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Figure 3.8: The Q-box tool is used to highlight the muscle within the trapezius. Once the
ROI is selected, the average shear wave speed within that region is the output.

measurements were input into an array. This array was rotated until the greatest velocity
measurement was in the center, corresponding to the true muscle fiber orientation. These
values were then interpolated and plotted against angle in degrees relative to the muscle
fiber orientation from -90° to 90°. From here, two different metrics were created and used
in order to evaluate the asymmetry of the plot, shown in A of Figure 3.9.

The first asymmetry metric determined the full width at half maximum (FWHM) using
Equation 3.2 for each of the labeled sites. The FWHM line was horizontally plotted across
the initial curve as shown in B of Figure 3.9. Then a vertical line was overlaid through the
maximum value of the plot denoting the estimated true fiber orientation. This allowed for
the identification of the intersections of the horizontal FWHM line and the initial curve.
The difference between the left intersect and the center line was determined and subtracted
from the difference between the right intersect and the center line using Equation 3.3. The
resulting absolute value was determined to be the asymmetry value for that site measured

in degrees.
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Figure 3.9: A: An example of the interplated data from which the asymmetry value would
be determined. B: An example of how asymmetry is calculated using the first metric. The
blue line represents the original plot, yellow is the vertical line through the plot’s peak value,
orange is the horizontal FWHM value, purple is the difference between the center line and
the left intersect of the FWHM line and original plot, green is the difference between the
right intersect of the original plot and FWHM line. The absolute difference between the
purple and green lines would be the asymmetry value using metric 1. C: An example of
how the second asymmetry metric is calculated. The plot is divided in half based on the
location of the maximum value. The areas under the curve 60° to the left of center (light
blue) and 60° to the right of center (dark blue) are calculated and the difference is taken.
The absolute difference is the asymmetry value for metric 2.

Xmax - Xmin
FWHM = Zmes _Zmin 4 x o (3.2)

Asymmetry = |(Right Intersection - Center) - (Center - Left Intersection)| (3.3)

The second asymmetry metric begins by dividing the plots in half based on the location
of the maximum SWS value. The area under the curve of the left and right sides was
calculated using Equation 3.4. To account for any error that may have occurred as a result

of the plot having been rotated to ensure that the peak value was in the center, the area
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under the curve was only calculated for 60° to the right and left of the center as shown in C
of Figure 3.9. The absolute difference between the two areas was taken as the asymmetry

value.

0 60
Asymmetry = \/_60 f(z)dz — ; f(z)dz| (3.4)

3.5 Analysis

The absolute asymmetry values for normal muscle tissue, L-MTrPs, and A-MTrPs were
separated and their statistical significance was determined using a heteroscedastic two-
tailed Student’s t-test. The same comparison was made between normal muscle tissue and

a combined group of L-MTrPs and A-MTrPs.
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Chapter 4: Results

In the study population of 40 subjects, we imaged a total of 79 marked sites. Of these sites,
five sites were excluded from analysis due to overlapping diagnostic criteria. One normal site
was removed from analysis due to its poor image quality resulting in inconclusive results.
In total we identified, imaged, and analyzed 40 A-MTrPs sites, 22 L-MTrPs sites, and 11

normal sites.

Figure 4.1: Demonstrates how SWE values increase as the transducer is rotated more in
parallel with the muscle fiber orientation (0°) and decreases as the transducer is rotated
back to perpendicular orientation to the muscle fiber (-90° and +90°).
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We determined that in all cases the SWS changed with fiber orientation as expected,
shown in Figure 4.1. When the SWS of normal muscle was plotted against transducer orien-
tation, the result was an approximately bell-shaped curve. After analysis, plots representing
symptomatic sites were shown to have a greater average asymmetry value when compared
to normal muscle sites, as shown in Table 4.1 and illustrated in Figure 4.2. The results of
the Student’s t-test comparison found a statistically significant difference between normal
muscle tissue and A-MTrPs as shown in Table 4.2. The difference between normal muscle

tissue and A-MTrPs was found to be statistically significant.
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Figure 4.2: Displays the muscle asymmetry distribution of each of the three groups: normal
muscle, latent trigger points, and active trigger points. A shows the results from the first
asymmetry metric which compared the distances from the center to the left and right
intersects of the FWHM line. B shows the second metric which compared the area under
the curve of the left and right sides of the plot.
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Table 4.1: Average Asymmetry and Standard Deviation of Fiber Orientation

. Metric 1: Asymmetry | Metric 2: Asymmetry
Muscle Condition | "oy \joan + STD) | (°) (Mean + STD)
Normal (N = 11) 6.64 + 7.23 5.59 4+ 4.45
Latent (N = 22) 11.51 £ 9.86 8.62 £ 6.51
Active (N = 40) 14.19 £ 11.76 9.87 £ 7.31

Table 4.2: Results of T-Test Comparison

t-Test Metric 1: p-value | Metric 2: p-value
Normal-MTrP | 0.01968 0.02361
Normal-Latent | 0.11992 0.11528
Normal-Active | 0.01393 0.02096
Latent-Active | 0.34417 0.51745
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Chapter 5: Discussion

The results of this study indicate that the variation of the SWS with transducer orientation
is asymmetric in the case of muscle containing A-MTrPs. A likely explanation for this
observation is that the fiber orientation in the case of muscle containing A-MTrPs is more
heterogeneous than palpably normal muscle. If all muscle fibers were orientated in one
direction parallel to each other, the plot of shear speed against transducer orientation would
have been perfectly symmetric. Because mirrored orientations of the transducer with respect
to the muscle (e.g. -45° and +45°) would lead to identical relative alignments with respect
to the fibers and correspondingly lead to similar values of measured shear speed, visualized
by A in Figure 5.1. However, with the introduction of a palpable, symptomatic site, the
muscle fiber orientation becomes disrupted resulting in unique measurements at mirrored
transducer orientations, exemplified in B of Figure 5.1. We conclude this to be the source
of the asymmetry observed in our study.

MTrPs present as physically palpable, tender nodules, located within the skeletal mus-
cle. MTrPs were previously hypothesized to be a local contracture within the muscle or
associated with abnormalities within the fascial boundary [44]. Muscle contracture semi-
permanently shortens the muscle and causes changes in the fiber orientation. Thus, local
contractures caused by the introduction of an MTrP could cause disruption in the local
fiber orientation. In previous work, it was observed that MTrPs appeared hypoechoic and
did not support a propagating vibration when imaged with VSE. Similar findings were
also noted during SWE imaging. A local disruption of the muscle fiber architecture could
be an important feature distinguishing A-MTrPs from normal muscle tissue. Our results
show that normal muscle tissue may also be distinguishable from L-MTrPs. However, these
differences were not statistically significant at our sample size.

These results are consistent with the previous work carried out Turo et al that found
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Figure 5.1: A hypothetical model that could explain the observed asymmetry in shear speed
as a function of transducer orientation when imaging MTrPs. A: The muscle fibers (black
lines) are all aligned. The placement of the transducer (blue rectangles) at symmetric angles
around 0° leads to identical SWS measurements. B: The introduction of a MTrP disrupts
the muscle fiber alignment. Identical placement of the transducer around 0° results in
different SWS measurements.

heterogeneous mechanical properties in muscles with A-MTrPs [44]. Some histological stud-
ies have suggested that muscle fiber architecture in MTrP regions is disrupted although,
these findings have not been widely reproduced [48].

In our study, two different metrics to measure muscle fiber asymmetry were used. While
both metrics resulted in the same trend of more symptomatic sites having higher asymme-
try values, the second metric comparing the area under the curve of the left and right sides
proved to be more robust. This is due to the second metric being able to provide differen-
tiation between normal muscle, L-MTrPs, and A-MTrPs, while also having a lower percent

deviation.
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5.1 Limitations

This study was conducted with several limitations that need to be acknowledged. The first
limitation is the small sample size. While finding participants for examination, we only
sought those who suffer from chronic neck pain with at least one A-MTrP or L-MTrP. The
only times we were able to acquire healthy muscle images was when the patient was only
symptomatic on one side of their body. If the physicians assessment showed that the subject
had MTrPs on only one side of their trapezius, we would image the opposite trapezius to
acquire healthy muscle data. Due to the lack of patients that were symptomatic on only one
side, and healthy subjects not being included in the study, we had few healthy muscle sites
to measure, a number which ceased growing early into the study. The small population of
healthy muscle sites is something that could have been prevented with the inclusion of a
healthy patient population.

Another weakness of this study was the SWE measurement. While SWE provides quan-
titative measurements of tissue stiffness, it can provide irreproducible measurements when
performed with direct application of the transducer to the skin surface, as the application
of any force to the tissue will result in a change in the SWS measurement [49]. This could
have been prevented with the use of a standoff layer of ultrasound gel. However, this would
have made orientating the transducer to precise angles a much more difficult task.

Finally, during the analysis of the data, an assumption was made that the peak SWS
value in each data set represented the true muscle fiber orientation. Even though this was
a fair assumption based on the research of Gennisson et al [47], we are unable to ensure its

absolute precision.

5.2 Future Work

Continued work on this project would seek to both deepen the understanding of our findings

and address the aforementioned issues. Further investigations would be carried out with
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a larger subject population and with the inclusion of a larger control population. Addi-
tionally, the validation of the SWS results of our study in a setting where the muscle fiber
orientation could be altered would help to confirm our results. This could be carried out in
combination with a systematic reproducibility assessment of our anisotropy measurements
with the use of High Angular Resolution Diffusion Imaging (HARDI), a form of MRI capable
of noninvasively determining true muscle fiber orientation. With this we would be able to
confirm both the true fiber orientation and definitively determine if muscle fiber asymmetry
is occurring in muscle containing MTrPs. Finally, continued refinement and improvement
of the asymmetry metric could allow for a more precise measurement and differentiation
between symptomatic and asymptomatic groups.

The next step in continuing this work would be to use the technique we have developed
to assess subjects before and after they have received treatment. I would hypothesize that
if the subject experiences relief from MPS symptoms post-treatment that the asymmetry

value would have decreased between measurements.

5.3 Conclusion

This study proposes an objective, quantitative measurement of the mechanical properties
of anisotropic muscle with the use of shear wave elastography. The imaging protocol us-
ing a custom transducer holder allowed for the careful alignment of the imaging window
over any palpable findings. Of the groups assessed, normal muscle was shown to have the
lowest asymmetry value (5.59 + 4.45), while muscle containing L-MTrPs (8.62 + 6.51) and
A-MTrPs (9.87 £ 7.31) have much larger values. Our results demonstrate that this measure-
ment can be used to distinguish between symptomatic and asymptomatic sites (p<0.024).
Further distinction can be shown between normal muscle and muscle containing A-MTrPs

(p<0.021).
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