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ABSTRACT

Magnetic Resonance Elastography has been utilized to determine the mechanical stiffness
in biological structures of a human anatomy. Through this testing, results can be assessed to
determine a normal or healthy range for the functionality of these different biological structures.
Mechanical stiffness that is misaligned with normal baseline numbers can often be an indicator
of a patient suffering from pathology of that same body part. With the necessity of wave
propagation in the entity of interest, functionality of this procedure has been limited to regions
permitting direct vibrational contact. The purpose of this study is to assess the feasibility of wave
motion by means of remote induction. Deep orthopedic structures are composed of matrices that
hold an ionic charge. Movement of those ions in a cross-directional magnetic field could present
the capability to induce shear wave motion through remote means. This will be assessed through
the utilization of phantom gels mimicking the ionic properties of orthopedic tissue that would
allow for an electromagnetic induction of wavelike motion. The same principle in theory could
be used to medically assess deeper regions of the body protected by bone and other anatomical
structures. In testing, gels were subjected to movement parallel to and orthogonal to the direction
of the magnetic field. The differences observed in the motion wavelength were on a magnitude
of 4-5% which, with the resolution of the images, could potentially be attributed to precision
error.
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Chapter 1
Introduction

Magnetic Resonance Elastography

Magnetic Resonance Elastography (MRE) is a rapidly developing medical technique that
propagates wave motion into a patient’s tissue in order to assess its mechanical properties. The
principle property in assessment is the modulus of elasticity reflecting the stiffness of the
biological tissue. This technique is becoming more popular among physicians due to its ability to
quantitatively measure the rigidity of different tissues in the body. Previously, palpation was one
of the few alternatives doctors could utilize. Palpation is when a doctor applies pressure to
different regions of the body with their hands and gages the stiffness of bodily tissue based off
the response felt. This technique, however, does not present any measurable quantities to
analyze. Unhealthy symptoms are subjective to the feelings of the physician, and the method
does not have any set guidelines or measurements governing pathologies. Other imaging
methods including CT, MRI, and ultrasound fail to depict the mechanical properties assessed
through palpation or MRE [1]. By comparison, the elastic modulus, or simply the stiffness of the
tissue, can be seen over a larger range in the body with the use of MRE.
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Overall, the process can be broken into three simple steps:


Generate shear wave motion within bodily tissue under assessment



Acquire magnetic resonance images of the wave propagation in the body



Process the wave images to create a map of tissue stiffness
In doing this, a physician can then assess with quantitative measures the biomechanical

stiffness of certain tissue and the location of abnormal results. Understanding measures of
stiffness provides healthcare practitioners with numerous applications including tumor detection,
in the case of a dense, rigid mass, as well as the observation of disease progression in
degenerative tissues. Currently, this includes examining soft tissues like the breast and
observing organs like the liver for fibrosis [1]. A healthy baseline for the shear modulus in these
tissues can be documented and variations from that baseline would signal issues. An example of
this quantitative comparison can be seen for livers in Figure 1. Future expectations and studies
aim to allow the assessment of pathologies of the brain, heart, kidney, and muscles.

Figure 1. Graph demonstrating the liver stiffness of healthy volunteers compared to the
different stages of liver fibrosis adapted from [1]
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Wave Generation, Imaging, and Stiffness Estimation

In order to observe wave motion within a tissue specimen, generation of the displacement
may occur from a variety of sources. This process can occur on an external or internal basis.
Internal propagation is naturally generated from the body’s regular functions. For example,
respiration constitutes a type of internal wave propagation. If assessing lung tissue, breathing in
and out will place stresses on the lungs that stretch the organs under inhalation. Additionally,
respiration can cause displacements in other regions of the torso, including back and abdominal
tissues. For this reason, when trying to isolate displacement to a particular region, it is sometimes
vital to limit sources of internal movement if possible. Another type of internal generation occurs
from blood circulation placing stresses on blood vessels to assess their stiffness [2]. However, for
the purposes of MRE under assessment, producing harmonic wave motion requires the use of
external stimulation. External generation results from a device, broadly known as a driver or
resonant actuator, placed on the surface of the skin. It is programmed to oscillate at a certain
frequency often within the range of 50Hz-500Hz for elastography [1]. The most common devices
used to do this include an electromechanical driver, a piezoelectric driver, or focused ultrasound.
These vibrations at the surface will propagate to superficial tissue within the body that will
mimic the motion.
The dynamic motion induced into tissue at this frequency range is often of a magnitude
of micrometers. Through the use of phase contrast magnetic resonance imaging (PC-MRI),
Muthupillai et al. proved that harmonic motion induced into the tissue could be captured in a
series of snapshots [3]. Infinitesimal movements on the order of hundreds of nanometers can be
detected with this sensitive technique. These images show the transverse shear wave induced into
tissue and display the maximum displacement known as the wave amplitude.

4

Assuming the motion induced is homogeneous and incompressible throughout the tissue
under analysis, wave speed can be applied to equations of motion to derive the shear modulus of
the tissue [4]. The equation detailing this relationship and solving for shear modulus can be
simplified as:
μ = ρ Vs2 (1)
where ρ is the density of the specimen and often assumed to be 1000 kg/m3 for human tissue.
The wave speed, represented by Vs, is calculated from the harmonic frequency and wavelength
observed. With further progress, algorithms generated by the work of Manduca et. al. [4] directly
calculate stiffness measurements using a combination of wave equations. Stiffness, by
mechanical definition, is the extent to which an elastic body resists deformation governed by the
following equation:
k = F/δx (2)

in which k is the stiffness of the material, F is the applied force load, and δx is the resulting
displacement within the body of deformation. This information detailing the mechanical
properties of tissue is then compiled into an image known as an elastogram, an example of which
can be viewed in Figure 1 [9]. These MRE images have successfully been used to determine
disease progression relating to tissue stiffness including tumor detection, brain trauma, muscular
injuries, and liver fibrosis [5,6,7,8,9].
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Figure 2. Elastogram image displaying cancerous tissue adapted from [9]

Deep Orthopedic Tissue

Orthopedic tissues are composed of a series of specialized connective tissues bridging the
musculoskeletal system for a variety of different functions. These unique and complex structured
tissues include, but are not limited to, cartilage, ligaments, and tendons permitting the weight
bearing movements the body undergoes during a daily, active lifestyle. They provide stability
and structural linkage to facilitate and define all bodily movements [10]. Orthopedic tissue
damage and the pathologies surrounding these structures are therefore detrimental to physical
human activity. Two of the most common and studied biomechanical injuries arise from the
rupture or degeneration of the Anterior Cruciate Ligament (ACL) and the Medial Collateral
Ligament (MCL), both of which are located in the joint comprising the knee [11]. When these
tissues are under low loading conditions, they often demonstrate viscoelastic behavior returning
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to a normal, healthy state. The compliant nature of this tissue, like most ligaments, passively
guides the joint through motion and stabilizes the skeletal structure under weight bearing loads
[11]. Increasing the force load to the tissue beyond the normal range of weight bearing operation
will cause the ligament to absorb energy until a tensile failure is experienced, also known as a
tear. For example, a rapid change in running direction can provide a brief, but strong force to be
applied to the tissue beyond its normal range of viscoelastic operation resulting in rupture.
Ligaments additionally experience creep or elongation under a constant or repeating force [11].
Under these conditions, the tissue will experience a laxity, or natural decrease in baseline
stiffness making it prone to future failure.
Similarly, articular cartilage proves to be viscoelastic with time-dependent response when
subjected to a constant applied force [12]. The function of articular cartilage is to provide a
smooth interface between skeletal structures enabling movements and the transition of loads with
reduced friction and without pain. The degradation of this tissue has been shown to be linked to
osteochondral lesions, or bone bruising, and is the direct cause of osteoarthritis (OA) [13]. Even
further, the interactivity of cartilage with other connective structures like ligaments has been
determined as highly prevalent. Johnson et al. [13] provided results that suggested an
osteochondral lesion suffered during an ACL rupture could be linked to a meaningful change in
healthy articular cartilage homeostasis.
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Figure 3. Stress-strain of articular cartilage demonstrating the point of failure and permanent deformation
from [12]

Pathologies and injuries of tendons compose some of the less addressed healthcare needs,
with prevalence expected to rise in coming years [14]. Although tendons are also considered
viscoelastic, the tissue type demonstrates differences from other connective bodies in the sense
that it is a relatively inextensible member of the musculoskeletal structure. This provides that the
tendon serves its function of pulling the bone in the direction of a muscle contraction without
giving way to a significant magnitude of deformation itself [10]. Even though it exhibits an
increased mechanical strength, the tendon still fully demonstrates stress relaxation and creep like
the other members comprising orthopedic tissue. Tendon rupture, although less common, is a
possibility with macroscopic failure of the tissue occurring beyond ~8% strain [15]. In
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spontaneous tendon ruptures, prior degeneration of mechanical strength is the most common
histological finding [15].
The physical properties governing the aforementioned structures arise as a result
of their biochemical composition. Although none of these tissue types are evidently identical, a
commonality exists in the extracellular matrix (ECM) structure [10,12,14]. Throughout these
tissues exists a molecular architecture comprised of a cross-linked scaffold of polysaccharides,
known as glycosaminoglycans (GAGs), responsible for the mechanical integrity of each
respective tissue [10,12,14,16]. Bundles of collagen fibers, composing the bulk of orthopedic
tissue dry-weight, are interwoven between the sponge-like matrix formed by the GAGs. It is this
collagen that often dictates the high tensile strength of these connective tissues [11,16,17].
Differences in the mechanical response of tissues arise from the different proportions of collagen
and other tough, fibrous proteins that are embedded in the cross-linked GAGs. The high
proportion of proteins in tendons explains its mechanical strength compared to some other
weaker types of connective tissue [17]. The largest component of the ECM in orthopedic tissue
however is water, making up a majority of the molecular arrangement, usually on the scale of
60%-80% [11,12]. Essential to the composition of this ECM is the fact that the GAGs,
characterized by their sulfate groups, consequently carry a high negative charge with them
[12,16,17].
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Figure 4. Molecular structure of glycosaminoglycans in the extracellular matrix providing
negative charge from their sulfate groups. Image adapted from [14]

Because the solid phase of the ECM is porous, this negative charge in the matrix draws in
cations (i.e. sodium, calcium, potassium) that in effect hydrate the matrix. This hydrated
structure is often compared to a gel-like network, with the water content responsible for resisting
compressive forces and its viscoelastic response. Ions are dissolved in this tissue water taking up
pore space and causing an ionic concentration in the tissue [12,16].
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Quantifying the mechanical stiffness in these regions of the body is one of the core goals
to MRE. This measurement can aid in determining pre-existing degradation of vital structural
tissue. Additionally, there is the capability to assess mechanical response post-operation in the
anticipation of return to a relative healthy normal. Injuries to ligaments, cartilage, and tendons
are known as a cause of musculoskeletal morbidity, and are increasing with active human
lifestyles [12,14,15]. Cartilage is limited in its ability to heal and repair itself, while ligament and
tendon tears are replaced with scar tissue that is biomechanically inferior to a healthy baseline
[11,12]. Under these circumstances, the monitoring of orthopedic tissue pains and pathologies is
vital to long-standing structural integrity.

Contactless MRE Development

With all the numerous applications for disease detection, MRE has provided a useful,
quantitative manner to assess these tissue problems. However, testing is limited to regions of the
body where it is only possible to apply an external wave generation source [3]. Tissues that
connect the musculoskeletal structure are located in tight joint regions of the body surrounded by
hard bone. As a result, the analysis of deep orthopedic tissues like cartilage and ligaments is not
yet feasible since the structure would not propagate motion. Recent studies by GraslandMongrain et al. [7] though have proven that through the use of an induced current and crossdirectional magnetic field, shear waves could be induced into tissue that would model the
molecular composition of the human brain. Shortly afterwards, this concept was implemented in
a study utilizing a trans-cranial magnetic stimulation device proving that shear waves could be
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generated behind a solid barrier representing a skull [18]. A model and picture of the physical
instrumentation setup used for this remote induction technique is seen in Figure 5.

Figure 5. Experimental setup for remote induction of shear waves using a trans-cranial magnetic stimulation device and
permanent magnet from [18]

With this methodology, measured displacements reached a magnitude of 5 μm and 0.5
μm in a phantom gel and chicken breast sample, respectively. Additionally, it is worth noting,
this study utilized a magnetic field ranging from 100 to 200 mT within the medium, a magnitude
significantly lower than that of the field generated within a Magnetic Resonance Imaging (MRI)
machine. Therefore, in clinical cases where an actual machine is used, it can be assumed that the
displacement amplitude could be increased by multiple magnitudes improving wave imaging
[18].
Orthopedic tissues, as discussed, carry an ionic concentration as a result of their
extracellular matrix. Long polysaccharide chains of a negative charge are woven with tough,
fibrous proteins creating a sponge-like structure that ions float throughout [17]. Therefore, if ions
in the tissue were able to move creating a current, and this current was subject to a crossdirectional magnetic field, then a force orthogonal to the plane created by the current and
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magnetic field would be generated causing induced motion in the tissue. This electromagnetic
principle defines the Lorentz force which is governed by the following equation:
F = qE + qv X B (3)
where q is the charge of a given particle, v is the velocity of that particle, E and B are an electric
field and a magnetic field, respectively, and F is the force induced. The capability to induce
motion in this tissue by means of the Lorentz force would imply the potential to image
mechanical response in orthopedic tissue by contactless means.
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Chapter 2
Methodology

Ionic Gel Formulation

To assess the feasibility of wave induction into tissue that lies hidden behind natural
human morphology, it is crucial to properly model the interested tissue types according to their
molecular structures. Testing was therefore conducted on gel substances to attempt to prove the
Lorentz force can be induced in an entity similar to the biochemical architecture of orthopedic
tissue. To model the tissues and the coinciding extracellular matrix properly, a gel material with
similar cross-linking structures and free ions floating throughout had to be designed. For the
purposes of proving the induced motion concept, focus was placed on having an ionic
concentration throughout the gel. Resembling the mechanical response of orthopedic tissues was
a secondary consideration.
First, sodium alginate was considered as it is well known for its reactivity with calcium
ions to form linking structures. Sodium alginate is built with two monomeric units that alternate
in sequence. This alternation allows for the perfect gap for calcium ions to fit into forming chains
with the structure and, at high enough concentrations, solidifying [19]. By dissolving calcium
chloride in water to react with this gelling agent, the chloride ions are left free to float in the
biphasic substance.
When gelling with sodium alginate, however, the linking structures can arrange at room
temperature. Therefore this gelling procedure occurs instantly, without the need for a heating or
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cooling cycle. As a result, inhomogeneous gels were being formulated under pre-gelation
conditions that did not allow for full diffusion of the ionic components. The result was a material
that was gelling at its surface causing a gradient in its structure which was not suitable for
testing. Additionally, the pre-gelation phenomenon would lead to air bubbles trapped in the
material structure not mimicking the orthopedic tissue successfully.
Skjåk-Bræk et al. [20] provided that the gelation of this sodium alginate would result in
inhomogeneous mixes as a result of the polymer concentration being greater near the surface. In
the same set of testing, this was contrast to gellan gum and kappa-carrageenan, which would
generate uniform gels when reacting with the proper ionic components. Carrageenans however,
had the ability to gel in the presence of ions similar to those found in the formations of
orthopedic tissue.
Carrageenan is a polysaccharide that varies in form by the different amount of sulfate
groups contained along its chain-like structure [21]. This mirrors the quality of
glycosaminoglycans (GAGs) present in the ECM of orthopedic tissue. Similarly, these sulfate
groups carry a negative charge seen in Figure 6. Furthermore, carrageenan structures, when
gelling in water, required a heating cycle bringing the solution temperature to at least 70 degrees
Celsius [21]. Kappa-carrageenan though resulted in the formation of a gel with firm, brittle
features that would often present syneresis, the separation of water from the solid portion of gel.
Iota-carrageenan, a variety of carrageenan with two sulfate groups, would form an elastic,
coherent gel that did not undergo syneresis [21]. Additionally, in its formation, iota-carrageenan
could utilize calcium ions coming from dissolving calcium chloride in solution. The doublecharged ions were then known to form intermolecular ionic bridges between the sulfate groups of
the polysaccharide chains in a cross linking manner when cooling [21]. The chloride ions would
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then remain freely dissolved in the fluid of the gel representing the ionic component of
orthopedic tissue water.

Figure 6. Molecular structure of carrageenans with varying sulfate groups adapted from [21]
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For the first attempt at formulating a stable gel, a solution of components 0.2% CaCl2,
2.0% iota-carrageenan, and the remainder deionized (DI) water was used. The proper
percentages, by mass, were measured out using a US Solid electronic precision balance capable
of measuring to the thousandths place shown in Figure 7. These proportions were determined to
form a peak level of stiffness in the gel which would be necessary since iota-carrageenan was
known for forming a softer, elastic gel [21].

Figure 7. Precision balance scale for measuring solid components of gel blend
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The calcium chloride (CaCl2) was first dissolved in the water to aid in the dispersion of
the carrageenan, which was added slowly to the solution. After all elements were thoroughly
blended in a small jar, the mixture was heated just to the point of an initial boil utilizing a
conventional microwave. Initial observations included a very viscous solution before cooling that
air bubbles were becoming trapped in. After cooling in a refrigerator for 10 hours to allow
setting time, the gel appeared to demonstrate viscoelastic properties with relative homogeneity
throughout. However, there were air bubbles present and after approximately one days time, a
white precipitate began to form in those pockets evidenced in Figure 8. It was theorized that this
could have arisen from impurities in the mixture, an over saturated amount of calcium chloride,
or the presence of mold growth in the gel.

Figure 8. White precipitate formation presented in early gel formulation trials
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To remove these white dots for image scanning, the gel formation procedure was
repeated placing the gel in a 10 gallon aluminum vacuum chamber to cool. The pressure in the
vacuum was slowly decreased as to not cause the heated solution to boil over. After multiple
days of setting and placement in a refrigerator, the gel presented a macroscopic uniform
appearance with no air bubbles or impurities.
To create an array of testing conditions, multiple gels of different ionic and
polysaccharide proportions were then created to the specifications summarized in Table 1. It is
worth noting that at 2.0% iota-carrageenan and above, 0.1% calcium chloride did not form a
fully solidified gelation.

Table 1. Gelation Proportions in Carrageenan Mixtures

CaCl2

H2O (g)

ι-Carr (g)

CaCl2 (g)

Gelation Variant

ι-Carrageenan

Total grams

1

1.5%

0.1%

100.984

1.540

0.103

102.627

2

1.5%

0.2%

100.756

1.537

0.205

102.498

3

1.5%

0.3%

100.800

1.539

0.308

102.648

4

2.0%

0.2%

100.249

2.050

0.205

102.504

5

2.5%

0.2%

99.454

2.555

0.204

102.214

6

2.5%

0.3%

99.529

2.556

0.307

102.396
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Protocol

To test the modeled gels for induction of the Lorentz force, the charged ions inside
needed to move creating a current. In order to do this simply, an electromechanical actuator was
utilized to move the ions. Even though this involved contact, it could be used to demonstrate the
induction of the Lorentz force in a cross magnetic field. The electromechanical actuator was
composed of a solenoid coil on a pivot shaft that would move the gels and ions perpendicular to
the direction of the pivot shaft. When oriented in a Siemens 3T Magnetic Resonance Imaging
machine, the motion of the ions could be orthogonal to the magnetic field, resulting in an
upward/downward force if the Lorentz force came into effect. MRE imaging could be performed
while in the machine, additionally using it for its magnetic field. Changing the orientation of the
actuator so that ion movement would be parallel to the magnetic field of the machine would only
demonstrate deformation in the direction of actuator movement. This could be used as a baseline
and by comparing the two orientation images, a difference would signal the induction of the
Lorentz force into the gels modeling orthopedic tissue. The principle difference demonstrating
the intention of this test is illustrated in Figures 9 & 10 below.
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Figure 9. Sagittal orientation of the vibrational actuator resulting in
ion movement orthogonal to the magnetic field and a proposed
induction of the Lorentz force

Figure 10. Transverse orientation of the vibrational actuator resulting
in ion movement parallel to the magnetic field
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The actuator moving the gel and, in turn, the ions was driven by a Tektronix function
generator set to a frequency of 100 Hz. The voltage varied between 50 mV and 100 mV in order
to generate smooth wave propagation images in some of the softer gels.
Scans from the Siemens 3T MRI unit were performed in both the sagittal and transverse
directions corresponding to the orientation of the actuator and ion movement. The sagittal
orientation would move the ions orthogonal to the magnetic field, while the transverse
orientation would move them in the same direction. The sagittal direction would serve as the
orientation to generate the addition of the Lorentz force. On each scan, the field of view was set
to 200mm x 200mm to provide a detailed image that did not generate artifact images overlapping
the region of interest. The raw data from Siemens could then be processed in Matlab using a
mapVBVD function generated by Philip Ehses for open source purposes to render MR images.
The image, once visualized in Matlab, utilized a script to read Fast MRE data. This provided a
selection cursor to isolate the region of interest shown in Figure 11.

Figure 11. Visualization of image regime in Matlab to be isolated by cursor
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The region of interest was then analyzed to display the wave propagation in the gel over
the course of one phase broken into 16 equally spaced images. These frames could be played
back as a video demonstrating the propagated shear waves over time. From each video, a frame
with clear visualization of shear wave movement could be selected, and the distance between
wave peaks could be measured to determine wavelength. The Matlab viewer provides a data
cursor that could count the pixels between wave peaks seen in Figure 12. For the purposes of
accuracy, pixel count was measured over two periods and then divided by two to determine the
average pixel number per wavelength. Each image generated used a pixel count of 128 x 128,
which could be converted to length by using the field of view factor. Each distance between
wave peaks would be compared for differences between the two orientations.

Figure 12. Coordinate tool in Matlab allowing to count the pixels across two wavelengths
represented by the green line
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Chapter 3
Results

Wave Displacement in Scans

Analysis was conducted on gels of two different conditions: gel variant 3 and gel variant
5. Images were collected across the multiple different variations, but the two aforementioned
produced the clearest visualization of propagation with limited artifact overlap in the scan. 16frame sequences of one full phase were produced for both gel variations in each orientation of
testing conducted. A summarization of the quantities determined from the sequence displacement
maps can be seen in Table 2 below.

Table 2. Resultant displacement wavelength in the ionic gel variants at different orientations

Gel
Orientation
Variant

Pixels per
wavelength

Wavelength (mm)

14

11.5

17.969

0.3%

6

11

17.188

2.5%

0.2%

14

11

17.188

2.5%

0.2%

9

10.5

16.406

% ι-Carrageenan

% CaCl2

3 Transverse

1.5%

0.3%

3 Sagittal

1.5%

5 Transverse
5 Sagittal

Frame
Used

% Difference

4.444%

4.651%
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Chapter 4
Discussion

Discrepancies

This research aimed to provide that the Lorentz force can be induced into tissue deep
within the body to propagate shear wave motion. A mock gel was synthesized modeling the base
molecular composition of connective tissues like cartilage and ligaments. This gel however,
constructed of carrageenan with ionic water diffused throughout, presented an insignificant effect
in changing the displacement to a reasonable degree. The difference in motion between the
sagittal and transverse oriented gels was on the magnitude of 4-5%. This difference alone can be
accounted to the error assumed when translating between pixels and millimeters. At a field of
view of 200 mm and an image of 128 pixels, the per pixel distance is greater than 1 millimeter.
For this reason, to begin and end at the exact points coinciding with the shear wave period is not
possible and a degree of error is assumed. Taking the average of two wavelengths helped to
reduce this error, but it could not be circumvented entirely. Even beyond the wavelengths
presented in Table 2, additional measurements from other frames of strong wave form presented
matching pixel counts. These results show discrepancy from the theorized concept that a Lorentz
force would be induced in the gel body to such a magnitude that it would generate shear wave
motion.
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Limitations

One of the largest limitations of this research was the extent to which orthopedic tissue
could be modeled with a gel based alternative. The structure of the extracellular matrix and the
manner in which carrageenan gels form seemed to match from a qualitative stand point.
However, many characteristics were different including the mechanical response of the gels
themselves. In order to form this elastic, ionic compound, a high mechanical stiffness was
sacrificed. Additionally, the extent to which ions could dissolve in the gel was capped. Beyond
the upper limit of 0.3% calcium chloride, an oversaturated state began to exist which would
effectively weaken the gels further. It can be theorized that a compound of higher ionic
concentration might induce motion. It is possible that at low concentrations of ions, the
magnitude of displacement could be to an unrecognizable extent. Therefore, no quantitative
conclusions can be definitively made when considering real orthopedic tissues in this case.

Conclusion

While much was learned from this research in terms of modeling the qualities of
orthopedic tissue, it can be further studied how to image the mechanical properties of these very
connective tissues. MRE provides a feasible process to map the stiffness as long as the shear
wave motion is present. The insignificant differences in displacement presented in this research
do not exclude the possibility of induced motion but only discredit one methodology. The
possibility to improve visualization of movement could be attained under different conditions,
such as ionic concentration and the manner in which ions are moved. Even minimal
displacements could prove key to quantifying pathologies of orthopedic tissue.
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Appendix A
Gel Displacement Maps

Figure A-1. 16-frame displacement video interface in Matlab software
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Figure A-2. Displacement map data for transverse orientation of gel variant 3
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Figure A-3. Displacement map data for sagittal orientation of gel variant 3
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Figure A-4. Displacement map data for transverse orientation of gel variant 5
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Figure A-5. Displacement map data for transverse orientation of gel variant 3
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