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SUMMARY

Tendons and ligaments are dense, fibrous connective tissues that facilitate transmission of
loads from muscle to bone (tendon) or from bone to bone (ligament). These tissues are
subjected to wear and tear from day-to-day mechanical usage leading to sprains,
tendinopathies, or ruptures, each of which is a major source of musculoskeletal disability.
Clinically, the diagnosis of tendon and ligament injury is based on a clinical examination
as well as magnetic resonance imaging (MRI) of the relevant tissues. MRI is a reliable,
non-invasive tool for detecting large and complete tears; however, conventional T1 and
T2-weighted grayscale images exhibit poor contrast and a low signal-to-noise ratio which
makes identification of low-grade injuries more challenging to delineate. Therefore, there
exists a need for reliable, quantitative and more robust imaging approaches to assess

tendon and ligament microstructure and integrity.

One of these MR approaches is diffusion tensor imaging (DTI), an advanced MRI
technique primarily used in neuroimaging applications. DTI assesses tissue
microstructural organization by quantifying the 3D diffusion of water molecules within
tissues. It relies on the basic diffusion principle that water molecules diffuse more readily
along (i.e., parallel to), rather than across physical barriers (e.g., collagen fibers).
Diffusion of water molecules can be quantified by the diffusion tensor in each voxel,
whereby the magnitude and orientation of water diffusion can be computed throughout
the tissue, thus revealing the fiber microstructure. The primary aims of the proposed

studies are to demonstrate applicability and reliability of the DTI technique for tendons

XV



and ligaments, and determine the sensitivity of b-values to DTI derived parameters of

tissue integrity.

The proposed studies will investigate the applicability and sensitivity of DTI to intact
tendons and ligaments. The long term goal of these initial studies is to provide in depth
quantitative as well as qualitative characterization of these tissues which can significantly
advance our ability to accurately image intact, damaged, and healing tissues, further our
understanding of the microstructural mechanisms of microtrauma and repair, and

potentially improve clinical management of injuries.
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1. Introduction

1.1 Overview

The intrinsic magnetic properties of atomic nuclei form the basis of magnetic resonance.
The most abundant atom in biological tissue is hydrogen (1H), therefore, it has been the
most studied magnetic resonance phenomena. The concept of Nuclear Magnetic
Resonance (NMR) is based on the interaction between the spins and magnetic fields.
Three kinds of magnetic fields are involved that interact with the spins, namely, static
magnetic field (BO), radiofrequency field (B1) and gradient field [1] .
Without any static magnetic field, spins have random orientation and the sum of magnetic
moments (magnetization) averages to zero. By placing a proton in a static magnetic field
BO, it precesses around the axis of the magnetic field at a frequency proportional to the
strength of the magnetic field, known as Larmor frequency governed by

o = YBo (1.1)
where 7 is the gyromagnetic ratio, a constant number unique for different types of atoms.
The gyromagnetic ratio of a hydrogen atom is 42.58 MHz/Tesla. Once all the spins are
aligned in the direction of the static magnetic field, they accumulate with a magnitude
MO along the direction z. The stable condition of the alignment of spins can be perturbed
by applying a RF pulse, B1, which is tuned to the Larmor frequency of the spins. This
causes to flip the magnetization vector out of equilibrium into the transverse plane. After
the RF pulse, the tipped spins start to precess in the transverse plane at the Larmor
frequency. Magnetization returns to the equilibrium state by two kinds of relaxation

processess. The first one is the returning of spins from xy plane to the z axis, which is the



spin-lattice relaxation and is characterized by the time constant T1. The other is the
decaying mechanism of spins in the xy plane, known as spin-spin relaxation and is
characterized by the time constant T2.

While MRI provides excellent soft tissue contrast and high spatial resolution, there
remains uncertainty regarding its ability to resolve and delineate low grade tendon and
ligament injuries (e.g., sprains). Specifically, elevated MRI signal intensity is suggestive
of tissue-level alterations which may include increased water content, elevated
vascularity, inflammation, degeneration, or partial matrix disruption [2, 3]. Hence,
elucidating these potential abnormalities using a qualitative measure such as signal
intensity (a standard means of conventional MR assessment) is challenging. Currently,
there exist very few published MRI approaches to quantify the structural and functional

integrity of tendons and ligaments.

Conventional MRI studies have shown the potential of T1, T2 and proton density
weighted sequences for the detection of large and complete ligament and tendon tears
(e.g., rotator cuff, knee ligaments); this pathology is manifested by increased signal
intensity at the injury site [4-6]. However, these techniques have considerably lower
sensitivity and specificity for the detection of more subtle forms of tendon and ligament
pathology such as sprains, inflammation, partial tears or chronic injuries and clinically
reported accuracies of conventional MRI are as low as 65% [7, 8]. Furthermore,
postoperative MRI appearance of these tissues reconstructed with autografts or allografts
are often variable on proton density and T1/T2 weighted images [9]. With multiple
ligament injuries, the diagnostic specificity of MR imaging for ligament tears

decreases[6]. Interestingly, imaging results from conventional MRI often are not



consistent with clinical diagnosis and symptoms, for e.g., foci of increased signal
intensity at proximal attachment of the patellar tendon and thickening of the patellar
tendon (symptoms of patellar tendinosis) were observed in conventional MR images in

otherwise asymptomatic collegiate basketball players [10-12].

Normal tendons and ligaments are challenging to image on MR as they provide
low signal intensity and exhibit short T2 relaxation times. These structures also are
subject to strong magic angle effects if imaged at parallel to BO, the static magnetic
field[13-15].Different techniques have been applied to increase the signal from these
tissues, including orienting the tendon fibers at the magic angle (~55° to BO) to increase
the T2 relaxation times of these tissues. However, clinical imaging at the magic angle
may be impractical and challenging. Use of ultrashort TE (UTE) pulse sequence which
have TE’s approximately 100-1000 times shorter than those of conventional sequences
represents another method that can be used to increase the MR signal of tendons and

ligaments[16, 17].

MRI-based investigations of tendons have characterized T1 and T2 relaxation times and
the apparent diffusion coefficient (ADC) of isolated tissues under conditions of static and
repeated mechanical loads [18-22]. Navon and colleagues have utilized proton double
quantum filtered MRI to investigate the anisotropy of collagen fibril orientation in tendon
[23, 24] as well as fiber orientation during tendon healing [25, 26]. The study of water
transport to/from and within ligament and tendon is of fundamental importance as this
mechanism is thought to play an important role in tissue nutrition, mechanotransduction
and mechanical function of the tissue [27, 28]. However, the extent to which matrix

damage alters water diffusion in either tendon or ligament is largely unknown. This
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chapter discusses the MR imaging methods that have been used to image tendons and
ligaments such as UTE MRI and diffusion-weighted imaging and adds diffusion tensor
imaging currently being studied by our group which provides more quantitative

information about the microstructure of these tissues.

1.2 Ultra-short TE (UTE) MRI

Ultrashort echo time (UTE) pulse sequences can be used to enhance the MR signal from
tissues with short T2 relaxation times, in our case, tendons and ligaments. UTE sequences
image the restricted protons directly to produce images weighted by the actual size of the
bound proton and its relaxation rate. UTE pulse sequences have TEs that are 100-1,000
times shorter than those used in conventional spin-echo sequences for imaging tendons
and ligaments and can detect signal from these tissues before the signal has significantly
decayed. Bydder et al have published extensively on the use of UTE pulse sequences to
image not just tendons and ligaments but also other short T2 musculoskeletal tissues and
their components such as entheses, deep layers of articular cartilage, meniscus, cortical
bone, components of intervertebral disc and muscle. Using TE’s of 8 microseconds and
shorter Bydder et al was able to show clear collagenous fascicular structure from T2
weighted MR images of cadaveric Human Achilles tendons (Figure 1.1) rarely possible
previously through conventional spin-echo sequences. Through short TE’s the
investigators were also able to identify the anatomical details of the entheses of the
Achilles tendon and the three different fibrocartilage components of the “entheses organ”
(which serves to dissipate the stress concentration away from the tendon-bone junction)

not possible through conventional pulse sequences. UTE sequences are also beneficial in



imaging tendon collagen degeneration proximal to the insertion site, i.e. where the tendon
IS most vulnerable to degenerative change and rupture, 2-6 cm above its enthesis and

where it is surrounded by a paratenon.

(A)

Figure 1.1: Appearance of Achilles tendon from a cadaveric specimen with ultrashort-TE
(UTE) MR sequence. A and B, Sagittal UTE MR images obtained without (A) and with
(B) fat suppression show normal striated appearance of Achilles tendon in mid tensile

region (straight arrow). Adapted from Filho et al [16].

Several studies [17, 29, 30] have shown that bulk T2 in tendon is multi-exponential,
therefore the ability to quantify the signal from each individual pool could enable the
examination of sub-tissue populations such as collagen, proteoglycans and ground
substance and provide a better understanding of early tissue degeneration by monitoring
changes in T2 relaxation times of “bound water” associated with these microstructures.
Conventionally, clinicians have used only mono-exponential fitting of T2 relaxation,
assessing relaxation from only “free” water molecules, leaving out any relaxation

information from the “bound” water molecules. Use of UTE pulse sequences can provide
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information from faster relaxing pools of “bound water” bound with collagen fibers,
proteoglycans and other ground substance through multi-exponential fitting of the
relaxation not possible with conventional MR pulse sequences, and can give a better

understanding of the overall tissue microstrucutre.

1.3 Diffusion Weighted and Diffusion Tensor Imaging

Water content is the primary factor governing MR differences between tissues, where the
relaxation time is generally a linear function of the solute concentration. These MR
parameters have the potential to be used to evaluate water distribution within tissues and
thus visualize the disease progression or tissue regeneration. Diffusion of water is an
indication of the morphological and biochemical integrity of tissues. In the region where
cells swell or cell membranes rupture due to diseases, for example, the water diffusion is
faster because there are fewer physical barriers. Diffusion weighted imaging (DWI) is an
MR technique based on the measurement of the random Brownian motion of water
molecules, which is sensitive to the physiological and anatomical environment of tissues.
In isotropic tissues, where the apparent diffusivity is independent of the orientation of the
tissue, it is usually sufficient to characterize the diffusion characteristics with a single
scalar apparent diffusion coefficient (ADC). In anisotropic tissues, MRI can characterize
molecular diffusion through a second-order tensor called “diffusion tensor imaging”.
DWI and DTI have potentials for investigating fluid movement within regenerating
tissues. Sotak et al [18-22] have studied the diffusion behavior in intact rabbit Achilles

tendons along with changes in ADC after tensile loading of the tissues in vitro. The



investigators showed that ADC was significantly greater in the direction parallel to the
long axis of the tendon than in the perpendicular direction for unloaded tendons for both
freshly isolated and PBS stored tendons. Following tensile loading of 5N, significant
increase in ADC in the “rim” region (periphery) of the tendon was found compared to the
“core” of the tissue indicating extrusion of the water along the radial direction of the
tendon. The transient response of the ADC to a 5-N tensile load was also studied. The
absolute ADC in both directions increased with loading and recovered to baseline upon

unloading.

The DTI technique combines magnetic resonance diffusion-weighted pulse sequences
with tensor mathematics to measure molecular diffusion in three dimensions, thereby
providing a non-invasive proxy measure of microstructural integrity [31]. The diffusion
of water molecules within fibrous tissues (e.g., ligament) is not equal in all directions, as
molecular restriction is greater across than along the major fiber axis. Hence, it is
presumed that intact tendons and ligaments promote anisotropic diffusion, whereas

damaged tissue promotes isotropic diffusion (Figure 1.2).
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Figure 1.2: Schematic diagram illustrating effects of matrix disruption on water
diffusion. In normal tendon or ligament, water molecules (brown circles)
preferentially diffuse in a direction parallel to the collagen fibers. Matrix
disruption promotes isotropic diffusion whereby there is no longer a predominant

In each voxel a diffusion tensor D expresses a diffusion coefficient in the direction given

by the subscript as shown below:
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The principal diffusion direction is described by the eigenvector of D corresponding to

the largest eigenvalue. Fractional anisotropy (FA) is a commonly reported DTI metric; it

is rotationally invariant and can be calculated as

FA= \/3{(/11— <232+ (A=< A>) + (A=< A >)2}/\/2(212 YRR

where <A >= (4, + 4, + 4;)/3 is the mean diffusivity (MD)

Water diffusion can be characterized by the tensor in each voxel, along with DTI indices
(e.g., FA and MD) describing the magnitude and orientation of water diffusion (cellular
integrity). To date, the vast majority of published studies have used DTI to investigate
changes in the brain. Whole-brain and regional alterations in DTI indices have been
associated with normal aging[32-34], as well as a number of neurologic and psychiatric
disorders, including Parkinson’s disease,[35] mild cognitive impairment/Alzheimer’s
disease[36-38], stroke,[39] multiple sclerosis[40], and schizophrenia[4l, 42]. For
example, decrease in fractional anisotropy has been reported with normal aging; and
increase in mean diffusivity and a decrease in fractional anisotropy has been reported in
patients with diseases such as Alzheimer’s, multiple sclerosis and schizophrenia. Fiber
tractography is another DTI visualization tool which has been used to visualize the
microstructural organization and integrity of white matter tracts in these studies.

Recently, ex vivo [43, 44] and in vivo [45-49] characterization of articular cartilage,
anulus fibrosus, and skeletal muscle has demonstrated the ability of DTI to provide
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reliable, accurate collagen fiber architecture data in normal and damaged musculoskeletal
tissues. For example, in one of the studies de Visser et al demonstrated the application of
diffusion tensor imaging to observe adaptations of collagen fibers to mechanical
compression in bovine articular cartilage. Spin-echo DTI sequence was used to acquire
images on a 7.0T vertical bore research magnet. Ex-vivo bovine cartilage plugs were
scanned before and after application of a 30% compression strain. Compression resulted
in a decrease in mean diffusivity, particularly in the superficial and transitional zones. In
the transitional zone, the average orientation of the principal eigenvectors with respect to
the normal to the articular surface increased by up to 40°, indicating that the collagen
fiber bundles were oriented more parallel to the surface when compressed.

Hsu et al studied the application of diffusion tensor imaging to characterize the
architecture of porcine intervertebral disc annulus fibrosis. DTI scans were performed on
ex-vivo intervertebral disc segments from porcine lumbar spine on 7.1T horizontal bore
magnet using a diffusion-weighted spin-echo pulse sequence. The investigators found the
diffusion in the annulus fibrosis to be anisotropic. The orientations of anisotropy
exhibited a layered morphology that agreed with light micrographs of the corresponding
samples, and the behavior of the orientation angles was consistent with the known
characteristics of collagen lamellar structure of the annulus fibrosis.

Zaraiskaya et al explored the capability of diffusion tensor imaging for evaluation of
human skeletal muscle injury on patients with gastrocnemius and soleus muscles injuries.
Diffusion- weighted spin-echo sequence was used to acquire images from the patients on
a 3 T clinical scanner. FA values reduced by more than 50% for the patients compared to

the healthy controls and ADC was consistently higher for the patients compared to the
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controls. 2D projection maps revealed muscle fiber disorder in injured calves, while in
healthy controls the 2D projection maps showed a well organized fiber structure.

Many of the above studies have used high magnetic field strengths (greater than 3T) for
scanning the tissues. Using this high field strength has its advantages and disadvantages.
The advantage is that one can achieve a high enough resolution which is desirable for the
small size of the animal tissues being studied and can provide an improved signal to noise
ratio. On the other hand signal averaging needs to be increased to reduce the noise which
increases the scan time. High field MRI also exhibits imaging artifacts such as BO and
gradient field inhomogeneties and susceptibility artifacts. Also, high field strengths
greater then 7T are highly unlikely to be used for human use because of the higher

specific absorption rate (SAR) which causes heating of the tissue.

1.4 Summary

Specifically, Diffusion tensor imaging (DTI) can quantify differences in water diffusion
resulting from damage to the matrix of tendons or ligaments. The technique combines
magnetic resonance diffusion-weighted pulse sequences with tensor mathematics to
measure molecular diffusion in three dimensions, thereby providing a non-invasive proxy

measure of microstructural tissue integrity.
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2. Background and Significance

2.1 Tendon and Ligament Structure and Function

Tendons and ligaments are dense, fibrous connective tissues composed primarily of type
| collagen (85% of dry weight) and water (~55% of wet weight), along with other
collagens (e.g. type II, 11, V, IX, XI), proteoglycans, and cells [50, 51]. The primary
function of these tissues is to facilitate transmission of uniaxial tensile loads from muscle
to bone (in the case of tendon) or from bone to bone (ligament). Accordingly, the
hierarchical, composite extracellular matrix structure of tendons and ligaments (Figure
2.1) is characterized by a predominantly parallel arrangement of collagen fibers [50, 52,

53].

Tendon and ligament biomechanical properties, like their fibrous structure, are highly
anisotropic (i.e., direction-dependent). The tensile modulus (i.e., material stiffness) in the
longitudinal (fiber-aligned) direction is one to two orders of magnitude larger than that
measured in the transverse direction [54-57]. This contrasts the structure and function of,
for example, dermal tissue*® and joint capsule [58], whose collagen fibers are arranged in
a “basket-weave” or random pattern in order to resist loads in multiple anatomic

directions.

Comparing tendons and ligaments specifically, material properties for the tendons
including linear modulus, maximum stress and energy density to maximum stress are
generally higher than the ligaments[59] Ligaments have a higher crimping pattern/

organization than tendons representing a longer toe-region for ligaments on the stress-
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strain curves. With regards to the biochemical composition, ligaments are more
metabolically active than tendons, have higher DNA content, and the presence of more
type Il collagen, as compared with tendons. Ligaments also contain slightly less total
collagen than tendons and more glycosaminoglycans [60]. As shown in figure 2.1,
fascicular collagen structure of these tissues can be observed by using scanning electron
microscopy (SEM), and fibril and sub-fibrillar structures can be observed using X-ray
diffraction techniques, conventional MRI can go down to as low as the scale of fascicles

using high resolution scanners ( 3T or higher) using ultra-short TE (UTE) sequences.
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Figure 2.1: Hierarchical structural model of tendon (adapted from Kastelic et al.[53])
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2.2Tendon and Ligament Injury and Repair

Like all skeletal tissues, tendons and ligaments are subjected to wear and tear from
mechanical usage. Tendon and ligament injuries are major clinical problems which
restrict athletic participation, impair motion and daily functions, and disable patients in
the workplace. Studies have revealed that in healthy middle-aged and older individuals,
non-ruptured tendons showed histological evidence of degenerative changes and cellular
response to microscopic injuries, indicating that extensive matrix remodeling had

occurred in these tendons[61].

Broadly, tendon and ligament injuries are classified as acute or chronic. Acute injuries
are the result of “macrotrauma” (e.g. direct lacerations, sprains due to sudden tensile
overload) while chronic injuries are widely believed to result from repetitive overuse
(cumulative microtrauma) [62], as likely occurs in high-demand sports such as
professional football. However, many apparently acute injuries occur in a tendon or
ligament weakened by prior accumulated fatigue damage and degeneration; it has been
argued that some form of degeneration must generally be present prior to complete

rupture of the tendon [63].

The microstructural bases for microtrauma in tendon and ligament are postulated to
included collagen fiber/fibril tearing and delaminations between fiber bundles [61, 64].
Ex vivo studies have established that significant matrix damage and degradation of
tendon/ligament material properties can be produced by single (e.g., ramp to high
subfailure deformation level) or multiple loading events (i.e., fatigue) [65-71].

Correlative biomechanical and histologic studies by Wang et al have shown that tendon
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elongation during cyclic loading is a reliable index of subrupture matrix-level damage

[72, 73].

Animal studies of tendon and ligament healing have demonstrated a strong correlation
between the functional quality of the repaired tissue and its collagenous organization;
namely, a remodeled tendon/ligament with well-arranged, parallel collagen bundles
(resembling the native, intact structure) generally translates to superior biomechanical
properties of the repaired construct [74]. Hence, restoration of fiber orientation is critical

to successful tissue repair.

2.3 MRI studies of Tendon & Ligament

Numerous studies have reported high levels of diagnostic accuracy of MRI for detecting
large and complete tears in ligaments and tendons [75, 76]. While conventional MRI
provides excellent soft tissue contrast and high spatial resolution, for example, resolution
as high as 500 pm have been reported for imaging ACL’s [77] on a 3T clinical magnet
and even higher for imaging the whole knee, there remains uncertainty regarding its
ability to resolve and delineate more subtle forms of tendon and ligament pathology such
as sprains and tendinosis/tendinitis. Specifically, elevated MRI signal intensity is
suggestive of tissue-level alterations which may include increased water content, elevated
vascularity, inflammation, degeneration, or partial matrix disruption [2, 3]. Hence,
elucidating these potential abnormalities using a qualitative measure such as signal
intensity is challenging. Furthermore, imaging appearance often is not consistent with

clinical diagnosis and symptoms (e.g., for patellar tendinosis)[10-12] Currently, there
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exist very few (if any) MRI approaches to quantify the structural integrity of tendons and

ligaments as discussed in chapter 1 of this thesis.

Water content is the primary factor governing MR differences between tissues.
Quantitative MR parameters describing diffusion can be used to evaluate water
distribution within tissues and thus visualize disease progression or tissue regeneration.
Quantification of water is an indication of the morphological and biochemical integrity of
tissues. Diffusion weighted imaging (DWI) is an MR technique based on the
measurement of the random (Brownian) motion of water molecules, which is sensitive to
the physiological and anatomical environment of tissues [78]. In isotropic tissues, where
the apparent diffusivity is independent of the orientation of the tissue, it is usually
sufficient to characterize the diffusion characteristics with a single scalar apparent
diffusion coefficient (ADC). In anisotropic tissues, MRI diffusion tensor imaging can

characterize three-dimensional molecular diffusion [79].

2.4 Diffusion Tensor Imaging.

Diffusion tensor imaging (DTI) is an emerging technique that can quantify differences in
water diffusion resulting from damage to the matrix of tendons or ligaments. The
diffusion of water molecules within tissue is not equal in all directions, as molecular
restriction is greater across fibrous material such as tendons and ligaments, than along the
major axis of these tissue types. Hence, intact tendons and ligaments promote anisotropic
diffusion, whereas damaged tissue promotes isotropic diffusion. The diffusion of water
molecules can be characterized by the tensor in each voxel, and the corresponding

eigenvalues (A1, Ay and A3) can be used to calculate a number of quantitative indices
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reflecting the magnitude and orientation of water diffusion (cellular integrity). The most
common of these indices include fractional anisotropy (FA), the ratio of anisotropic to
isotropic diffusion at the voxel level, mean diffusivity (MD), an estimate of the overall
free diffusion of water, axial diffusivity (AD), representing diffusion of water along the
long axes of the fibers, and radial diffusivity (RD), representing diffusion perpendicular
to the long axes of the fibers. These indices derived from the eigenvalues can be

described using the following equations [78, 79]:

Lo+ A, + 4
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(2.1)

The aim of these diffusion-weighted sequences is to obtain images whose contrast is
influenced by the differences in water molecule mobility. This is done by adding
diffusion gradients during the preparatory phase of an imaging sequence. The diffusion

gradients are strong and symmetrical in relation to the 180° rephasing pulse.
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For a Stejskal-Tanner gradient pulse pair each of duration &, amplitude G and separation
by interval A, the classical equation of the transverse magnetization in the rotating frame
is

M

— = exp(—(y6G)?DA) = exp(—bD)

(2.2)

To date, the vast majority of published studies have used DTI to investigate changes in
the brain. Whole-brain and regional alterations in DTI indices have been associated with
normal aging[32-34], as well as a number of neurologic and psychiatric disorders,
including Parkinson’s disease,[35] mild cognitive impairment/Alzheimer’s disease[36-
38], stroke,[39] multiple sclerosis[40], and schizophrenia[41, 42]. Recently, ex vivo[43,
44] and in vivo[45-49] characterization of articular cartilage, anulus fibrosus, and skeletal
muscle has demonstrated the ability of DTI to provide reliable, accurate collagen fiber
architecture data in normal and damaged musculoskeletal tissues. Intuitively, the highly
anisotropic organization of collagen fibers in ligaments and tendons may also be well

suited for DTI analyses.
2.5 Hypothesis and Specific Aims

The central hypothesis to be tested in this work is that results obtained from Diffusion
Tensor Imaging (DTI) of tendons and ligaments at ultra-high magnetic field (BO) confirm
and relate with the microstructural organization and integrity of these tissues and DTI
metrics provide complimentary information to conventional MR imaging techniques for
imaging of these tissues.
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Within the above hypothesis, another sub-hypothesis that will be tested is whether
tendons are different from ligaments.

The hypothesis will be tested with three specific aims:

Specific Aim 1: Refinement Aim

To assess the applicability and refine the technique of Diffusion Tensor Imaging for

tissue type and orientation, scanning media, image acquisition parameters, and slice

orientation.

Sub-aims:

1. To assess rabbit Patellar and Semitendinosus tendons for feasibility for DTI scans.

2. To study the effect of different scanning media and comparison of 2-Dimensional and
3-Dimensional DTI scans.

3. To study the effect of tissue orientation comparing vertical, horizontal and magic
angle orientations feasibility to the main magnetic field.

4. To refine various resolutions including scanning tissues at 50 and 100 um resolution

and acquisition plane refinement for coronal and axial scans.

Specific Aim 2: Assessment Aim

To quantify and compare the regional structural organization of rabbit medial collateral

ligaments and semitendinosus tendons using high field MRI.
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Sub-aims:

1. To determine Fractional Anisotropy (FA), Mean diffusivity (MD), Axial Diffusivity
(AD), Radial Diffusivity (RD), T1 and T2-relaxation times for intact rabbit SemiTs
and MCLs.

2. To perform tractographic analysis of the tendon and ligament microstructure and
histologic evaluation and its correlation with tractography.

3. To assess water content and mechanical properties for both MCLs and SemiTs.

4. To assess regional variation and determine inter and intra-slice variability (voxel-

wise assessment) for FA, MD and the three eigenvalues for the two tissue types.

Specific Aim 3: Optimization aim

To determine sensitivity of b-value on diffusion tensor metrics and optimize these

parameters for rabbit semitendinosus tendons.

Sub-aims:

1. To determine sensitivity of b-values and optimize it for Mean diffusivity and
Fractional Anisotropy.

2. To determine Fiber Density index (FDI) for different b-values for determination of

the optimum b-value.
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3. To assess the applicability and refine the technique of
Diffusion Tensor Imaging for tissue type and orientation,
scanning media, image acquisition parameters, and slice

orientation

3.1 Invivo human and exvivo rabbit patellar and semitendinosus tendon DTI scans

for feasibility.

Initial pilot studies consisted of assessing the applicability of DTI for in vivo analyses of
the human anterior cruciate ligament (ACL) and patellar tendon (PT). Knees of five
healthy, asymptomatic volunteers (mean age 255 y.0.) were imaged on a 1.5 Tesla
scanner equipped with high speed gradients. All knees were positioned in full extension
for scanning and each subject received one imaging protocol. Two high-resolution
structural protocols and three high-resolution DTI protocols were examined for utility.
The best imaging results were obtained from the two subjects receiving (a) structural
protocol featuring a fast spin echo (FSE) proton density (PD) weighted pulse sequence
(60 contiguous sagittal plane images, 1.6 mm sections, matrix = 256x256, repetition time
(TR)/echo time (TE) = 2000/15 ms, echo train length = 4) and (b) DTI protocol
consisting of diffusion weighted single shot spin echo, echo planar images acquired in the
sagittal plane, TR/TE = 12100/97ms, FOV =16 cm, matrix =128x128, 30 3 mm gapless
slices, 6 repetitions, and application of high-order shimming. In all DTI parameters, two

2
diffusion weights were used: b = 0 and 800 s/mm . An additional set of inversion
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recovery images was acquired and used to un-warp the eddy current effect of the
diffusion gradients. Mean Diffusivity and Fractional Anisotropy were computed for ACL
and patellar tendon and the results are presented in Table 3.1 with a comparison with

other musculoskeletal tissues.

. i Mean Diffusivity . .
Tissue Subject # (10 mm2/s) Fractional Anisotropy
Anterior Cruciate 1 3595+ 251.7 0.487 + 0.296
Ligament 2 469.3 + 191.0 0.455 + 0.345
X 1 576.3 + 667.0 0.645 + 0.378
Patellar Tendon
2 466.1+ 135.2 0.589 + 0.405
Anulus fibrosus 1200 0.13
Skeletal muscle 1450-1720 0.19-0.37
Articular Cartilage 1070-1900 0.04-0.38

Table 3.1: Comparison of ACL and PT mean diffusivity and fractional anisotropy among

musculoskeletal soft tissues

Despite their relatively high variability, FA and MD are, respectively, higher and lower
than those reported for articular cartilage, intervertebral disc, and skeletal muscle. The
aforementioned comparisons are consistent with the microstructural organization of the

fibrous matrix of the respective tissues.
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However, limitations with the clinical scanner such as low field strength, low SNR, low
resolution, high scanning costs and no histological validation with in-vivo scans
prompted us to move to high field ex-vivo scans on a 11.7T vertical bore research
magnet. This magnet has previously validated applications such as high field imaging of
human articular cartilage, engineered cartilage and bone[80, 81]. High field imaging
allows high resolution and histological validation is possible with ex-vivo scans. Also, it
is less expensive and we can try a variety of protocol parameters with no time limitations.
Our initial experiments on the 11.7T scanner focused on refining the scan acquisition
parameters for DTI using mouse flexor digitorum longus tendons (FDLs), rabbit patellar
tendon, semitendinosus tendon and medial collateral ligaments. In particular, effect of
different media for scanning including perflourinated (PFPE) oil and saline were
examined, differences in DTI metrics when comparing 2-dimensional and 3-dimensional
scans was examined, tissue orientations of vertical, horizontal and at an angle of 55
degrees (called the magic angle) to the main magnetic field were studied, coronal and
axial acquisition planes were compared, in-plane resolutions of 50 and 100 pum were
examined, isotropic resolutions were examined both in the coronal and axial acquisition
planes. Total scan time varied with the selection of different acquisition planes and in-
plane resolutions, for example, 50 and 100 um resolutions in coronal planes resulted in
scan times of 16 and 8 hrs respectively whereas in-plane resolution of 50 pm in axial
plane with a slice thickness of 3.2 mm resulted in a scan time of 2 hrs. Considering the
long scan durations for examining each set of acquisition parameters, scanning efficiency
and practicality were primary considerations to refine these parameters and get down to

the best acquisition parameters. Mouse FDLs proved to be too small in size as we were
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able to get less than 100 voxels for these tissues; and rabbit Patellar tendons proved to be
too large for the 10 mm NMR tube and this made it difficult to place these tissues at the
magic angle orientation; therefore we used semitendinosus tendons and medial collateral

ligaments for our subsequent scans.

A custom designed tissue holder was used to secure the tissues in the NMR tube (Figure
3.1). The holder allowed two tissues to be scanned at the same time at an angle of 55°
called the magic angle (discussed below) to the main magnetic field BO. All these scans
were conducted at 11.74T (500 MHz for protons) in a 56mm vertical bore magnet using a
Bruker DRX Avance spectrometer (Bruker BioSpin, Billerica, MA, USA). Images were
acquired using a Bruker Micro 5 imaging probe with triple axis gradients (maximum

strength 200 G/cm) and a 10 mm diameter RF saddle coil (Figure 3.2). [80, 81]

Figure 3.1:Custom designed tissue holder that allows two tissues (Rabbit SemiTs shown
above) to be scanned simultaneously at the magic angle (55° to the main magnetic field,
B0).The picture shows two semitendinosus tendons glued to the holder at magic angle.
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Figure 3.2: Top: Bruker superconducting magnet with field strength of 11.74 T (500
MHz for protons) located at Research Resource Center at the University of Illinois at

Chicago. The magnet stands on three shock absorbent legs stabilizing the magnet.
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3.2 Effect of different scanning media and comparison of 2-Dimensional and 3-

Dimensional DTI scan.

DTI scans were performed on two rabbit patellar tendons, one immersed in normal
isotonic saline (Cardinal Health, IL, USA) and the other immersed in perfluoroalkylether
(PFPE) oil (Krytox GPL-102 PFPE oil, DuPont, NJ, USA) to examine the effect of oil as
the surrounding medium. DTI was performed using a 3D spin echo DTI sequence with
TR = 1s, TE = 15 ms, 6/A = 2/8 ms, NEX = 1, FOV = 9.6 x 3.2 mm, six diffusion
directions, b= 600 s/mm?, in-plane resolution= 50 pm. Fractional Anisotropy was
extracted from the experimental data using Bruker’s Paravision software version 4.0.

Table 3.2 represents the FA values obtained from these scans.

Tissue Medium FA
1. Rabbit Patellar Tendon Saline 0.54 +£0.26
2. Rabbit Patellar Tendon PFPE Qil 0.67£0.23

Table 3.2: Comparison of saline and PFPE oil as scanning medium for DTI of a Rabbit

patellar tendon.

Perfluorinated oil maintains the hydration state of the tendons as well as minimizes
proton signals from the bathing medium[18-22]. Higher FA values were observed from

the sample immersed in PFPE oil compared to the sample immersed in saline probably
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because surrounding saline contributes to background noise decreasing the SNR for the

tissue resulting in lower FA values[18-22][18, 20-22].

Another set of scans was done to determine the differences between a 2-dimensional and
3-dimensional DTI scan. 2D DTI scan was performed using a 2D spin echo DTI
sequence with TR = 1s, TE = 15 ms, 6/A = 2/8 ms, NEX = 1, FOV = 9.6 x 3.2 mm, six
diffusion directions, b= 600 s/mm? whereas the 3D DTI scan was performed using 3D
spin echo DTI sequence with TR = 1s, TE = 15 ms, 6/A =2/8 ms, NEX = 1, FOV = 9.6 X
3.2 mm, six diffusion directions, 200 pm thick axial slices, b= 600 s/mm? in-plane
resolution= 50 pum on one rabbit patellar tendon for each type of scan. Table 3.3

summarizes the FA and MD values obtained from these two types of scans.

] MD
Tissue Scan Type FA 6 2
(x10™ mm</s)
1. Rabbit Patellar Tendon 2D 0.59 +0.27 875 + 432
2. Rabbit Patellar Tendon 3D 0.67+0.23 891+ 389

Table 3.3: Comparison of 2D to a 3D scan for DTI of a rabbit patellar tendon.

Lower FA values were observed for the 2D scan compared to the 3D scan probably
because in a 2D scan (which represents the whole tissue volume as the slice thickness)
the voxel size is large resulting in a lower fiber anisotropy whereas in a 3D scan, the slice
thickness was 200 um which reduced the voxel size to 50x50x200um. Fascicles would
appear to be more aligned and parallely organized in a smaller voxel compared to the

whole tissue volume because over a large distance (slice thickness) crimping and inter-
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weaving of the fascicles would be more pronounced which apparently would decrease

anisotropy of molecular diffusion.

3.3 Effect of Tissue Orientation

Tissue orientation with respect to the main magnetic field can influence the T2 relaxation
times of the tissues, therefore scans were done to determine the best orientation for the
tissues. Rabbit SemiTs were scanned in horizontal, vertical and 55° (magic angle)
orientations to the main magnetic field. Initially, T2-weighted scans were performed on
the tissues to determine if high enough T2 relaxation times can be obtained for
subsequent DTI scans which have inherently low SNRs. Two semiTs were scanned in
horizontal position (perpendicular to the main magnetic field) since the custom made
tissue holder allowed two tissues to be scanned at once for the available field of view,
one semiT was scanned in the vertical position (parallel to the main magnetic field) and
six semiTs were scanned at the magic angle. Table 3.4 summarizes the T2 relaxation

times from these scans.

Tissue Orientation T2 (ms)
1. Rabbit Semitendinosus tendon Vertical 91+11
2. Rabbit Semitendinosus tendon Horizontal 239+ 14
3. Rabbit Semitendinosus tendon | 2 t(;r?;lél)\/lagic 33+2

Table 3.4: T2 relaxation times for rabbit semitendinosus tissues scanned in vertical,

horizontal and magic angle orientations to the main magnetic field.
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Figure 3.3: T2-weighted scans of two semitendinosus tendons scanned horizontally (i.e.,

perpendicular to the main magnetic field).

Magic angle orientation resulted in a higher T2 relaxation times compared to the vertical
and horizontal orientations. Tissue orientation refers to the angle the tissue fibers make to
static magnetic field Bo. When tissues themselves have oriented fibrous structures, two
most important effects are angular dependence of T, and diffusional signal loss which

can be tracked by DTI. Changes in T, with angle are the results of the so-called magic

angle effect. Dipolar interactions between two spins are proportional to:
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3cos’0-1

where 0 is the angle between the tissue fiber and By . This interactions cause the magnetic
field fluctuation responsible for T, relaxation. The rapid rotation of mobile spins quickly
averages away these fluctuations. This average is eliminated for spins in crystalline solids
for lack of motion, causing short T, in solid. However, the dipolar interaction goes to
zero when the angle with By is approximately 54.7° (the reason to rotate the samples at
this angle in solid-state MR spectroscopy). When a tissue with highly ordered structure,
such as tendon and ligament, is oriented at a 54.7° angle to By, dipole-dipole interactions
go to zero, resulting in a prolongation of T2 relaxation time which leads to an increase in
signal compared with orientations at other angles. This leads to bright regions in MR
images in portions of curved tendons, ligaments. We used this tissue orientation for the
subsequent DTI scans for SemiTs and MCLs. Figures 3.1 and 3.2 show T2-weighted
scans of semitendinosus tendons done in horizontal and vertical directions to the main

magnetic field respectively.
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Figure 3.4: T2-weighted scan of a semitendinosus tendon scanned vertically (i.e., parallel

to the main magnetic field).

3.4 Refinement of different resolutions for DT scans.

Scans were conducted to determine the effect of different in-plane resolutions on the DTI
parameters FA and MD. Two in-plane resolutions of 50 pm and 100 pum were studied
with two specimens scanned at 50 um and four specimens scanned at 100 pm resolutions
as shown in Table 3.4. DTI was performed using a 3D spin echo DTI sequence (TR =1
s, TE = 14 ms, &/A = 1/9 ms, NEX =2, FOV = 1.28 x 1.28 cm, six diffusion directions,
100 pm thick coronal slices, b= 600 s/mm2) at two in-plane resolutions of 50 um (scan
time= 16 hrs/sample, 2 samples) and 100 pum (scan time= 8 hrs/sample, 4 samples). Table

3.5 represents the FA and MD values for the two in-plane resolutions.
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Diffusion Tensor Imaging results
Specimen 50 um resolution 100 pum resolution
#
MD MD
FA -6 2 FA -6 2
(x10™ mm?</s) (x10™ mm</s)
1 N/A N/A 0.45+0.09 1290+134
2 N/A N/A 0.48+0.1 1180+115
3 0.58+0.17 1230+234 0.48+0.09 1260£156
4 0.59+0.18 1210+283 0.48+0.1 1290+166

Table 3.5: FA and MD (x10°® mm?/s) values obtained from four rabbit medial collateral

ligaments at two different in-plane resolutions.

Higher Anisotropy values were observed for the 50 um resolution relative to 100 pum
resolution because of the fact that fascicles would appear to be more aligned and parallely
organized in a smaller voxel compared to a larger voxel because in a larger voxel
crimping and inter-weaving of the fascicles would be more pronounced which apparently

would decrease anisotropy of molecular diffusion.
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3.5 Coronal and axial acquisition plane differences.

DTI was performed on an MCL and a semiT to examine the differences in the DTI
metrics between the axial and coronal plane acquisitions with isotropic resolutions. For
the axial plane acquisition, DTI scans were performed using a 3D spin echo DTI
sequence with the following scan parameters: TR =1s, TE = 15 ms, 6/A = 1/8 ms, NEX
=1, FOV = 9.6 x 3.2 mm, six diffusion directions, 100 um thick axial slices, b= 600
s/mm?, resolution= 100x100x100 um, scan time= 6 hrs/sample, number of slices=96.
Table 3.6 summarizes the DTI data from three axial slices from both the MCL and

SemiT.

MCL Ligament SemiT Tendon

MD MD
slice # | FOF FA . f of FA .
Voxels (x10° mm?s) | Voxels (x10°° mm?/s)

27 375 | 0.55+0.09 1500+184 234 0.55+0.08 1590+142

37 344 | 0.55%0.10 1480+190 247 0.55+0.07 1600+134

57 359 | 0.58+0.10 1460+189 266 0.52+0.07 1640+127

Table 3.6: Number of voxels, FA and MD values (mean = SD) from one rabbit Medial

Collateral Ligament and one SemiT tendon in axial acquisition plane.
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For the coronal acquisition plane, DTl was performed using a 3D spin echo DTI

sequence with the following scan parameters: TR =1s, TE = 15 ms, /A = 1/8 ms, NEX

=1, FOV = 9.6 x 3.2 mm, six diffusion directions, 100 um thick coronal slices, b= 600

s/mm?, resolution= 100x100x100 um, scan time= 8 hrs/sample, number of slices=24.

Table 3.7 summarizes the DTI data from three central coronal slices from both the MCL

and SemiT.
MCL Ligament SemiT Tendon

i MD MD

Slice # of FA o # of FA ) )
# | Voxels (x10Cmm?s) | Voxels (x10"® mm?/s)
11 1188 | 0.45+0.08 1300£119 901 0.44+0.09 1430£109
12 1578 | 0.45+ 0.09 1310£127 1036 0.44+0.1 1400£129
13 2143 0.47£0.1 1330£133 987 0.43+ 0.09 1410£111

Table 3.7: Number of voxels, FA and MD values (mean = SD) from one rabbit Medial

Collateral Ligament and one SemiT tendon in coronal acquisition plane.
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3.6 Discussion

Pilot in-vivo human DTI scans demonstrated the feasibility of investigating the DTI
metrics using diffusion tensor imaging with a 1.5T clinical scanner. FA and MD obtained
were, respectively, higher and lower than those reported for articular cartilage,
intervertebral disc, and skeletal muscle. The aforementioned comparisons are consistent
with the microstructural organization of the fibrous matrix of the respective tissues.
However issues with low SNRs, low resolutions and high scanning costs prompted us to
move our analysis to high field 11.7 T magnet. Examining these different tissues
thoroughly in different ways such as with different scanning media, different tissue
orientations, different acquisition planes and different scan parameters on 11.7 T
magnetic field helped us to narrow down to the best scan acquisition conditions and
parameters which were used for the subsequent DTI scans on larger number of rabbit
SemiTs and MCLs to maintain consistency and obtain publishable quality results. For
example, scanning a rabbit Patellar tendon we found that not only was it difficult to
achieve a magic angle orientation with such a wide tissue for the 10 mm limit of the
NMR tube width and field of view but also our scan sessions would be less efficient as
we could only scan one tissue at a time. Also, mouse FDLs provided only a limited
number of voxels for analysis. Use of semitendinosus tendons and medial collateral

ligaments eliminated all of these limitations.

Another important decision to make was to choose between coronal and axial acquisition
planes. For example, a 50x50 um in-plane resolution in a coronal plane with a 100 pum

thick slice led to acquisition times of as high as 16 hrs whereas a 50x50 pm resolution in
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an axial plane with a 200 pum thick slice brought down the acquisition times to about 2
hrs. Considering scanning efficiency and practicality for these feasibility and the
subsequent b-value optimization scans (chapter 5), we used axial acquisition plane for all
of our scans. Use of a 3D acquisition sequence allowed us to divide the tissue in several
200 pm thick slices (as opposed to the whole tissue volume for a 2D scan) which made it
possible to study the regional variation (inter-slice variability) in the DTI metrics along

the length of the tissue for the subsequent DTI scans.

With regards to tissue orientation, the magic angle orientation of the tissues provided the
highest T2 relaxation times compared to the vertical and horizontal configurations which

is desirable for the DTI scans which inherently suffer from low SNRs.

All of these above preliminary set of experiments led us to narrow down to the best
possible tissues, media, tissue orientation and scan acquisition parameters and we
finalized the following parameters to be used for the subsequent DTI scans: TR =1s, TE
=15 ms, 8/A =2/8 ms, NEX =1, FOV = 9.6 x 3.2 mm, six diffusion directions, 200 pum
thick axial slices, b= 600 s/mm?, in-plane resolution= 50 pm, scan time= 2 hrs/sample

with tissues immersed in PFPE oil and scanned at the magic angle orientation.
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4. Determination of DTI metrics for intact rabbit medial

collateral ligaments and semitendinosus tendons.

4.1 Fractional Anisotropy (FA), Mean diffusivity (MD), Axial Diffusivity (AD),
Radial Diffusivity (RD), T1 and T2-relaxation time measurements for intact

rabbit SemiTs and MCLs.

A total of 3 male, skeletally mature New Zealand White rabbits (3 months old, 2.5 kg
weight each) that had been sacrificed for other unrelated research ( IACUC protocol
number: 08-062) were utilized for these set of scans. Contralateral pairs of
Semitendinosus tendons (SemiTs) and medial collateral ligaments (MCLs) were
dissected out from each rabbit, for a total 6 MCLs and SemiTs, and stored at -20° C until
the day of scans. A custom made tissue holder was used to secure the tissues inside the
NMR tube (Figure 4.1a). The proximal and distal aspects of each tissue were glued to the
specimen holder at an approximate angle of 55° to the direction of BO, the applied
magnetic field, to increase signal intensity and achieve higher T2 relaxation times due to
the magic angle effect. Tissues were glued on the specimen holder in a taut state with
minimal tension applied to the tissues. The holder was then placed in a 10 mm diameter
NMR tube containing perfluorinated oil (Krytox GPL-102 PFPE oil, DuPont, NJ, USA)
(Figure 4.1b). Perfluorinated oil was used in order to maintain the hydration state of the
tendons as well as to minimize proton signals from the bathing medium [19-22]The tube

was then placed in a RF saddle coil and inserted into the bore of the magnet.
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Scans were conducted at 11.74T in a 56mm vertical bore magnet using a Bruker DRX
Avance spectrometer (Bruker BioSpin, Billerica, MA, USA). Images were acquired using

a Bruker Micro 5 imaging probe with triple axis gradients (maximum strength 200 G/cm)

and a 10 mm diameter RF saddle coil. Each specimen received T1, T2 and

Figure 4.1: (a) Custom made tissue holder with two rabbit Semitendinous tendons
superglued at an angle of 55° (magic angle) to BO field. (b) Specimen holder with a
tendon placed in the NMR tube which is placed in the 10 mm Micro5 imaging probe.

diffusion tensor weighted sequences. DTI was performed using a 3D spin echo DTI

sequence (for both MCLs and SemiTs: TR = 1s, TE = 15 ms, 8/A = 2/8 ms, NEX = 1,

FOV = 9.6 x 3.2 mm, six diffusion directions, 200 um thick axial slices, b= 600 s/mm?,
in-plane resolution= 50 pm, scan time= 2 hrs/sample). T1 was measured using a

saturation recovery spin echo sequence in 12 steps with TRs from 105 to 5000 ms (TE =
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8 ms, slice thickness = 200 um). T2 was measured using a CPMG spin echo sequence

with 16 echoes and 5.3 ms echo spacing (TR = 3 s, slice thickness = 200 pum).

Fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD) and radial
diffusivity (RD) results were obtained from the experimental data using custom written
MAS software (Mareci Research Group, University of Florida, Gainesville, Florida)

which are defined by the following equations:

Ao+ L, £
3

AD =},

A, + 4

2
B (= () + (o — (A + (3 — (1)

FA = 4/— | - - —— -

V 2\.' A+ 75+ s

where A1, Ay, Az are the eigenvalues of the primary, secondary and tertiary eigenvectors
generated from the diffusion weighted images. A, corresponds to primary diffusion
direction described by the primary eigenvector denoted as axial diffusivity. A, and A3
represent the other two orthogonal diffusion directions perpendicular to the primary
diffusion direction and their average is denoted by radial diffusivity. These values were
computed from the ROIs drawn on the central slice of the image data acquisition set for
each tissue. The signal-to-noise ratio (SNR) was calculated as the mean signal intensity
of the ROIs (ROI 1) divided by the standard deviation (SD) of the background noise
(ROI 2) as shown in Figure 4.2.
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Figure 4.2: Coronal(a) and axial(b) view of Diffusion weighted images of two Rabbit
Medial Collateral Ligaments showing ROIs for SNR calculation. SNR was caluclated as
the mean of the signal divided by the standard deviation of the background noise.
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FA is a scalar metric that describes the directionality of the diffusion tensor and has
values ranging between 0 (isotropic) and 1 (anisotropic). MD is a non-directional
measure of free translational diffusion and provides an index of general tissue integrity.
Axial and Radial diffusivity represent the diffusive transport along the long axis and

perpendicular to the long axes of the fiber respectively.

DTI-Studio version 3.0.1 (John Hopkins University, Baltimore, MD, USA) was used to
generate collagen fiber tracts for both types of tissues using the Fiber Assignment by
Continuous Tracking (FACT) algorithm.Tracking of fibers started when the fractional
anisotropy (FA) threshold was above 0.15 and the fiber angulation exceeded 50°.
Tractographic analysis of DTI data is based on the assumption that the primary

eigenvector of the diffusion tensor coincides with the local fiber orientation.

The average T1 and T2 relaxation times for the six SemiT and six MCL samples studied
are presented in Table 4.1. Figure 4.3 shows a T2 weighted image and a T2 map of an

axial slice of two semitendinosus tendons.

Tissue T1 (ms) T2 (ms)
SemiT (n=6) 1350 + 84 33+2
MCL (n=6) 1259 + 80 37+6

Table 4.1: T1 and T2 relaxation times for the two types of tissues.
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() (b)

Figure 4.3: Axial T2 weighted image of two Semitendinosus tendons (b) T2 map of the

same slice of two Semitendinosus tendons.

Fractional Anisotropy, Mean Diffusivity, Axial diffusivity and Radial diffusivity results
for the six semiTs and six MCLs are presented in Tables 4.2 and 4.3 respectively.
Average FA and MD values for the six SemiTs were 0.67+0.18 and 1398.3+363.2 x10°®
mm?/s respectively, and corresponding values for the six MCLs were 0.66 + 0.17 and
1423.3 +378.3x10° mm?s respectively. Average AD and RD values for the six SemiTs
were 2623.3+ 779.1 x10° mm?%s and 786+331.9 x10° mm?/s respectively and these
values for six MCls were 2666.7+824.4 x10° mm?%s and 800+333.4 x10° mm?%s
respectively. ROIs drawn on the middle slice represented an average number of voxels of
609+84 for SemiTs and 898+250 for MCLs. Signal-to-noise ratio (SNR) for the diffusion

weighted images was 20.

Color coded primary eigenvector maps of coronal and axial slices were obtained to
determine the direction of the fibers. Combination of blue and red colors on the coronal

42



image and green on the axial image confirmed the predominant fiber orientations (Figure
4.4). Coronal slices of diffusion weighted images (Figure 4.5 a) of the ligaments show
parallel collagen fiber bundles running along the major axis of the tissue. This is
supported by the 3D tractography image showing the spatial distribution and orientation
of individual fiber tracts in the tissue (similar in both SemiTs and MCLs) (Figure 4.5b).
Histological evaluation of tissues was performed by processing a semitendinosus tendon
for paraffin embedding, followed by sectioning it longitudinally and staining with
Toluidine Blue. Figure 4.7 shows coronal histological sections of a Rabbit
semitendinosus tendon taken after the DTI scan with a 100x magnification and a 200x

magnification.

Another visualization tool to view the DTI metrics in a slice is though the use of glyphs.
In a glyph visualization (Figure 4.6) each voxel is overlaid with a diffusion ellipsoid, the
shape of which indicates the direction of primary eigenvector for each voxel, in other

words gyphs show the general direction of diffusion in each voxel.

The above FA, MD, AD and RD results showed excellent repeatability among both types
of tissues, and imaging results confirm the known microstructural organization of

collagen bundles in tendons and ligaments.
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MD AD RD
Sample# FA
(x10° mm?s) (x10° mm?s) (x10° mm?/s)

1 0.63+0.17 1490+339 2680£755 8891311

2 0.61+0.16 1540+343 2730744 9421290

3 0.67+0.18 1370+£342 2600+786 761+311

4 0.68+0.17 1290+336 2480+744 701+297

5 0.73£0.19 1320+ 403 2610+849 670+£368

6 0.68+£0.17 1380+345 2640+768 753320
AvgxSD 0.67+0.18 1398.3+363.2 2623.3£779.1 786+331.9

Table 4.2: FA, MD, AD and RD values (mean = SD) from six rabbit Semitendinosus

tendons. Average number of voxels were 690+ 84.
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MD AD RD
Sample# FA
(x10° mm?s) (x10° mm?s) (x10° mm?/s)

1 0.67+0.17 1370+£329 2590+£734 767+302

2 0.67+0.16 1550+383 29204819 8621326

3 0.64+0.17 1360+326 2470£706 805287

4 0.69+0.19 15101464 2940+1030 789+396

5 0.62+0.15 1420+£294 2550665 847+270

6 0.67£0.18 1330+396 2530+807 730£381
Avg+SD 0.66+0.17 1423.3 + 378.3 2666.7+824.4 800+333.4

Table 4.3: FA , MD, AD and RD values (mean £ SD) from six rabbit Medial Collateral
Ligaments. Average number of voxels were 898+ 250.
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(b)

Figure 4.4: Color coded eigenvector map of a slice showing the direction of the fibers. (a)
Combination of blue and red colors in the coronal view confirms the predominant fiber

orientations. (b) Green color in the axial view shows the primary direction of the fibers to

be out-of-the plane of paper.
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(b)

Figure 4.5: (a) DTI image of two rabbit MCLs scanned at magic angle. (b) Tractography
showing collagen fiber tracts of two semitendinosus tendons generated using FACT

algorithm from DTI Studio.
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Figure 4.6: Glyph Visualization: Each Voxel in this axial slice of a semitendinosus

tendon is overlaid with a diffusion ellipsoid, the shape of which indicates the direction of
primary eigenvector for each voxel (Image produced using the MAS software developed

by Mareci Research Group, University of Florida, Gainesville, Florida).
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Figure 4.7: Coronal histological section of a Rabbit semitendinosus tendon taken after the
DTI scan. (Tol Blue stain) (a) 100x magnification (b) 200x magnification.
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4.2 \Water content measurements for both MCLs and SemiTs.

As Semitendinosus tendons and Medial collateral ligaments showed similar diffusional
anisotropy and mean diffusivity, we studied other physical and mechanical properties of
these tissues to look for differences between these two tissues for any of these properties.
In particular water content was measured and structural properties for both tissue types

were computed by mechanically loading these tissues to failure.

Water content measurements were carried out using a speedvac to remove the water from
the tissues. The wet weight and dry weight was measured for 4 semiTs and 4 MCLs.
Empty eppendorf tubes were weighed, fresh tissues were then placed in the tubes and
weighed again. The tubes with their tops open were then placed in a speed-vac for about
an hour. Tubes were weighed, put back into the speedvac for another hour and weighed
again. This was continued until consistent values were obtained. Table 4.4a and b show
the water content measurements from MCIs and SemiTs respectively. Mean water

content was 69.5 + 0.5% for the MCLs and 67+ 4.9% for the semiTs.

Sample# Wet Weight (g) Dry Weight(g) Wet - Dry Di ffg/roence
1 0.0745 0.0228 0.0517 69.40
2 0.0672 0.0209 0.0463 68.90
3 0.0583 0.0178 0.0405 69.47
4 0.0515 0.0154 0.0361 70.10
Avg. 0.062875 0.019225 0.04365 69.47
S.D 0.0101 0.0033 0.0068 0.49

Table 4.4(a): Water content measurements from 4 MCLs.
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Sample# Wet Weight (g) Dry Weight(g) Wet - Dry Diffz/roence
1 0.1354 0.0546 0.0808 59.68
2 0.1448 0.0429 0.1019 70.37
3 0.0307 0.0096 0.0211 68.73
4 0.0345 0.0107 0.0238 68.99
Avg. 0.08635 0.02945 0.0569 66.94
S.D 0.0622 0.0228 0.0407 4.90

Table 4.4(b): Water content measurements from 4 SemiTs.

4.3 Determination of mechanical properties for MCLs and SemiTs.

To study mechanical properties, 7 MCLs and 7 SemiTs were pulled to failure using a
electromechanical material testing system (MTS Insight 5). The tendon was secured in
custom made grips (with sandpaper gluedinside the clamps to minimize slippage) at both
ends; the upper grip attached to a 1000N load cell while lower grip was secured to the
MTS base (Figure 5.8). Following an application of a preload of about 5 N, the tendons
were loaded to failure at 0.1mm/sec. Maximum load, extension to maxium load and
linear stiffness were calculated from the load-deformation curves obtained. Linear
stiffness was computed as the steepest slope spanning 40% of the linear region of the
load-deformation curve. Table 5.5 (a) and (b) show the maximum load, extension to
maximum load and linear stiffness results from the MCLs and SemiTs respectively. The

average maximum load to failure for the 7 MCLs was 94.8+26.2 N and 82.5£33.3 N for
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the semiTs. Average linear stiffness for the 7 MCLs was 36.8+7.6 N/mm and 32.7+£10.4

N/mm for the semiTs.

) Extension to ] ]
Maximum Load ) Linear Stiffness
Sample # maximum load
(N) (N/mm)
(mm)

1 84.4 3.5 33.7
2 89.2 4.9 27.5
3 111.7 3.5 41.4
4 48.4 2.2 27.3
5 92.9 3 38.1
6 132.5 3.5 46.5
7 104.7 2.9 43.1
Avg. 94.8 3.4 36.80

S.D 26.2 0.82 7.6

Table 4.5 (a): Maximum load, extension to maximum load and linear stiffness results
from the 7 MCLs tested to failure.
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_ Extension to . _
Maximum Load ) Linear Stiffness
Sample # maximum load
(N) (N/mm)
(mm)

1 62.7 3.3 23
2 68.1 3.4 24.5

3 109.6 3.5 37
4 112.2 34 45.5
5 57.9 3.7 23.1
6 39.7 1.7 29.4

7 127.2 3.4 46.9
Avg. 82.5 3.2 32.7
S.D 33.3 0.66 10.4

Table 4.5 (b): Maximum load, extension to maximum load and linear stiffness results

from the 7 SemiTs tested to failure.
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(b)

Figure 4.8: Experimental setup for failure tests. (a) Complete setup showing the load-cell
and the tissue grips attached to the load cell and secured to the base of the MTS (b)

Closeup view of the tendon held in the grips.
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4.4 Assessment of Regional variation and determine inter slice variability in FA and

MD of the two tissue types.

To further characterize these tissues and investigate potential regional differences in the
DTI metrics within each tissue type as well as across the two tissue types, FA, MD, and
the three eigenvalues were analyzed across the central nine slices for each of the six
semitendinosus tendons and six medial collateral ligaments. First four and the last three
slices were excluded from the analysis because of partial volume effects and low SNRs.
Frequency distribution graphs (histograms) for 54 slices (6 samples with 9 slices each)
for each tissue type are shown in figure 4.9 (a-j). All the analysis were performed using

SPSS (SPSS inc., Version 10.0).

SemiT
14

12

-5
o

Frequency

57 58 60 62 64 66 63 70 72 T4 76

FA

Figure 4.9(a): Frequency distribution of Fractional Anisotropy of six semitendinosus

tendons for central nine slices.
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Figure 4.9(b): Frequency distribution of Fractional Anisotropy of six Medial collateral

ligaments for central nine slices.
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Figure 4.9(c): Frequency distribution of Mean Diffusivity of six semitendinosus tendons

for central nine slices.
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Figure 4.9(d): Frequency distribution of Mean diffusivity of six Medial collateral

ligaments for central nine slices
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Figure 4.9(e): Frequency distribution of Eigenvaluel (A;) of six semitendinosus tendons

for central nine slices.
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Figure 4.9(f): Frequency distribution of Eigenvaluel (A;) of six Medial collateral

ligaments for central nine slices.
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Figure 4.9(g): Frequency distribution of Eigenvalue2 (A;) of six semitendinosus tendons

for central nine slices.

61



MCL
14

12
101

Frequency

Lo T 5 T - N @)

0. O 8. Yo 0.5, To. o

P S R S N S N
% O o, < Y, B o, b
o Yo “o “o “o Y Y% %% %

Eigenvalue2

Figure 4.9(h): Frequency distribution of Eigenvalue2 (A;) of six Medial collateral

ligaments for central nine slices.
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Figure 4.9(i): Frequency distribution of Eigenvalue3 (A3) of six semitendinosus tendons

for central nine slices.
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Figure 4.9(j): Frequency distribution of Eigenvalue3 (A3) of six Medial collateral

ligaments for central nine slices
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DTI Metric Number: of SemiT MCL Significance
observations
1 FA 54 each 0.6410.03 0.6610.04 P=0.002
2 MD 54 each 141581918 1442.2£69.9 P=0.09
3 A 54 each 26031 124.8 2707.31174.2 P=0.001
4 A; 54 each 1192.2181.7 1201.61 58.6 P=0.48
5 Az 54 each 45231945 41761668 P=0.03

AllMD, Ay Ay Agvalues are X 10°mm’/s

Table 4.6: DTI metrics (meant S.D) from central nine slices for all the six samples from

the two tissue types. P-value reflect comparison of tissue types.

Frequency distributions from all the 54 observations for each of the DTI metrics (FA,
MD, A1, Az, A3) was normally distributed for both tissue types which was confirmed from
normality plots from each of the parameters. F- test (SPSS Inc., v 10.0) was used to
compare the two tissue types statistically for all the DTI metrics. Significant differences

were observed for FA, A; and A3 between the two tissue types as shown in Table 4.6.

Within our design not only did we have tissue type but also slices and samples as
independent statistical factors. Interaction of the tissue type with slices and samples was
examined to further determine the effect of slices and samples on the tissue type
difference finding. Univariate Anova was performed with tissue type as fixed effect and
slice as random effect, and another set of univariate ANOVA analysis was performed

with tissue type as the fixed effect and sample as random effect. Figure 4.10 (a-€) shows
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the interactions of the tissuetypes with slices and figure 4.11(a-e) shows the interactions

of the tissuetypes with samples.
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Figure 4.10 (a): Variation of Fractional Aniostropy for the central nine slices for both

semitendinosus tendons and medial collateral ligaments. Tissue * slice: F ( 8,90)= 0.28,

p=0.96
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Figure 4.10 (c): Variation of Eigenvaluel (A;) for the central nine slices for both
semitendinosus tendons and medial collateral ligaments. Tissue * slice: F ( 8,90)= 0.087,
p=0.99
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Figure 4.10 (d): Variation of Eigenvalue2 (A2) for the central nine slices for both

semitendinosus tendons and medial collateral ligaments. Tissue * slice : F( 8,90)= 0.1, p

=0.99
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Figure 4.10 (e): Variation of Eigenvalue3 (A3) for the central nine slices for both
semitendinosus tendons and medial collateral ligaments. Tissue * slice : F ( 8,90)= 0.19,
p=0.99
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Figure 4.11 (a): Variation of Fractional Anisotropy for the six samples for both
semitendinosus tendons and medial collateral ligaments. Tissue * sample: F ( 5,96)=
65.9, p < 0.005
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Figure 4.11 (b): Variation of Mean Diffusivity for the six samples for both
semitendinosus tendons and medial collateral ligaments. Tissue * sample: F ( 5,96)=12.9,
p < 0.005
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Figure 4.11 (c): Variation of Eigenvaluel () for the six samples for both semitendinosus

tendons and medial collateral ligaments. Tissue * sample: F(5,96)=5.3, p < 0.005
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Figure 4.11 (d): Variation of Eigenvalue2 (A;) for the six samples for both
semitendinosus tendons and medial collateral ligaments. Tissue * sample: F ( 5,96)=17.3,
p < 0.005
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Figure 4.11 (e): Variation of Eigenvalue3 (A3) for the six samples for both semitendinosus

tendons and medial collateral ligaments. Tissue * sample : F ( 5,96)=12.6, p < 0.005

FA by tissue type interaction showed that samples 1,3,5 (which were placed on top of

tissue holder) were consistently higher than samples 2,4,6 (which were on bottom of the

tissue holder), therefore top vs bottom effect in samples was studied. Figure 4.12 shows

the mean Fractional Anisotropy graphs for the samples placed at the top (samples 1,3,5)

and samples placed at the bottom (samples 2,4,6). Significant differences were found

between the samples placed at the top and bottom for FA (p = 0.009), A, (p= 0.012) and

A3 (p=0.045).
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Figure 4.12: Mean Fractional Anisotropy for the samples placed on top (samples 1,3,5)
and bottom (samples 2,4,6) of the tissue holder for both semitendinosus tendons and
medial collateral ligaments (p=0.009).

Interaction of the tissues with slices showed no significant differences within the semiTs
and MCLs for all the DTI metrics. Interaction of the tissues with samples showed
significant differences (p< 0.005), and when this interaction was further decomposed,

significant effect of sample was observed between tissues placed at top and bottom of the
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tissue holder but it didn’t affect our overall finding that the tissue types are significantly
different for the central nine slices analyzed. This finding suggests that maybe we should
do only one sample at a time or randomize the samples alternating the positioning of the
samples between top and bottom. No significant differences were found between SemiTs
and MCLs when considering only the central slice but when more slices were included
significant differences were found between the two tissue types for FA, A; and As.
Histograms showed normal distribution for all slices and samples for all DTI metrics for

both tissue types.

4.5 Discussion

Tendons and ligaments morphologically have similar structure which is represented by a
hierarchical composite organization of collagen fibers. Ligaments differ from tendons in
the sense that they have more crimp in the fibers compared to tendons which get
straightened out during recruitment of the fibers on onset of a mechanical activity

represented by the toe region (shorter for tendons) on the stress-strain curve.

Magic angle effect, dreaded by musculoskeletal radiologists as voxels with collagen
fibers oriented at this angle might show increased signal intensity which could be
misinterpreted as pathology, was used to our advantage in our scans. High density of
these tissues makes them extremely difficult to image in natural anatomical position
because the water molecules relax quickly after RF excitement, so we imaged these
tissues at magic angle, which is at an angle of about 55° to the main magnetic field.

When collagen fibers are oriented at 55 degrees to the main magnetic field of the magnet,
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dipole-dipole interactions go to zero, resulting in a prolongation of T2 relaxation time and

a higher SNR.

Initial feasibility scans performed on these tissues showed that the acquisition time for
the coronal plane was considerably longer compared to axial plane for the desired high
resolution; hence we performed and reported the results in axial acquisition plane. The
decision for scanning the tissues in the axial plane also gave us a flexibility to assess
regional variation in these tissues. We were able to divide the tissue in 200 um thick
slices and for a 3.2 mm acquisition slab we were able to get 16 slices from the tissue. Our
voxel size was 50x50x200 um which is similar to a typical fascicle diameter which
ranges from 50- 300 um , suggesting that the molecular diffusion is occurring in between

fibrils rather than in between fascicles.

Significant differences were found between the semitendinosus tendons and medial
collateral ligaments overall and when analysis was decomposed further, major
differences were found due to the slices. We observed that for the central slice there were
no differences in the DTI metrics between the two tissue types but when more slices were
incorporated in the analysis differences emerged between the two tissues which suggests
that the crimp pattern in ligaments plays a role in the diffusional anisotropy of water
molecules at the magnetic field strength studied. The crimp banding pattern in ligaments
is about 200 pum which is the same as our slice thickness which shows that as more of the
tissue volume is analyzed differences begin to emerge between these tissue types. We
also observed differences in the samples placed on the top of the tissue holder which
could be due to field inhomogeneities and also a possible deviation from the magic angle

by a couple of degrees when the tissues are actually placed and glued to the tissue holder.
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Also, variability can result from signal acquisition and processing from day to day and
session to session. All the tissues were scanned in a taut state which is a limitation as

tension to eliminate crimp might yield different results for each tissue type.

Tracking of the fibers was done using the Fiber Assignment by Continuous Tracking
(FACT) algorithm using DTI-Studio version 3.0.1. Fiber tractography supplements
quantitative data and provides highest level of postprocessing for DTl data. One
limitation we faced with this technique was that turning and twisting of the fibers could
be observed at the boundaries of the tissue volume because of the noise at the peripheral
slices. We tried using different threshold values for FA and different fiber angulations but
could still observe the twisting/turning at the edges. Probably using probabilistic tracking
methods could provide a different assessment of collagen fiber tracts, but it is expected
that different algorithms will give different results and one cannot establish superiority of
one algorithm over another. Another inherent limitation associated with DTI metric
measurements especially when computing axial and radial diffusivities is that the
direction of the primary eigenvector (axial diffusivity) is not always aligned with
underlying expected tissue structure. If a voxel contains non-parallel fibers, for example
crossing fibers, the diffusion within the voxel will be more uniform in different
directions, and it will be hard to distinguish between Axial and Radial diffusivities. This
problem calls for assessing of “coherence index” [82, 83]for each of the voxels by
measuring the co-alignment of the principal diffusion direction in neighboring voxels

with the underlying tissue structure. For this reason, one should be extremely careful
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when using the “axial” and “radial” diffusivity terminology as opposed to referring to the

eigenvalues of the diffusion tensor.

Another important point to be discussed here is the use of spin-echo pulse sequence
which was used for our acquisitions as opposed to a stimulated-echo sequence. A
stimulated echo sequence is dependent on T1 relaxation times unlike spin echo which is
dependent on T2 relaxation times of the tissues. Considering the short T2 relaxation times
of the musculoskeletal tissues one would argue using stimulated-echo sequence because
T1 for these tissues are much longer than T2 relaxation times. Aligning the tissues at
magic angle, we were able to achieve higher T2’s (about 33 ms) and our diffusion time
(A) between the two diffusion sensitizing gradient pulses was 8 ms (shorter than the TE
of ~14 ms) so use of spin-echo sequence didn’t affect our acquisition, and use of
stimulated-echo sequence would have prolonged the acquisition times. However, if one
wants to study the effect of longer diffusion times on the DTI metrics, use of stimulated-
echo sequence should be preferred over spin-echo sequence.

The scans were conducted on a high-field 11.7 T magnet which, to our knowledge, is
probably the highest field strength that has been used to scan these tissues ex-vivo. Using
this high field magnet has its advantages and disadvantages. The advantage is that we can
achieve a really high resolution which is desirable for the small size of the tissues being
studied and can provide an improved signal to noise ratio. On the other hand we have to
increase signal averaging to reduce the noise which increases the scan time. High field
MRI also exhibits imaging artifacts such BO and gradient field inhomogeneties and
susceptibility artifacts. Also, such high field strength is highly unlikely to be used for

human use because of the higher specific absorption rate (SAR). Therefore, additional
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work needs to be performed to optimize DTI protocols and standardize this technique at

lower field strengths that more closely resembles the current clinical imaging situation.

The fractional anisotropy values obtained in our study are higher than corresponding
reported values for articular cartilage, annulus fibrosus and skeletal muscle, consistent
with the highly organized collagenous structure of tendons and ligaments. The diffusivity
values are similar or lower compared to other musculoskeletal tissues suggesting the
dense nature of these tissues. FA, MD, AD and RD show excellent repeatability among
tissues, and histological and imaging results including tractography confirm the known

microstructural organization of collagen bundles in tendons and ligaments.
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5. Sensitivity of b-values on DT metrics

5.1 Introduction to b-value and its significance.

Diffusion tensor imaging facilitates identification and characterization of tissue structures
in the brain, spinal cord, and other tissues with anisotropic microstructures, according to
the direction and degree of anisotropic water diffusion. The primary parameter which
determines the sensitivity in diffusion sequences is the strength of the b-value. If the b-
value is too small, the signal decay by diffusion is too small to be determined. On the
other hand, if b-value is too large, signal intensity may reach the level of noise.
Therefore, determination of the optimal b-value or b-value range is critical to generating
reliable DTI results. The optimum b value differs slightly, depending on the parameter
being measured — contrast between tissues in diffusion-weighted images, ADC,
anisotropy, eigenvalues, or eigenvectors. Although various optimization strategies have
been proposed [84-91], it is still necessary to conduct definitive study for a specific tissue

to get the optimization of the DTI scanning parameters, i.e., the optimized b value.

The fiber density index (FDI), which is a recently introduced quantitative index which
describes the density of fibers within a bundle passing through a ROI, is one of the
parameters that has been used to optimize the b-value for different tissues and at different
field strengths. It is calculated by dividing the number of fibers traversing an individual

ROI by the area size of the ROI (in pixels).

The highly-organized collagenous structure of tendons makes it possible to use DTI to

study the parallel collagen fibers that provide mechanical strength to the tissue. On the
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other hand, the relatively short and orientation dependent T2 relaxation values of tendon
limits the application of MRI as a reliable approach to assess tendon integrity. Higher
SNR at higher magnetic field might make this technique possible. However, to the best of
our knowledge, no published study has been found for a specific study of optimizing DTI
scanning parameters, especially the optimization of b-value on these tissues. In this
study, we systematically assess the optimal b value for DTI and fiber tractography of the

rabbit semitendinosus tendon at 11.7 T.

5.2 Methods

Sample Preparation: Contralateral pairs of semitendinosus tendons from three male,
skeletally mature New Zealand White rabbits were studied (same tissues as studied in
chapter 4). A custom made tissue holder was used to secure the tendon inside the NMR
tube. Each specimen was glued on the edges of the holder at an angle of 55 ° to the
direction of B0 to take advantage of the magic angle effect. The holder was then fitted
and sealed in a 10 mm NMR sample tube (New Era Enterprise Inc) filled with
perfluorinated oil (Krytox GPL-102 PFPE oil, DuPont, NJ) to maintain the hydration

state of the tendons as well as to minimize proton signals from the bathing medium.

MRI Experiments: All MR experiments were conducted at 11.74 T using a 56 mm
vertical bore magnet and a Bruker DRX Avance spectrometer (Bruker BioSpin, Billerica,
MA). MR images were acquired using a Bruker Micro 5 imaging probe with triple axis
gradients (maximum strength 200 G/cm) and a 10 mm diameter RF saddle coil. DTI

acquisition was carried out using a Stejskal — Tanner[16] 3D spin-echo diffusion
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weighted sequence with the following acquisition parameters: TR =1 s, TE = 14 ms, 6/A
= 2/8 ms, NEX =1, FOV = 9.6 x 3.2 x 3.2 mm, resolution = 50 x 50 x 200 pum. Six
noncollinear directions of diffusion gradients (x,y,z) = (1,1,0), (0,1,1), (1,0,1),(-1,1,0),
(0,-1,1), (1,0,-1), plus an image with no diffusion gradients were used. Nine axial DTI
scans were performed on each tissue with a range of b-values: 200, 300, 400, 500, 600,

700, 800, 900, and 1000 s/mm?. The DTI scan time at each b value was 2 hours.

Data Processing: DTI-Studio version 3.0 was used to generate collagen fiber tracts for
the tissues using the Fiber Assignment by Continuous Tracking (FACT) algorithm. Fiber
density index (FDI) was calculated to describe the density of fibers passing through a
ROI. The FDI was calculated by dividing the number of fibers traversing an individual
ROI by the area size of the ROI (in pixels) after fiber tracking. Tracking of fibers started
when the fractional anisotropy (FA) threshold was above 0.15 or if the fiber angulation
exceeded 50 °. The ROIs were chosen carefully inside of each sample to avoid the partial

volume effects.

Fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), radial
diffusivity (RD), and color-coded diffusion maps were calculated by applying following

equations for each ROI:

84



MD = (1) =
3

AD = 1,

+ A
RD _ 2 3

5 ,I'I(f] — ()" (A2 — (s b:l.' + (A3 — ;;ﬂg
FA = {/=/ '
‘l'l'z\l' ;]]4—;;,—!—;‘

where A1, A2, A3 are the eigenvalues generated from the diffusion weighted images.

The signal-to-noise ratio (SNR) was calculated as the mean signal intensity of the ROIs

divided by the standard deviation (SD) of the background noise.
Statistical Analysis

All quantitative measurements were reported as mean £ SD. An ANOVA with repeated

measurement was used to assess the effect of b-value on FDI, FA and MD. All computations
were performed using Excel (Microsoft, Redmond, WA, USA) and SPSS (SPSS Inc., Chicago,

IL, USA). Results were considered significant for p < 0.05.

5.3 Results

Average fractional anisotropy and mean diffusivity for the six semitendinosus tendons
scanned at the nine b-values of 200, 300, 400, 500, 600, 700, 800, 900, and 1000 s/mm?

are shown in figures 5.1 and 5.2 respectively. FA and MD decrease with increasing b-
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values because of the signal loss due to diffusion. Figure 5.3 shows the average Fiber
Density Index values calculated for all the nine b-values using DTIstudio. Significant
differences were found in the signal to noise ratio for b-values overall and when the
analysis was decomposed further, differences were found between b-values of 200 vs
400 and 600, 300 vs 400 and 800, 400 vs 500, 600,700,800,900 and 1000, and 600 vs
800,900 and1000. Significant differences were also found in Fiber Density Indexes and
b-values overall and when the analysis was decomposed further, differences were found
between b-values of 200 vs 400, 500 and 1000, 300 vs 700, 900 and 1000, 400 vs 700,
800, 900 and 1000, 500 vs 700,800,900 and 1000, 600 vs 900 and 1000, 700 vs 1000 and
800 vs 1000. Figure 5.4 (a-c) shows the qualitative tractography results (fiber tracts)
generated using DTIstudio for b-values of 200, 500 and 1000 respectively. At low b-
value (b=200) the fiber tracking reconstruction algorithm was not stable, and
reconstructed fiber tracts were relatively unorganized and tracking length was short. This
likely reflects the limited sensitivity of such low b value acquisitions to molecular
diffusion. Fiber tracts were also short at high b values (b= 900, 1000) which may be
explained by the fact that with increasing diffusion weighting the SNR decreases due to

loss of signal.
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Figure 5.1: Average Fractional Anisotropy values for six rabbit semitendinosus

tendons at different b-values.
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Figure 5.3: Average FDI values for the six semiT samples for different b-values

calculated using DTlstudio.

89



Figure 5.4 (a): Qualitative tractography image showing fiber tracts generated using
DTlstudio for two semitendinosus tendons for a b-value of 200. The fiber tracts are
shortened and less dense at this b-value indicating limited sensitivity of low b-value

acquisition to molecular diffusion.
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Figure 5.4 (b): Qualitative tractography image showing fiber tracts generated using

DTlstudio for two semitendinosus tendons for a b-value of 500. The fiber tracts are long

and denser at this b-value.
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Figure 5.4 (c): Qualitative tractography image showing fiber tracts generated using

DTlstudio for two semitendinosus tendons for a b-value of 1000. The fiber tracts are
shortened, less dense and appear to be less-organized at this b-value because of signal
decay due to molecular diffusion.
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5.4 Discussion

The range of b values considered reasonable for DTI measurements is based on the
particular tissue being evaluated and the gradient strengths of MRI magnet. Several
studies have looked into the optimal b values for different tissues at different magnetic
field strengths. For example, a b value of 1,000 ss/mm? or greater (up to 3,300 s/mm?) is
considered optimal in the assessment of brain tissue at 1.5 T [92, 93], a b-value of 625
s/mm? for skeletal muscle (anterior tibialis and lateral gastrocnemius) at 1.5 T, 1,000
s/mm? for peripheral nerves at 3.0 T[94], 1025 s/mm? for median nerve at 1.5 T and
approximately 800 s/mm? for rectal cancer at 1.5 T[95].

Fiber density index was calculated to describe the density of continuous fibers tracts
passing through a ROl which was placed on the central slice of the semitendinosus
tendon. The FDI was originally used in the brain to describe the density of white matter
fibers within a bundle passing through a single pixel or a ROI. It depends on imaging
parameters and fiber tract reconstruction factors such as spatial resolution, FA cutoff
value, and fiber angulation threshold.

Qualitative fiber assessment is another analysis that has been employed by several
studies[87, 90] to supplement the quantitative fiber density index data to narrow down to
a particular optimum b-value for the tissue being analyzed at the given field strength. For
this, several observers (musculoskeletal radiologists) rank the image quality of each
tractographic image independently and separately ranking the images from best to worst.
Image quality can be assessed on the basis of several factors such as qualitative
evaluation of fiber track order and organization, length of continuous fiber bundles

observed, appearance of fiber bundles in boundary regions, and apparent density of

93



muscle fiber bundles. We also made an attempt to assess the fiber tracts qualitatively
from tractography images and found that at lower b-values reconstructed fiber tracts were
relatively unorganized and tracking length was short. This likely reflects the limited
sensitivity of such low b value acquisitions to molecular diffusion. Fiber tracts were also
short at high b values which is attributable to the fact that with increasing diffusion

weighting the SNR decreases due to loss of signal.

The optimal b value may depend on many factors, including the mean Apparent
Diffusion Coefficient’s in the regions of interest, the amount of anisotropy, the tensor
orientation, and whether TE changes when the b factor changes [89]. Saupe et al. [90]
noted that “The optimal b values for diffusion tensor imaging of a particular tissue at a
particular magnetic field strength are reflective of a dynamic balance between the
sensitivity of diffusion weighted acquisition to diffusion of water molecules, which is
maximized at long b-values, and the need for an SNR necessary for accurate fiber

tracking and anisotropic fiber characterization, which are maximized at short b-values.”

Recently, our group (Weiguo Li et al) introduced a new parameter called combinatorial
SNR difference (CSD) for optimization of the b-value for DTI of rabbit semitendinosus
tendon (unpublished data). The rationale behind using this new parameter for
optimization is that FDI is calculated after the DTI maps are extracted and its value
depends on the fiber tracking algorithm, the sensitivity of which is affected by many
physical and computational variables still poorly understood. Combinatorial SNR
difference (CSD) is defined as the summation of the absolute value of SNR difference in
the measured DWIs across all the diffusion gradient directions. In contrast to FDI, an

advantage of CSD is that the latter parameter is computed from DWI images prior to
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reconstruction of DTI (i.e., fractional aniostropy) maps and tractography. Furthermore,
CSD can be calculated prior to actual DTI scanning (e.g., at the GSP stage in Bruker
ParaVision).

For our DT measurements, we found a range of b-values from 300-600 s/mm? for which
the average fiber density index from semitendinosus tendons was the highest. To get
down to one particular “optimized” b-value from this range will require more
assessments including setting an SNR threshold, detailed qualitative assessments of fiber
track order and organization and a combination of FDI and CSD measurements. Looking
into the literature, for several years clinicians and researchers have been using b-values
perceived appropriate for the particular tissue being studied, until recently when a need
for optimization of the b-values was realized for more reliable data. In this study, we
proceeded to have not just a thorough characterization of these tissues (which in itself is

the first attempt) but also optimized the b-values for these tissues at 11.7 T field strength.
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6. Conclusion and suggested future work.

Conventional MRI has been considered as the gold standard in diagnosis of injuries to
tendons and ligaments. MRI is a non-invasive qualitative tool for detecting large and
complete tears in ligaments and tendons, however, low-grade injuries are more
challenging to delineate on conventional grayscale MR images. The DTI results offer the
unique advantage of providing not only qualitative but also quantitative microstructural

information in a non-invasive manner.

The present work shows that quantitative information regarding water diffusion
anisotropy, structure and organization of these tissues can be obtained at high spatial
resolution using MR diffusion tensor imaging. This dissertation work has several unique

contributions to the field of tendon and ligament imaging research.

1) This is the first study to show feasibility an applicability of DTI on Tendons and
Ligaments at ultra-high magnetic fields with high resolutions and measure DTI
metrics from both tissue types. This demonstrates the capabilities of this technique for
determining the diffusion properties of tendons and ligaments and microstructural

analysis of the collagen fiber structure and orientation.

2) High Fractional Anisotropy values of 0.67 for semitendinosus tendons and 0.66
for medial collateral ligaments shows the highly anisotropic nature of these soft

connective tissues.
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3) Axial diffusivity is about 3 times the radial diffusivity which shows diffusion
directional anisotropy indicating diffusion preference along the fibers then across

them.

4) The present study showed fiber tractography of these tissues at ultra-high
magnetic fields with a histological correlation confirming the highly-organized

parallel collagen fiber microstructure.

5) Diffusion tensor imaging is sensitive to the diffusional anisotropy differences and
can show microstructural differences between tendons and ligaments through DTI

metrics at 11. 7 T field strength.

6) The current work found the most feasible range of b-values of 300-600 s/mm?
which will be best suited for these tissue types at the given magnetic field strength of

11.7T and get more reliable DTI measurements.
Some of the suggestions for future work will involve the following:

1) Perform DTI evaluation on rabbit semitendinosus tendons and medial collateral

ligaments ex-vivo with experimentally induced damage.

2) Diffusion tensor imaging of Dyneema fiber phantoms for validation and

standardization.

3) DTI evaluation of native and mechanically injured tendons and ligaments in an in-

vivo animal model.
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Long-term clinical goal is to utilize this advanced MR technique for detection,
prevention, and management of Tendinosis/tendinitis, acute injuries/Ligament sprains

and assessment of tissue healing following repair.

In conclusion, we were able to successfully demonstrate the feasibility and applicability
of this technique for imaging tendons and ligaments. DTI metrics can provide insight into
3D tissue integrity and organization. Fiber tractography graphically supplements the
quantitative DTI data. The quantitative and graphical capabilities of DTI provide more
rigorous information regarding tendon and ligament structural integrity in comparison to

conventional MRI.
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