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Chapter 1

Introduction



Overview

The rate of anterior cruciate ligament (ACL) injury has recently been reported to be as high as 400,000
cases per year in the United States.[27] Unfortunately, graft failure[13,48] and post-traumatic osteoarthri-
tis (OA)[11,22,32,41,43,44] are common complications following ACL reconstruction (a surgical procedure
in which the injured ligament is replaced with a tendon graft). Due to these complications, research has
been focused on developing new, more effective methods of treatment, including bio-enhanced ACL pri-
mary repair (a surgical procedure in which the injured ligament is repaired using sutures and a biologically
active scaffold).[18,37,39,56] Current clinical, functional and patient oriented outcomes for evaluating the
success of different ACL treatments include knee arthrometry, hop testing and patient assessment sur-
veys.[6,17,47,53] However, most of these indirect methods are not sensitive enough to detect structural
changes of the graft or ligament itself.[1,3,35] As a result, ex vivo animal models have been used to
determine the structural properties of a reconstructed graft as an outcome measure for evaluating graft
strength and documenting healing.[18,39] However, this approach requires destructive testing and is not
suitable for longitudinal in vivo use with animal models or clinical assessment. This makes a reliable,
quantitative, in vivo, method for determining the biomechanical performance of the ligament or graft

during healing highly desirable in both a research and clinical setting.

Magnetic resonance (MR) imaging is already widely used for qualitatively monitoring ACL graft health
following surgical reconstruction in a clinical setting. Furthermore, MR’s ability to measure the geometry
of anatomic structures,[4,5] such as the ACL, and provide information about tissue water content and
organization makes it an ideal choice for in vivo assessment of a graft following reconstruction. [2,30,31]
A non-invasive MR method for predicting the structural properties of a graft or ligament would allow

researchers to document functional healing in pre-clinical animal studies and clinical trials.

The long-term objective of this study was to develop and implement a non-invasive MR based technique
to evaluate the structural properties of the healing ACL or graft following treatment. The first four
specific aims address the design of an MR imaging method to predict the structural properties of a
healing ligament or graft in a large animal model. This method was also used to assess microscopic
outcomes of a healing ligament in the terms of histological analysis. After establishing the prediction
method in an animal model, it was translated in the remaining two aims to the intact human ACL as

well as to clinical, functional, and patient-oriented outcome measures following ACL treatment.



1.1 Background

1.1.1 Anterior Cruciate Ligament (ACL) Injury:

As one of two cruciate ligaments located at the center of the knee, the primary function of the anterior
cruciate ligament (ACL) is to provide stability to the joint during functional movements (Figure [1.1]).[42]
Unfortunately, the ACL is often injured or torn during non-contact activities involving cutting, pivoting, or
sudden deceleration maneuvers.[29] To treat ACL injuries the current gold standard is ACL reconstruction
utilizing patellar tendon or hamstring tendon autografts.[23] However, abnormal knee kinematics[55] and
graft failure[13,48] are common complications of this procedure. This has prompted research exploring a
variety of novel approaches for treating ACL injury, both in animal models and clinical studies, in hopes

of improving patient outcome.

1.1.2 Current alternative ACL treatment research:

One novel alternative treatment to reconstruction, that has shown promise, is bio-enhanced (or bridge-
enhanced) ACL primary repair.[39,56] Instead of replacing the native ligament with a graft, the natural
ligament is preserved in what is called primary repair. The ends of the torn ACL are stitched together
with suture and a bio-active scaffold is positioned over the ligament to help with clot formation and
to promote healing. In cross-sectional animal models, bio-enhanced primary repair has shown positive

histological and biomechanical results in comparison to standard graft reconstruction.[18,39]

1.1.3 Histological Assessment of ACL healing:

Histological scoring is one semi-quantitative modality used to evaluate ligament healing following re-
construction or bio-enhanced repair on a microscopic level.[37] Hematoxylin and eosin (H&E) staining
is one common histological method that has been used to estimate the ligament maturity index score,
a cumulative measure of ligament cell count and collagen fiber dimensions that is sensitive to tissue
healing and has been found to correlate to structural properties.[45] Picrosirius red is another stain that
has been used in conjunction with circularly polarized light microscopy to assess tissue healing in terms of
collagen fiber size and density.[12,28,49] Histological methods using picrosirius staining can also detect

collagen degradation or pathology[59] and could allow researchers to further assess ligament response

3
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Figure 1.1: Schematic showing an expanded posterior view of the knee joint. The anterior cruciate ligament and
posterior cruciate ligament are located at the center of the joint and connect the femur to the tibia
and provide stability during functional movements. Figure adapted from Keil, D., Yoganatomy The
Knee Part 1 - Working with the knee in yoga postures, http://www.yoganatomy.com/2011/10/the-
knee-part-1-by-david-keil-2005-enlightened-practice-magazine/. accesed February 2014.



on a micro-scale. While histology is an effective means to assess healing, it is inherently limited by its

semi-quantitative nature and its reliance on invasive ex vivo sample preparation.

1.1.4 Biomechanical Assessment of Ligament healing:

Inherently quantitative biomechanical measures, such as structural properties, are ideal for evaluating
strength and documenting healing of the native ACL or reconstructed graft.[7,20,38,40,57] Currently, the
only way to assess the structural properties of a healing ligament is with ex vivo biomechanical testing.
Structural properties serve to assess a ligament’s collagen response to quasistatic loading in the terms of

maximum load, yield load and linear stiffness (Figure [1.2)).[42]

Force (N)

Displacement (mm)

Figure 1.2: Example Force displacement curve for a ligament's collagen fiber response to loading. A. Slope of the
line represents linear stiffness. B. Change in slope represents yield load. C. Maximum load. Figure
adapted from Frank CB, Shrive NG. Ligament (2.5). In: Nigg BM, Herzog W, eds. Biomechanics
of the musculoskeletal sytem, 2nd ed. New York: John Wiley & Sons, 1999:107-126.

Previous research has determined the structural properties of intact, reconstructed, and repaired liga-
ments by utilizing a destructive tensile testing protocol and isolating the femur-ligament-tibia complex

from other joint soft tissues (Figure .[20,38,57] From these studies, a strong correlation has been



found between structural properties and healing following ACL repair or reconstruction,[20,38,57] mak-
ing structural properties a useful proxy for graft healing. Furthermore, the quantitative nature of the
structural properties makes it an ideal measure for directly comparing different reconstruction or repair

treatments.

Despite being a useful quantitative measure of graft healing, determining structural properties with this
method requires destruction of the joint for testing. Therefore, pre-clinical studies of traditional and novel
technologies require large numbers of animals that must be sacrificed at each healing time point (i.e., cross
sectional study) when the structural properties are measured. In addition, as there is significant variability
in the biologic response to injury and repair even across same-strain animals, relatively large numbers of
animals must be used at each time point to provide sufficient power for detecting significant differences
between treatment groups. Use of a non-invasive technique for the prediction of the biomechanical
properties of a healing ligament would allow researchers to perform longitudinal studies of individual
animals (over multiple time points of interest). Thus it could lower the number of animals required per
study group and significantly lower the study cost. In developing novel treatment options, a method
to non-invasively assess the healing ACL or graft would greatly improve the efficiency of these types
of animal model for in vivo pre-clinical trials. Furthermore, these findings may have implications as a

surrogate outcome measure in clinical studies for documenting temporal changes within-patients.

1.1.5 Current clinical assessment of ACL healing:

A new non-invasive strategy to evaluate ligament healing would also significantly improve the efficiency
of clinical trials for comparing treatment options. Currently, clinical, functional, and patient-oriented
outcome evaluation techniques, such as knee arthrometry (KT-1000)[6], hop testing, and patient oriented
outcome forms (IKDC- International Knee Documentation Committee Examination score and KOOS-
Knee Osteoarthritis Outcome Scores), have been useful in many clinical studies as a standardized way
to evaluate patient outcome following ACL treatment.[10,17] Knee arthrometry, which measures laxity
of the entire knee joint, is an example of a clinical outcome measure that has been widely used;[53]
however, because it is an indirect measure of graft or ligament laxity it requires large numbers to achieve
significant power and detect differences in treatment groups. An example of a functional outcome test
is the single leg hop test, which compares the distance jumped by a patient with their operative knee to
the distance jumped with their intact knee (Figure. This test has been cited as a practical functional

outcome measure, that reflects the effects of knee strength as well as the patient’s confidence in the
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Figure 1.3: Schematic showing an example tensile test setup. The isolated femur-ligament-tiba complex is in the
center with a ball joint and X-Y translation platforms to ensure proper alignment of the ligament with
the direction of load application throughout the duration of the test. Figure from Fleming, B. C,,
Spindler, K. P., Palmer, M. P., Magarian, E. M., and Murray, M. M., Collagen-platelet composites
improve the biomechanical properties of healing anterior cruciate ligament grafts in a porcine model,
Am J Sports Med 37 (2009) 1554-1563.



operative limb.[47,58] However, this test, similar to knee arthometry, focuses on the functionality of the
entire knee and not that of the healing graft or ligament itself. Questionnaire-based patient-oriented
outcome measures, such as the IKDC or KOOS, face similar issues with specificity and power and as such
require large sample sizes.[9,15,54] The lack of sensitive outcome measures for clinical studies may be
one reason why no improvements have been found in many clinical trials comparing outcomes of different
ACL reconstruction techniques (e.g., comparisons of graft type,[35] graft position,[1] rehabilitation,[3] or

graft tension[17]).
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Figure 1.4: Schematic showing the single leg hop test where a patient hops for distance on both the surgical and
intact legs. The patient hop score is calculated as percentage of the contra-lateral limb.

While these traditional clinical, functional, and patient oriented outcomes have been useful in a clinical
setting they have limitations and they are difficult if not impossible to implement on animal models.
Furthermore, traditional patient outcome measures are not specific enough to detect differences in the

structural properties of a healing ligament (i.e., tensile failure properties) between treatment groups.



Thus, a more specific quantitative method for evaluating potential treatments is desirable for both

preclinical animal model research and clinical trials.

1.1.6 Magnetic Resonance imaging as an alternative evaluation of ligament

healing:

An alternative to these traditional clinical and ex vivo methods is magnetic resonance imaging (MRI),
which is a non-invasive, information dense modality, that has the potential to quantify ACL treatment
outcome. MRI is already widely used by clinicians to qualitatively and noninvasively monitor ACL graft
health following a reconstruction.[33,34] With 3T strength magnets widely available,[52] MR can be used
to measure the geometry of complex structures, such as the ACL.[4,5] In addition, MR imaging techniques
are constantly evolving and have the potential to provide information about tissue on a microscopic level
by using specific sequences and post processing to determine tissue water content and organization.[21]
Signal intensity, an MRI parameter that is a function of tissue type as well as water content, has been
used to evaluate ACL graft integrity and maturation following reconstruction surgery.[16,24,25,36,46,51]
Using semi-quantitative clinician graded scores based on MR signal intensity, ACL treatment potential has
been evaluated in patient populations.[16,26,36,46,51] More specifically, signal intensity has been used
to compare two ACL reconstruction treatment groups, with and without autologous platelet concentrate,
[16] and to evaluate the graft in bone tunnels following reconstruction.[36] While useful in a research
context, signal intensity in this case is limited by the natural subjectivity of clinician grading and also
because signal intensity is dependent on MR scan parameters as well as scan type and is not a fundamental

property of the tissue.[14]

1.1.7 Signal Intensity correlation with ACL healing:

The use of graft signal intensity (SI) observations for clinician graded scoring, is based on research
showing that graft signal intensity decreases with time post-operatively.[51,57] In an ovine (sheep) study,
T, weighed images were used to analyze the signal intensity to noise quotient (SNQ) of a single mid-
substance slice of a reconstructed graft at 6, 12, 24, 52 and 104 weeks post-operatively. SNQ was found
to inversely correlate to structural properties, with grafts of low SNQ exhibiting the highest structural
properties (Figure . It was also found that lower SNQ correlated with histological confirmation of the

healing process further indicating that SNQ could serve as marker of graft maturation and remodeling.
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Figure 1.5: Sl is correlated to graft or ligament healing A. High Sl is related with low structural properties and
early time points in healing, while low Sl is related to high structural properties and late time points
in healing. B. Example high SI ACL reconstruction graft. C. Example low SI ACL reconstruction
graft.
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The direct comparison of in vivo imaging results to ex vivo testing are important findings with clinical

implications.

Limiting the impact of this study, no correlation between geometry of the specimens and structural
properties was evaluated, thus making comparison between specimens or patients difficult. Additionally,
MR images are typically scaled for display according to the highest pixel intensity and because ligaments
typically have low signal intensity due to their ultra structure this makes assessment of small signal differ-
ences unreliable. Finally, the use of signal intensity as an outcome measure is limited by its dependence
on image acquisition parameters and scanner manufacturer, rendering the predictions to be protocol,
magnet, and hence, institution specific. While S| has successfully been used as a quantitative measure,

a less subjective metric would be ideal for assessing ligament integrity in vivo.

1.1.8 Volume normalized to T, relaxometry predicts structural properties:

One way to standardize MR results between scanners and imaging protocols is to use relaxation time
variables, such as T» and T,*. These relaxometry variables are inherent tissue properties, that reflect
specific tissue characteristics (ultrastructure or nanostructure), and are much less sensitive to image
acquisition parameters than conventional signal intensity data.[14] In a recent relaxometry study, it has
been established that graft volume when measured in situ via MR imaging also correlates with graft
structural properties. It was also found that this correlation could be improved by normalizing the graft
volume to the MRI signal intensity derived parameter T, relaxation time (T>), collected three months
post-operatively in the caprine model.[19] T, was calculated by fitting the signal intensity of a series of

scans with increasing echo time (TE) according to the following equation.

SI(TE) = Mye TE/T2 (1.1)

Where SI(TE) equals signal intensity at varying echo times, Mg equals base level magnetization, TE

equals echo time and T, equals T, relaxation time.

While it is important that this study found a correlation between volume normalized to T, and structural

properties, the study did not find a significant correlation between structural properties and T, values
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as a separate quantifiable variable. This finding could be attributed to the single 6 week time point
investigated with this study, which would have limited the range T, values to one phase of graft healing.
Furthermore, the T values in this study were determined using 2D mid substance MRI slices of the graft.
This could result in error with consistently locating a “mid-substance” slice of a relatively small structure,
such as the ACL, with this 2D method. Additionally, collecting T, traditionally requires relatively long
echo times and maybe too long for gathering relaxation times of ligament or tendon tissue (<10ms).[50]
A non-invasive approach to quantifying a metric defined by two graft characteristics (volume normalized
to T») and how this metric affects structural properties is significant; however, this study was limited
by the insignificant correlation of T, alone to structural properties. With further development, a more

specific imaging methodology can be established for use with a healing ACL or graft.

1.1.9 T,* relaxation time to assess tissue integrity:

T,* relaxation time is another MR parameter that is available for evaluation of innate tissue properties.
To* is similar to T but traditionally utilizes shorter echo times giving T»>* the ability to capture tissues

with short relaxation times (Figure [1.6).[8,59]
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Figure 1.6: Theoretical relaxation decay curves fit to Sl at varying echo times. Note the faster decay of Ty*
in comparison to T, relaxation. This allows T>* to capture more organized tissues with shorter
relaxation times. Figure adapted from Chavhan, G. B., Babyn, P. S., Thomas, B., Shroff, M. M.,
and Haacke, E. M., Principles, Techniques, and Applications of T>*-Based MR Imaging and Its
Special Applications, Radiographics 29 (2009) 1433-1449.

Scans that are T,* weighted are particularly good at musculoskeletal imaging due to optimized contrast

between joint structures and joint fluid.[33] T,* reflects not only true T, relaxation, but also the effects
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of magnetic susceptibility gradients at both a macroscopic and microscopic level. It has been shown
that the magnetic susceptibility of ligaments varies with water content.[2] This variation is due to the
interaction of water with collagen (residual dipolar coupling, susceptibility anisotropy and bulk magnetic
susceptibility) where water mobility is restricted and this constraint causes rapid relaxation of the MR
signal following excitation. This effect accounts for the short T,* in ligaments and other structures
with highly organized ultrastructure and an abundance of type | collagen.[59] The correlation of T>* to
tissue structure has made it ideal for detecting subclinical meniscal degeneration in a human cadaveric
model.[59] A significant link was found between histological evidence of tissue degradation and increased

To* that would be expected with less organized tissue.[59]

With a healing ligament or graft a process opposite of tissue degradation occurs. Ligamentous tissue
becomes more organized, as fibrils form and the graft remodels,[42] which should result in a decrease in
To* relaxation time. The link between T,* relaxation time and tissue ultrastructure found in meniscus
research, could make T,* an ideal measure of graft healing and, when used in conjunction with graft

volume a viable prediction model for structural properties.

1.2 Significance

To date there have been no studies evaluating the quantifiable MR parameters of volume, signal intensity
and T* relaxation time to predict the biomechanical or histological outcomes of an ACL graft or ACL
repair as a surrogate outcome measure for healing. The contents of this thesis focus on developing
imaging methods for determining these MR parameters and evaluating how these parameters can be
used for assessing ligament or graft healing, in both animal models and in clinical trials. Additionally, a
complimentary study determines if these imaging parameters are associated with biomechanical perfor-
mance of the intact human ACL in cadaveric specimens. This part of the thesis provides a translational
link between animal model data and clinical use. With the completion of the aims of this study, we have
developed an MR imaging technique tailored to the healing ligament or graft and assessed its ability to

be used as a quantitative outcome measure of ACL treatment.

A non-invasive MR method for predicting the structural properties of the graft or ligament would allow
researchers to document functional healing longitudinally within a specimen in pre-clinical animal studies.
This prediction method will be advantageous for evaluating results non-invasively at early time points,

thus removing the need for euthanasia and mechanical testing at those time points and reducing the
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number of animals and resources required for a study. Furthermore, these findings may have implications
as a surrogate outcome measure in clinical studies for documenting temporal changes within-patients
and as a more quantitative method for guiding rehabilitation and determining when a patient is ready to

return to sport.

1.3 Specific aims

The long-term objective of this study is to develop and implement a non-invasive MR based technique
to evaluate the biomechanical or histological outcomes of the healing ACL or graft following treatment
in a large animal model and ultimately in a clinical setting. Six specific aims have been designed to
investigate the efficacy of potential MR imaging methods to predict healing of a ligament or graft and
to see how these methods relate to the intact human cadaveric ACL as well as clinical, functional and

patient outcome measures.

1.3.1 Specific Aim 1

Develop a method to predict the structural properties of a healing ligament (ACL primary repair) and
graft (ACL reconstruction) in a porcine model using the MRI derived parameters of volume and signal

intensity (Sl).

Our objective was to use a long-term porcine model to create 3D models of reconstructed and bio-
enhanced repaired ACLs, using MR images, to determine ligament volume and signal intensity. We then
evaluated the relationship of these MR variables to ligament structural properties, determined using an ex
vivo tensile testing protocol. We hypothesized that graft or ligament volumes and signal intensity values,
would be significant predictors of their structural properties after 15 weeks and 52 weeks of healing.
Additionally, we hypothesized that the combination of volume and S| would offer a more complete

evaluation of graft biomechanical performance than either variable alone.

1.3.2 Specific Aim 2

Develop and test a method to collect To>* relaxation time as a universal MR outcome that is tailored

to imaging a healing ligament or graft. A secondary aim of this study was to compare the ability of
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the T,* relaxation time parameter to predict structural properties to that of the previous signal intensity

parameter (|Specific Aim 1|), with the intent of determining the relative reliability of the measures.

To address this aim we used a multi-echo imaging protocol for T>* determination, to collect the expected
range of T* values for a healing ligament. With this protocol we collected MR images of bio-enhanced
repaired ACLs in an animal model and determined ligament volume, signal intensity
and T,* values. We hypothesized that a multiple regression model based on ligament volume and its
corresponding T»* values would predict the ligament's structural properties. We also hypothesized that
the coefficients of determination would be greater and that the standard errors would be less when using

the T,* prediction method compared to the original signal intensity method in the same set of specimens.

1.3.3 Specific Aim 3

Determine if T,* relaxation time can be used to predict semi-quantitative histological outcomes of the

healing ACL.

This aim was designed to test if the same MR variables (T>* and Volume) that could predict biomechanical
performance in the healing ACL can also be used to predict histological outcomes for assessing ligament
healing (Ligament Maturity Index). Using the same ligament specimens from H&E
stained sections for the ligaments were prepared and the slides were scored for a series of factors that are
critical to ligament healing. Sub-scores based on the cell, collagen and vessel content were determined
along with a cumulative score. We hypothesized that MR derived measures of T>* and volume would be

significant predictors of the histological scoring of a healing ACL after 52 weeks of healing.

1.3.4 Specific Aim 4

Further refine and optimize the T,* relaxation time method from|Specific Aim 4 &|Specific Aim 3. Collect

T,>* data of the intact PCL using a 6 echo gold standard T>* method and two alternative methods for

determining T,* and determine differences in fidelity and clinical feasibility between the methods.

The purpose of this study was to compare two methods of T>* determination (2MM and 6LSgg)) to a
gold standard (6LS), to establish if the alternative methods could improve post-processing time without

sacrificing fidelity of T,* values for eventual clinical translational. Using a 6 echo imaging sequence, two
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alternative methods (2MM and 6LSgo;) for determining posterior cruciate ligament (PCL) median Ty*
were compared to a gold standard method (6LS). We hypothesized that these two alternative approaches
when used in tandem, would offer comparable T,* values and take significantly less post-processing time
than the gold standard. If successful these two alternative approaches could be combined to offer a

non-invasive tool for assessing ligament structural properties in a clinically feasible time frame.

1.3.5 Specific Aim 5

Determine intact ligament T,* relaxation time and volume for a population of human cadaveric knees
of varying age, and determine the ability of the MR variables to predict ACL structural properties for a

degenerating ligament.

Our goal was to apply a Ty*-based prediction model to a population of human cadaveric knees to

determine if ligament degeneration could be predicted similar to ligament healing as presented in

[Aim 1] & [Specific Aim 2| A group of cadaveric knees was imaged in situ using the 6 echo T,* protocol

from The ACLs where then isolated and tensile tested to determine biomechanical
performance. We hypothesized that MRI derived ligament volume and median ligament T>* would

correlate to structural properties determined ex vivo.

1.3.6 Specific Aim 6

Assess the structural properties prediction model from as it relates to clinical, functional

and patient-oriented outcome measures from an existing clinical ACL reconstruction trial.

Using MR images from an ongoing ACL reconstruction clinical study, volume and SI models were created
of patient grafts. Using this data and a statistical model based on the MRI derived out-
come measures were used to predict traditional outcome measures such as the hop test. We hypothesized
that graft volume and signal intensity would correlate with measures of clinical, functional and patient

outcome.
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Abstract

Background: Magnetic resonance imaging (MRI) is a noninvasive technology that can quantitatively
access ACL graft size and signal intensity. However, how those properties relate to reconstructed or

repaired ligament strength during the healing process is yet unknown.

Purpose: We hypothesized that MR derived measures of graft volume and signal intensity are significant
predictors of the structural properties of a healing ACL or ACL graft after 15 weeks and 52 weeks of

healing.

Study Design: Controlled Laboratory Experiment Methods: The current data were gathered from two
experiments evaluating ACL reconstruction and repair techniques. In the first experiment, pigs underwent
unilateral ACL transection and received: 1) ACL reconstruction, 2) ACL reconstruction with collagen
platelet composite (CPC), or 3) no treatment. The surgical legs were harvested following 15 weeks of
healing. In the second experiment, pigs underwent ACL transection and received: 1) ACL reconstruction,
2) ACL reconstruction with CPC, 3) bio-enhanced ACL primary repair with CPC, or 4) no treatment.
The surgical legs were harvested after 52 weeks. The harvested knees were imaged using a T>* weighted
3D-CISS sequence. Each ligament was segmented from the scans, and the intra-articular volume and the
median grayscale values were determined. Mechanical testing was performed to establish the ligament

structural properties.

Results: Volume significantly predicted the structural properties (maximum load, yield load, linear stiff-
ness) of the ligaments and grafts (R? = 0.56, 0.56, 0.49; p<0.001). Likewise, the median grayscale
values significantly predicted the structural properties of the ligaments and grafts (R> = 0.42, 0.37,
0.40; p<0.001). The combination of these two parameters in a multiple regression model improved the

predictions (R? = 0.73, 0.72, 0.68; p<0.001).

Conclusion: Volume and grayscale values from high resolution T>* weighted MRI images are predictive

of structural properties of the healing ligament or graft in a porcine model.

Clinical Relevance: This study provides a critical step in the development of a non-invasive method to
predict the structural properties of the healing ACL graft or repair. This technique may prove beneficial

as a surrogate outcome measure in pre-clinical animal and clinical studies.

Keywords: MRI, ACL, Reconstruction, Structural Properties, Linear Regression
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2.1 Introduction

Magnetic resonance (MR) imaging is widely used as a clinical tool for qualitatively monitoring anterior
cruciate ligament (ACL) graft health following surgical reconstruction.[12] With the advent of stronger
magnets and new imaging protocols, MR can now accurately measure the geometry of complex structures,
such as the ACL. In addition, MR imaging can also provide information about the tissue quality by using
different sequences to determine water content, fiber alignment and tissue density.[11] Therefore, in this
study, we hypothesized that MR imaging also has the potential to provide a quantitative method for
assessing the structural (failure) properties of an ACL graft or repaired ligament during healing, in vivo.
A non-invasive MR method for predicting the structural properties of the graft or ligament would allow
researchers to document functional healing within a subject in pre-clinical animal studies and clinical

trials.

Determining the structural properties of the native ACL or reconstructed graft, ex vivo, is a common
method for evaluating graft strength and documenting healing.[7,15,20] However, these methods require
destructive testing and are not suitable for in vivo longitudinal assessment. Alternatively, signal inten-
sity (also termed grayscale), a MR parameter that is a function of tissue type and water content, has
been used to evaluate ACL graft integrity and maturation following ACL reconstruction surgery in hu-
mans.[3,8,13,16,18] The use of grayscale as an outcome measure is founded on research showing that the
graft grayscale values decrease with time post-operatively,[18,20] and negatively correlates with its struc-
tural properties in an ovine model.[20] It has recently been established that graft volume when measured
in situ via MR imaging, also correlates with the graft structural properties, and that the correlation could
be improved by normalizing the volume to the graft T, relaxation time three months post-operatively in
the caprine model.[5] While these findings are promising, the relationship between graft volume, grayscale
value, and the graft structural properties throughout the healing process remains undocumented. Be-
cause bio-enhanced primary repair of the ACL is now proving to be efficacious in animal models,[19] it is
also important to validate the relationships between graft volume, grayscale and the structural properties

of repaired ligaments.

To date there have been no studies evaluating volume (a measure depicting the amount of tissue) and
grayscale (a surrogate measure of tissue quality) as separate quantifiable MR variables to predict the
structural properties of an ACL graft or ACL repair over the course of the healing process. The objective
of this study was to assess a novel, non-invasive method for predicting the structural properties of a porcine

ACL reconstructed ligament (graft) and a bio-enhanced ACL suture repair using 3D models derived from
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To*-weighted MR imaging at two time points in the healing process. We hypothesize that intra-articular
graft or ligament volumes and grayscale values will be significant predictors of the structural properties
of the reconstructed ligament and ACL repairs after 15 weeks and 52 weeks of healing. Additionally, we
hypothesize that the combination of volume and grayscale values, as two separate defining characteristics

of the ligament, will improve that prediction in a multiple linear regression model.

2.2 Methods

2.2.1 Animal Model

Approval was obtained from the Institutional Animal Care and Use Committee (IACUC) prior to perform-

ing these studies.

2.2.1.1 15 Week Animals

Fifty adolescent Yucatan minipigs (approximately 15 weeks of age) underwent either ACL transection (10
animals), ACL transection immediately followed by ACL reconstruction with a patellar tendon allograft
(10 animals), or ACL transection immediately followed by bio-enhanced ACL reconstruction using patellar
tendon allograft and a collagen-platelet composite (30 animals) as previously described.[4] All surgical
procedures were performed by the same orthopaedic surgeon. After 15 weeks of healing, the animals were
euthanized and the surgical legs were harvested distal to the hip. MR imaging was performed before the

joints were frozen and stored for mechanical testing.

2.2.1.2 52 Week Animals

As part of a different study utilizing the same animal model, a separate group of 32 Yucatan adolescent
minipigs (approximately 15 weeks of age) underwent either ACL transection (8 animals), ACL transection
immediately followed by ACL reconstruction with a patellar tendon allograft (8 animals), ACL transection
immediately followed by bio-enhanced ACL reconstruction using patellar tendon allograft and a collagen-
platelet composite (8 animals), or ACL transection immediately followed by bio-enhanced ACL repair with

collagen-platelet composite (8 animals), as previously described.[4,10] All procedures were performed by
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the same orthopaedic surgeon. After 52 week of healing, the knees were harvested, imaged, and stored

for mechanical testing.

2.2.2 MR Imaging

A surface knee coil on a 3T MR scanner (Siemens TIM Trio, Erlangen, Germany) was used to image the
joints. A T,* weighted 3D CISS sequence (Constructive Interference in the Steady State; TR/TE/FA,
12.9/6.5/ 35° FOV, 160 mm; matrix 512X512, slice length/gap, 0.8mm/0; avg 1) was selected. This
sequence produces high contrast between the soft tissues and joint fluid,[11,12] which optimizes the
boundaries of the ligament or graft for manual segmentation from the image stack (Figure . For the
15 week animals, two scans from the ACL reconstruction group and six scans from the ACL reconstruction
with collagen-platelet composite were omitted due to magnetic susceptibility artifact. For the 52 week
animals, three scans from the ACL reconstruction group and two scans from the ACL reconstruction with
collagen-platelet composite group were also omitted due to magnetic susceptibility artifact. It should
also be noted that one transected animal in the 52 week time group was euthanized following surgery

due to respiratory complications and was excluded.

Figure 2.1: 3D segmentation process illustrated on one sagittal slice of the image stack. A) 2D Graft location;
B) Graft segmented; C) 3D model of graft.

2.2.3 3D Model and Volume Generation

Using commercially available software (Mimics 13.1, Materialise, Ann Arbor, Michigan), the recon-
structed, repaired, and untreated ACL transected ligaments were segmented from the MR image stacks
in both the coronal and sagittal planes (Figure[2.T)). Three-dimensional (3D) surface models and grayscale

volumes were created from the segmented images on a voxel by voxel basis. Intra-articular volumes and
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median grayscale values were determined for the reconstructed ligaments, repaired ligaments, and un-
treated transected ligaments (note, that residual healing does occur in the transected ligaments in this
animal model so segmentation is possible). The median grayscale values from the ligaments or grafts were

normalized to the grayscale value of femoral cortical bone to account for any inter-scan variability.[2,17]

2.2.4 Structural Properties of the ACL /graft

An established tensile testing protocol was used to determine the structural properties of the recon-
structed, repaired and transected ACLs.[4,14] The specimens were thawed to room temperature. The
femur was transected just distal to the hip while the tibia was transected just proximal to the ankle to
preserve the length of the long bones. The soft tissues were dissected from the tibia and femur while
leaving the joint capsule intact. The proximal end of the femur and the distal end of the tibia were potted
in 6 inch and 4 inch lengths of 1.5" PVC pipe, respectively, using a urethane resin (Smooth-On, Easton,
Pennsylvania). All residual soft tissue and joint structures were then removed from the joint leaving
only the femur-ligament-tibia complex intact. Using a servohydraulic material testing system (MTS 810;
Prairie Eden, MN), the tensile loads were applied at 20mm/min to failure as previously reported.[14]
Initially, the joint was placed at 30 degrees of flexion so that the mechanical axis of the ligament was
collinear with the direction of pull of the tensile testing actuator. Starting with a tibiofemoral compressive
force of 5 N, the entire load-displacement curve was recorded until a precipitous drop in load occurred.
Yield load, maximum load, and linear stiffness values of the ligaments were calculated as previously

described.[14]

2.2.5 Data Analysis

2.2.5.1 Relationship between MRI-derived parameters and structural properties

Because the grayscale values were not normally distributed, the log base 2 transforms of the grayscale
values were used for all subsequent analyses. The reconstructed, repaired, and untreated transected
ligaments at both 15 and 52 week time points were grouped together and analyzed as a single data set.
First, linear regression models were used to separately test the relationships between: a) MR volume
and structural properties and, b) median grayscale value and structural properties. Subsequently, both

volume and median grayscale were included in a multiple linear regression model to predict the structural
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properties (a fit plane). The R-square values for models were reported as indicators of the strength of
the relationships since p-values alone may indicate a highly consistent or non-random relationship even
in the presence of relatively poor prediction. The individual p-values of the covariates of the volume
and median grayscale value in the regression were used to test the contribution of these variables to the
regression and as a check against concerns over multicollinearity. As an additional check of the model fit,
the predicted maximum loads across specimens were plotted against the actual experimental maximum

loads to visualize the standard error of the regressions.

2.2.5.2 Volume and Grayscale differences between 15 and 52 week treatment groups

The ability of the volume and grayscale parameters to detect differences between the 15 week and 52 week
treatment groups was tested using a one-way analysis of variance (ANOVA). Two ANOVAs were used,
one using volume as the dependant variable and the other using the log base two of median grayscale

value, comparing the 15 week and 52 week treatment groups.

2.2.6 Results
2.2.6.1 Relationship between MRI-derived parameters and structural properties

The volume of reconstructed, repaired, and untreated transected ligaments at both 15 and 52 week
time points significantly predicted maximum failure load, yield load, and linear stiffness values; R?=0.56,
0.56, and 0.49, respectively (p<0.001). The median grayscale value was also a significant predictor of
maximum failure load, yield load, and linear stiffness, R2=0.42, 0.37, and 0.40, respectively (p<0.001)

(Figure . It should be noted that, during mechanical testing, all specimens failed mid-substance.

Using volume in conjunction with the median grayscale value, the multiple linear regression model pre-
dictions of maximum failure load, yield load, and linear stiffness for all specimens at both time points
were improved; R?=0.73, 0.72 and 0.68, respectively (p<0.001) (Table [2.1). Both volume and median
grayscale value significantly contributed to the regression equations (both p<0.001); with an increase in
volume and/or a decrease in grayscale associated with higher structural properties of the reconstructed,
repaired and transected ligaments (Figure . Comparing the actual value of structural properties to
the predicted value of the structural properties using the multiple regression model; the standard error
of the prediction plane estimate was 216.1N, 196.0N and 36.1N/mm for maximum load, yield load and

linear stiffness, respectively (Table 1; Figure [2.4).
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Figure 2.2: The graft structural properties for the 15 and 52 week specimens (A- Maximum Load, B- Yield Load,
and C- Linear Stiffness) as a function of ligament volume (A1, B1 and C1) and the median grayscale

value (A2, B2 and C2) in the linear regression models.
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2.2.6.2 MRI-derived parameter differences between 15 and 52 week treatment groups

The mean of the MRI-derived reconstructed, repaired and transected ligament volumes at 15 weeks and 52
weeks were 9444-380.7 mm3 and 908+435.2 mm? respectively, though the difference was not significant
(p=0.724). The mean of the median grayscale values of the reconstructed, repaired and transected
ligaments at 15 weeks and 52 weeks were 1.06+0.48 and 0.6110.44, respectively. The ligaments at 15

weeks had a significantly higher mean median grayscale value than ligaments at the 52 week time point

(p<0.001; Figure[2.3).
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Figure 2.3: The reconstructed, repaired and transected ligament prediction plane for maximum load as a function
of volume and of median grayscale value. The ligaments at 52 weeks (black circles) had a significantly
lower median grayscale value than ligaments at the 15 week time point (gray circles) (p<0.001).
Similar plots were found for the yield load and the linear stiffness prediction models.

2.2.7 Discussion

A quantitative method for accurately monitoring the post-operative healing of an ACL reconstruction or
bio-enhanced primary ACL repair would be extremely valuable in both research and clinical settings. MRI

is already widely available as a tool for non-invasive knee imaging and its ability to differentiate between

30



joint structures[11] and indirectly quantify graft maturation[20] makes it an ideal technology to evaluate
ligament and graft healing. In our study, T»* weighted MRI derived volumes and median grayscale
values were significantly related to the magnitude of maximum failure load, yield load and linear stiffness
of reconstructed grafts, repaired and untreated transected ligaments. Expanding on this, we found
by combining the volume and median grayscale values of the reconstructed, repaired and transected
ligaments, the predictions for the structural properties were improved when compared to each variable
alone. This prediction method maybe advantageous for evaluating results non-invasively at early time
points, thus removing the need for euthanasia and mechanical testing at those time points and reducing
the number of animals required for a study. Furthermore, these findings may have clinical implications for
tracking post-operative changes with graft healing in patient cohort studies and randomized controlled

trials.

200071 Standard Error of Estimate = 216.1 N

15001

10001

5001

Q
P

Predicted Maximum Load (N)

0 500 1000 1500 2000
Actual Maximum Load (N)

Figure 2.4: Actual maximum load versus predicted Maximum Load for both 15 and 52 week time points, calcu-
lated using volume and of median grayscale value.

Our findings align with a previous study which found that intra-articular graft volume, when normalized
to the MR T,-relaxation time of the graft, increased the correlations to graft structural properties over
volume alone, after 6 weeks of healing in the caprine model.[5] However, the prior study did not find
a significant correlation between structural properties and T, values as a separate quantifiable variable.
This could be explained by the single 6 week time point investigated with this study, which would have

limited T, values to one phase of graft healing. By including an additional time point the current study

31



encompasses more than one phase of the healing response and the associated range of grayscale val-
ues. With this time point included a significant relationship was found between the grayscale parameter
and structural properties alone as well as combined with volume in a multiple linear regression. Fur-
thermore, in previous studies, quantitative MRI grayscale parameters[5,20] or clinician graded grayscale
based scores[3,9,13,16,18] were determined using 2D mid substance MRI slices of a graft. The method
presented herein analyzes the median grayscale value of the whole graft by reconstructing high resolution
3D images of the graft volume. This could minimize inaccuracies associated with consistently locating a

“mid-substance” slice with a 2D method.

Traditionally, standard imaging techniques have been used to predict the strength of intact cadaveric
ACLs.[1,6,7] These methods rely on photographic technology to generate 3D morphological models of
the ACL. Results from these studies suggest that ACL volume could be used in a regression model
to predict the structural properties of the native ACL.[7] These standard imaging techniques provide a
valuable method for predicting the structural properties of an intact ligament and may also be useful for
the evaluation of the integrity of ACL grafts or repairs. However, these techniques require destruction
of the joint to expose the ACL and obtain measurements and as a result could not be used with in vivo
clinical applications. The regression results of the non-invasive MR technique in our study support the
human cadaveric findings of volume being predictive of ACL structural properties. We found that two
non-invasively obtained quantifiable variables, volume and median grayscale values, could both be used
in a multiple regression analysis to characterize structural properties of a reconstructed, repaired and
transected ligament. The significant contribution of the volume and grayscale parameters in the multiple
regression equations indicates that the role of both independent variables should be considered in a
predictive model (Table . This was verified by the increased R? values seen in the multiple regression
predictions of structural properties compared to the single predictor R? values (p<0.0001). This signifies
that the combination of volume and median grayscale value offers a more complete evaluation of graft
integrity than either parameter alone. The relatively low standard errors of the predictions suggest that
the measured volume and median grayscale values could be effective in future use of the regression

prediction models following further validation.

In addition to the correlation between reconstructed ligament grayscale (signal intensity) and structural
properties, a prior MR investigation also looked at signal-to-noise quotient (another MR parameter as-
sessing grayscale) differences over time.[20] Histological results from the graft healing process were used
to indirectly confirm the remodeling process in parallel with signal-to-noise quotient changes.[20] While

the study conducted herein did not include histological evidence of the healing process, the grayscale

32



Dependent Predictor P-value R2 Standard Equation
Variable (Y) (X1, X2) Error q
3
<0.
Max Load (N) |—Cot{mm) | <0.001 | .5 | 5161 Max Load = 440.1 + 0.6*VOL— 370.1*MGV
MGV <0.001
L(mm’) | <0.001
Vield Load (N) |vOL(mm) | <0.001 | ., | 196.0 Yield Load = 343.8 + 0.6*VOL~ 298.5* MGV
MGV <0.001
3
<0.
Stiffness (N/mm) | oL (mm) | <0.001 | 36.1 Stiffness = 141.0 + 0.1*VOL— 37.5* MGV
MGV <0.001

Table 2.1: Summary of the reconstructed ligament structural property prediction equations for both the 15 and
52 week time points as a function of volume (VOL) and median grayscale value (MGV).

differences observed between the 15 week and 52 week groups show a similar decreasing trend with time
and could indicate healing and maturation of the graft or ligament on a tissue level. For the volume

parameter, no difference was observed between the 15 week and 52 week groups.

There are study limitations that should be considered. First, the knees were imaged post-mortem. In
a clinical situation, in vivo artifacts due to blood flow may affect the results. Nonetheless, the non-
invasive MR method utilized in the present study, which is based on graft volume and grayscale, shows
considerable promise for use in vivo. Second, the grayscale variable used to represent signal intensity can
vary depending on MR imaging parameters. We normalized the grayscale values to that of cortical bone
within each image to minimize this concern. For this analysis, we did not separate out the group effects.
It is possible that the CPC could affect the prediction. However, this possibility seems unlikely given the
high coefficients of determination and that the addition of CPC did not affect the slope of the prediction
of the structural properties relative to the MR graft volume.[5] Finally, inherent differences between the
reconstructed, repaired and transected ligament treatments could affect the relationship of the volume and
grayscale parameters to structural properties. However, taking into account that the failure mechanism
for all specimens was mid-substance and that the intra-articular portion of each ligament analyzed was
consistent between the reconstructed, repaired or transected ligaments; it can be reasonably assumed
that the MRI derived variables represented the same functional unit between specimens. Despite these
limitations, we have shown that MRI derived morphology and grayscale can be used to predict structural
properties of a reconstructed, repaired, and untreated transected ACL. We now plan to longitudinally
validate this non-invasive MR based prediction method for documenting within-subject temporal changes

relating to ACL strength and healing between treatment groups.
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Abstract

Our objective was to develop a non-invasive magnetic resonance (MR) method to predict the structural
properties of a healing anterior cruciate ligament (ACL) using volume and T,* relaxation time. We
also compared our To*-based structural property prediction model to a previous model utilizing signal
intensity, an acquisition-dependent variable. Surgical ACL transection followed by no treatment (i.e.,
natural healing) or bio-enhanced ACL repair was performed in a porcine model. After 52 weeks of
healing, high-resolution MR images of the ACL tissue were collected. From these images, ligament
volumes and T>* maps were established. The structural properties of the ligaments were determined via
tensile testing. Using the To* histogram profile, each ligament voxel was binned based on its T,* value
into four discrete tissue sub-volumes defined by specific To* intervals. The linear combination of the
ligament sub-volumes binned by T,* value significantly predicted maximum load, yield load, and linear
stiffness (R? = 0.92, 0.82, 0.88; p<<0.001) and were similar to the previous signal intensity based method.
In conclusion, the T,* technique offers a highly predictive methodology that is a first step towards the
development of a method that can be used to assess ligament healing across scanners, studies, and

institutions.

Keywords: MRI, ligament healing, ACL, structural properties, biomechanics
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3.1 Introduction

Biomechanical measurements of the structural properties of the anterior cruciate ligament (ACL) are
frequently used to document functional healing after surgical ACL repair and reconstruction in pre-
clinical animal models.[1-5] Despite being a useful quantitative measure of graft healing,[1-3] the current
techniques to quantify the structural properties require harvesting the joint and testing the ligament to
failure. Therefore, these current methods are inherently unsuitable for in vivo longitudinal assessment in

both animal studies and human clinical trials.

Alternatively, magnetic resonance (MR) imaging is a widely available, non-invasive tool that has the
potential to predict the biomechanical properties of ACL treatments.[6] MR graft signal intensity has
been found to correlate to the structural properties measured via ex vivo mechanical testing.[3] Building
on these initial studies, we found that the combination of MR ligament volume (a measure of tissue
quantity) and the median ligament signal intensity (a surrogate measure of tissue quality) within that
volume can be incorporated into a first order multiple regression model to improve the accuracy of the
prediction of the structural properties.[7] This new technique offered a more complete evaluation of graft

integrity than either volume or signal intensity alone.[7]

However, the use of signal intensity as an outcome measure is limited by its dependence on image
acquisition parameters and scanner manufacturer, rendering the predictions to be protocol, magnet, and
hence, institution specific. One way to standardize MR results between scanners is to use relaxation time
variables, such as T> and T,*. These variables are inherent tissue properties that reflect specific tissue
characteristics, and are much less sensitive to image acquisition parameters than conventional signal
intensity data.[8] T,* relaxation time is a MR parameter that has been shown to correlate with the level
of tissue organization, and is thus well suited for imaging highly organized collagenous structures,[9-12]
such as ligaments and tendons. Thus, T»* relaxation time could provide a more universal prediction
model of the structural properties of a healing ligament that would be applicable across scanners of the

same strength and between institutions.

The purpose of this study was to establish the relationship between ligament volume, T,* relaxation time,
and the structural properties of a healing ligament in a porcine model of ACL repair. We hypothesized that
a multiple regression model based on ligament volume and its corresponding T>* values would provide a
noninvasive predictor of the ligament's structural properties after 52 weeks of healing. As a secondary aim,

we compared the proposed T,*-based structural properties prediction model to our previous model that
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incorporates signal intensity instead of T*.[7] We hypothesized that the coefficients of determination
would be greater and that the standard errors would be less when using the T,* prediction method

compared to the signal intensity method.

3.2 Methods

3.2.1 Animal Model

Approval was obtained from the Institutional Animal Care and Use Committee prior to performing these
studies. Fifteen adolescent Yucatan minipigs (approximately 15 weeks of age) underwent unilateral ACL
transection surgery as previously described.[13,14] Immediately following transection, eight of the animals
received bio-enhanced ACL repair with an extracellular matrix-blood composite (Bio-Enhanced Repair, or
BE-ACL group) and seven were left untreated to heal naturally without repair (ACL transection, or ACLT
group).[13] All animals made it to 52 weeks with no complications, at which point all fifteen operative
knees were harvested and immediately imaged. Following imaging, the specimens were frozen and stored

at -20 degrees Celsius until mechanical testing.

3.2.2 MR Imaging

A surface knee coil on a 3T MR scanner (TIM Trio; Siemens, Erlangen, Germany) was used to image
the joints. Two separate imaging protocols were performed on each knee: 1) a dual echo protocol to
determine To* relaxation time, and 2) a manufacturer provided protocol to determine signal intensity.[7]
The images used for the signal intensity determination and analysis were a subset of those used in another
study investigating the relationship between volume, signal intensity, and ligament structural properties
over the course of healing.[7] There was no intra-articular artifact found in any of the specimens. The
BE-ACL group had a titanium button for suture fixation on the anterolateral cortical bone of the femur

but was sufficiently far from the intra-articular space to avoid issues with artifact with the ACL.
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Figure 3.1: Example ligament histogram showing (A) the bimodal distribution for T»* with associated T>* first
quartile (Q1), median (Q2) and third quartile (Q3) summary statistics, (B) the T>* ligament map,
and (C) the original DICOM image. Note the ligament voxels illustrated in a red (B) represent voxels
with a T»* value of 0 ms. The MR images are a sagittal view of the femoral notch with the femur
at the top of the image and the tibia at the bottom. For the MR images shown TE = 7.36 ms.

41



3.2.2.1 MR Imaging: T,* determination

To determine T,*, a high-resolution T;-weighted gradient echo 3-D FLASH dataset (note: T; weighted
images are used to derive To* relaxation time) utilizing two echo times (TR/TE/FA, 25/7.36 & 15.24/
12°; FOV, 140 mm; matrix 512X512; slice length/gap, 0.85mm/0; avg, 3; bandwidth, 130; scan time
19 minutes) was acquired of the injured knee immediately after harvest. High-resolution 3-D image
acquisition was required to optimally capture the relatively small structure of the healing ACL. The
healing ligaments and associated peri-ligamentous scar tissue were then manually segmented from these
Ti-weighted MR images using commercially available software (Mimics 14.1; Materialize, Ann Arbor,
MI). 3-D models of the healing ligaments were created using previously described methods.[7] Summing
the total number of ACL voxels provides an estimate of the whole ligament volume (16.1 voxels equaled
one mm3). Using custom Matlab (R2012b; MathWorks, Natick, MA) code, T»* maps were calculated

using the following signal intensity (SI) relationship.[15]

_ (InSI; — InSL,\ "
Tox = <TE—TE> (3.1)

Sl and Sl, are the signal intensities corresponding to the echo times TE; and TE, where TE, > TE;
for each voxel (note: TR was the same for both echo times allowing for the determination of T* using
a two echo fit). To ensure the relaxation time maps used in this study were T>* weighted, the images
used to create the maps were gradient echo acquisitions, and the echo times were significant compared

to the T,* distribution of the tissue under examination.[9]

To produce ligament specific maps, the voxels corresponding to the ligament were extracted from the
To>* maps using the 3-D models created from the segmented images (Figure . Histograms of the
voxel-wise T>* values were plotted using these ligament specific maps. Two distinct peaks of relaxation
times were apparent with no overlap within each healing ligament (Figure . Further, the voxels
making up these peaks were spatially organized such that the first voxel peak represented those with
T>*=0 ms and was generally located within the central portion of the ligament. Presumably, the voxels
with T>*=0 ms have a range of short T>* values below our MR protocol's measurable limit (4.8 ms,
the theoretical limit based on voxel signal to noise ratio)[16], and would therefore fall between 0 and 4.8

ms. The second peak formed a lognormal distribution of relaxation times, where voxels with lower T,*
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values were primarily found in the central portion of the ligament while higher T>* values were identified
towards the periphery (Figure . The whole ligament volume was then binned into four separate tissue
sub-volumes (Voly, Vol,, Vols, Voly) with equal To* intervals up to 50 ms (0-12.5; 12.6-25; 25.1-37.5;
37.6-50 ms, respectively) (Figure . Tissue volume in terms of mm3 (note: for this MR protocol 16.1

voxels equaled one mm3) was calculated for each sub-volume.

3.2.2.2 MR Imaging: Signal intensity determination

During the same imaging session an additional single set of MR images was acquired to determine signal
intensity. To accomplish this a T>* weighted 3-D CISS sequence (note: signal intensity was derived
from a single set of Ty* weighted images) (TR/TE/FA, 12.9/6.5/ 35°; FOV, 140 mm; matrix 512x512,
slice length/gap, 0.8mm/0; avg 1) was performed to establish the median signal intensity and volume of
the whole ligament using our previously established multiple regression model.[7] The healing ligaments
were segmented from these MR images and 3-D models of the healing ligaments were created. From
the models, the whole ligament volume (VWs) in terms of mm3 (note: for this MR protocol 17.1 voxels
equaled one mm?3) was determined. Histograms of signal intensity in terms of grayscale values normalized
to the signal of posterior femoral cortical bone (normalization standard) were plotted.[9,17] Histograms
of signal intensity were found to have a single uniform distribution for each ligament (Figure 3.3)). Signal
intensity in terms of median gray scale value (MGVs)) was calculated from each distribution for the whole

ligament.

3.2.3 Structural Properties of the healing ACL

An established tensile testing protocol was used to determine the structural properties of the repaired
and untreated transected ACLs after 52 weeks of healing.[18,19] The specimens were thawed to room
temperature. The proximal end of the femur and the distal end of the tibia were potted in PVC pipe
using a urethane resin. The joint was carefully dissected, leaving only the femur-ligament-tibia complex
intact and all associated peri-ligamentous scar tissue. Using a servohydraulic material testing system
(MTS 810; Prairie Eden, MN), the tensile loads were applied at 20 mm/min to failure as previously
reported.[18] Initially, the joint was placed so that the mechanical axis of the ligament was collinear with
the direction of pull of the actuator. Starting with a tibiofemoral compressive pre-load of 5 N, the entire

tensile load-displacement curve was recorded until a precipitous drop in load occurred. The maximum
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load, yield load, and linear stiffness values of the ligaments were calculated from the load-displacement

data.[18]

3.2.4 Data Analysis

First order multiple linear regression analyses (SigmaPlot 12.0; Systat Software Inc., San Jose, CA) were
used to find the best-fit parameters and test the relationship between each ligament's sub-volume and
the respective structural properties in the To* model. The resulting model included a volume term (Voly,
Vol,, Vols, Vol) representing each of the four bins. Each bin was defined by its associated interval of
To* (0-12.5; 12.6-25; 25.1-37.5; 37.6-50 ms, respectively). Note that the voxels with a T>* of 0 ms were
included in Vol; because their relaxation times fall into the 0-12.5 ms bin range. The R-square values were
reported as indicators of the relationship strength and goodness of fit. The p-values of the covariates
(Voly, Voly, Volz, Voly) in the regression tested the contribution of the To* defined sub-volumes to
the model. The predicted structural properties (maximum load, yield load, and linear stiffness) across
specimens were plotted against the actual experimental structural properties to visualize the standard

error of the regressions as an additional check of the T>* model fit.

Additionally the volume of the whole ligament (VWs) and signal intensity (MGVs)) values from each
ligament were used in a first order multiple linear regression analysis to predict the structural properties as
previously described.[7] The predictions of the To* model and the signal intensity model were compared
using the mean R-square values and their respective 95% confidence limits (CL).[20] Percent overlap of
the confidence limits was tested using a z test statistic (alpha=0.05) to evaluate the differences between

models.[21,22]

3.3 Results

3.3.1 T,* Model Prediction

Of the T,* derived parameters evaluated, the best prediction of mechanical properties was a linear
combination of the ligament sub-volumes (Voly, Voly, Vols, Voly) defined by their respective intervals of
To* values (Table . The R-squared values of the T,* prediction equation for maximum load, yield
load and linear stiffness were 0.93, 0.78, and 0.88, respectively (p<0.001 for all). The 95% confidence
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Figure 3.2: T>* model: (A) Actual versus predicted maximum load calculated using the linear combination of
Voli, Vola, Vols and Vol,. The dotted lines represent the 95% confidence intervals. Gray shapes
represent transected ligaments while black shapes represent repaired ligaments. The highest (star,
B), median (square, C) and lowest (hexagon, D) maximum load ligaments and their corresponding
histogram profile are also represented with associated T>* first quartile (Q1), median (Q2) and third

quartile (Q3) summary statistics.
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limits for these R-squared values of maximum load, yield load and linear stiffness were [0.92, 0.94]; [0.75,
0.81]; [0.86, 0.90], respectively. Standard errors for the prediction of maximum load (Figure 3.2), yield
load (Figure [3.3A), and linear stiffness (Figure [3.3B) were 109 N, 141 N and 26 N/mm respectively
(Table [3.1)).

Predictor Term
Dependent Predictor T,* Range 2 R’ 95% Standard Contribution per .
. P R . Equation
Variable (Y) Term (ms) CL Error unit volume
(mm?)
Vol, 0-12.5 <0.001 1.55N
Vol 12.6- 25 0.396 1.20N Max Load =-161.5 + (1.55 x
Max L 2 .92,
a"N oad 0.93 [3:4 109 N Vol1) +(1.20 x Vol2) - (1.62 x
(N) Vols 251-37.5 | 0.891 -94] 162N Vol3) - (5.48 x Vola)
Vol, 37.6-50 0.746 -5.48 N
Vol, 0-12.5 0.005 113N
. Vol, 12.6 - 25 0.983 0.04 N Yield Load = 55.3 + (1.13 x Vol1)
Y'e'dead 0.78 [3'8715’ 141N +(0.04 x Vol2) - (1.24 x Vol3) -
(N) Vols 251-37.5 | 0.936 -81] 1.24N (1.64 x Vola)
Vol, 37.6-50 0.940 -1.64N
Vol, 0-12.5 <0.001 0.28 N/mm
. Vol, 12.6-25 0.961 0.02 N/mm Stiffness = -1.8 + (0.28 x Vol1) +
S:“"ess 0.88 [g':(f' 26 N/mm (0.02 x Vol2) + (0.55 x Vol3) -
(N/mm) Vols 25.1-37.5 | 0.845 -90] 0.55 N/mm (0.70 x Vold)
Vol, 37.6-50 0.860 -0.70 N/mm

Table 3.1: T>* model: Summary of ligament structural property prediction equations as a function of ligament
sub-volumes (Voly, Voly, Vols, Vols) defined by range of T»* values.

3.3.2 Signal Intensity Model Prediction

Of the signal intensity derived parameters studied, the best predictors of mechanical properties were a
linear combination of the whole ligament volume (VWs)) and the signal intensity (MGVs,) (Table [3.2)).
The R-squared values of the signal intensity prediction equations for maximum load, yield load, and linear
stiffness were 0.84, 0.92, and 0.88 respectively (p<0.001 for all) (Figure[3.4)). The 95% confidence limits
for these R-squared values of maximum load, yield load and linear stiffness were [0.80, 0.88]; [0.90, 0.94];
[0.85, 0.91], respectively. Standard errors for the prediction of maximum load, yield load, and linear

stiffness were 155 N, 75 N and 24 N/mm respectively (Table 3.2).

There was no overlap of the R-squared confidence limits between the T* and signal intensity models for
the maximum load prediction. For maximum load the T>* model displayed significantly higher R-squared
confidence limits than the signal intensity model. There was also no overlap of R-squared confidence
limits between the T,* and signal intensity models for the yield load prediction. In this case the signal

intensity model displayed significantly higher R-squared confidence limits than the T>* model. There was
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Figure 3.3: T>* model: (A) Actual versus predicted yield load (B) and actual versus predicted linear stiffness
plots calculated using the linear combination of Voli, Volz, Vol and Vols. The dotted lines represent
the 95% confidence intervals.
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Dependent Predictor R2 2 Standard Equation
Variable (Y) Term P R795% CL Error q
VWs <0.001 Max Load = 299.8 + (0.8 x VW) -
Max Load (N) 0.84 | [0.80,0.88] 155 N axtoa 8 +(0.8 x VW)
MGV, 0.006 (424.7 x MGVs)
VWs, <0.001 : - ;
Yield Load (N) 0.92 | [0.90,0.94] 75N Vield Load = 340.2 + (0.5 x VWs)
MGV, <0.001 (372.4 x MGVs))
. vw <0.001 .
Stiffness st Stiffness = 73.6 + (0.1 x VW) -
(N/min) 0.88 | [0.85,0.91] | 24N/mm (75.9 x MGVs)
MGV, 0.002

Table 3.2: Signal Intensity model: Summary of ligament structural property prediction equations as a function
of ligament whole volume (VWs)) and signal intensity (MGVs)).

a 100% overlap of R-squared confidence limits for linear stiffness with the T>* prediction interval nested

within the signal intensity model interval making them statistically equivalent (Table [3.1] & [3.2)).

3.4 Discussion

A non-invasive tool that can predict the biomechanical properties of a healing ligament would be highly
valuable in a research and clinical setting for evaluating outcomes of different ACL treatments. Our
objective was to develop a magnetic resonance (MR) method to predict structural properties of a healing
anterior cruciate ligament (ACL) using volume and T,* relaxation time. We found the linear combination
of the ligament sub-volumes defined by increasing T,* intervals (Voly, Voly, Vols, Voly) significantly

predicted structural properties of a healing porcine ACL at 52 weeks post-operatively.

There are two parameters that contribute to the structural properties of a ligament; 1) the amount of
tissue (as represented by the volume) and 2) the quality of the tissue (as represented by T,*). Using
a T,* histogram profile, each ligament was partitioned into four tissue sub-volumes with equal intervals
of increasing T»>*. In our regression model, we determined the relative proportions of the total ligament
volume made up of high quality tissue (Vol;) down to the lowest quality tissue (Vols) to determine how
these proportions contribute to the overall ligament structural properties. The amount of tissue with
a T,* value between 0-12.5 ms (Vol;) was found to be the most significant in predicting structural
properties (p<0.001; Table . This would be expected as highly organized tissue has been associated
with short To* values.[10] Contribution of this sub-volume to structural properties can be observed with
its associated slope in the prediction equations (Table . Per unit volume of Vol; (T,* values 0-12.5

ms), 1.55 N, 1.13 N, and 0.28 N/mm are contributed to maximum load, yield load and linear stiffness,
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Figure 3.4: Signal intensity model: (A) Actual versus predicted maximum load calculated using linear combination
of VW5 and MGVs,. The dotted lines represent the 95% confidence intervals. Gray shapes represent
transected ligaments while black shapes represent repaired ligaments. The highest (star, B), median
(square, C) and lowest (hexagon, D) maximum load ligaments and their corresponding histogram
profile are also represented with associated Sl first quartile (Q1), median (MGVs;, Q2) and third
quartile (Q3) summary statistics.
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respectively. Generally less organized tissue in the To* range of 12.6-25 ms (Vol,) contributed less to
structural properties per unit volume with 1.20 N, 0.04 N and 0.02 N/mm for maximum load, yield load
and linear stiffness respectively. While Vol,, Vols and Vol, were not found to be significant predictors in
this model (p>0.3) they were kept as terms in the model to accommodate a broader range of To* values
that would be expected with phases of healing earlier (<52 weeks) and to include the whole ligament
volume in the analysis. The composition of the voxels in Vols and Vols with higher ranges of T,* values

is likely a combination of less densely packed collagen fibrils and periligamentous tissue of scar formation.

Additional analyses were performed to determine the effect of partitioning the ligaments into more sub-
volumes (bins = 8) with smaller ranges of T,* intervals defining each sub-volume (see Supplement Table
3.3). The four-bin model was the simplest linear regression model that yielded relatively high R-squared

and low standard errors for determining structural properties when compared to other bin numbers.

The distribution of T»* values for each ligament was found to be bimodal and exhibited two discrete
peaks. The voxels in this first peak displayed a single T>* value of 0 ms. Presumably there is variability
in this tissue type, however the relaxation times approaching zero were too short to be acquired using our
current MR protocol. The impact of this first peak is relatively small, however, as the median percentage
of ACL voxels with To*=0 to the total number of voxels for the whole ACL was only 3.8% (1st Quartile
= 2.5%; 3rd Quartile =8.3%). Nonetheless, we know that the zero T,* values fall within the range of 0
and 4.8 ms. Despite not being able to capture the exact T,* value of the voxels under the theoretical
4.8 ms limit,[16] the current approach of partitioning or binning each ligament into four sub-volumes
based on the T,* ranges helps to reduce the effects of minor observation error and allows these voxels
to be accounted for in the prediction model. Unlike previous studies using a single average value for
volume, signal intensity, or T5;[7,23] quantifying sub-volumes (Vol;, Voly, Vols, Voly) of tissue (with
different levels of organization) based on their associated To* values offers a more detailed evaluation
of tissue composition and its relationship to structural properties. Models that neglect the heterogenous
composition of the healing ACL tissues do not account for the fact that these tissues likely have different
material properties. Additionally, the histograms of individual ligaments (Figure can be observed
for the contribution of the sub-volumes (Vol;, Voly, Vols, Voly) to the structural properties prediction.
The ligaments with the highest structural properties displayed larger sub-volumes of organized tissue
represented by low Ty* times (Voly), while ligaments with the lowest structural properties displayed

smaller sub-volumes of organized tissue (Figure [3.2).

The T2* model was found to be comparable to the original signal intensity prediction model. While the
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5 Predictor Term
. . P
papenes, | oo | Tinae | | qa | ook | s |conbutn e
(mm3)
Vol 0-6.25 0.304 1.76
Vol, 6.3-12.5 0.339 2.05
Vol; 12.6-18.75 0.766 -2.36
o | v | woz Lo | | oo |, [ B | et e e
Vols 25.1-31.25 0.621 " -16.26 x Voly) +(17.11 x Volg)
Volg 31.3-37.5 0.988 -0.64
Vol, 37.6-43.75 0.719 -16.94
Volg 43.8-50 0.697 17.11
Vol 0-6.25 0.14 3.17
Vol, 6.3-12.5 0.742 -0.81
Vol; 12.6-18.75 0.608 4.87
Vols 25.1-31.25 0.306 - -41.45 x Vol,) - (10.16 x Volg)
Volg 31.3-37.5 0.352 49.04
Vol, 37.6-43.75 0.737 -18.75
Volg 43.8-50 0.845 -10.16
Vol, 0-6.25 0.492 0.24
Vol, 6.3-12.5 0.357 0.42
Vol; 12.6-18.75 0.66 -0.74
e [ v e Lo || | [ e s e
Vols 25.1-31.25 | 0.137 : -11.33 Vol,) - (4.95 x Vols)
Volg 31.3-37.5 0.231 11.54
Vol, 37.6-43.75 0.911 1.10
Volg 43.8-50 0.597 -4.95

Table 3.3: Supplement 1: T,* 8 bin

model: Summary of ligament structural property prediction equations as
a function of ligament sub-volumes (Voly, Vol,, Vols, Vols, Vols, Vols, Volz, Volg) defined by range
of T»* values. First order multiple linear regression analyses (SigmaPlot 12.0; Systat Software Inc.,
San Jose, CA) were used to test the relationship between each ligament's sub-volume and respective
structural properties. The R-square values were reported as indicators of the relationship strength and
goodness of fit. None of the sub-volumes in the 8 bin analysis were found to be significant individual
contributors (p>0.3) to the model, indicating the sub-volume T>* intervals were too small to capture
the specific effect of the tissue volume or T»* values on structural properties. In comparison to the
eight bin model, the four bin model yielded similar high R-squared values and low standard errors for

determining structural properties but offered a simplier linear regression model.
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T>* model did not display higher R-squared values for all structural properties as hypothesized, the 100%
overlap seen in linear stiffness confidence limits between the T,* and signal intensity methods, along
with the marginal differences in maximum load and yield load confidence limits, suggest that these two

prediction models offer similar certainty when determining structural properties.

However, the T>* prediction model offers the benefit of using the T, * variable, which is an inherent tissue
property and much less sensitive to image acquisition parameters than conventional signal intensity data.
To* is influenced by susceptibility gradients at a microscopic level (reflecting the quantity and distribution
of free water) where signal intensity is influenced by sequence parameters and hardware effects that can
vary between scanners and even between scan sessions.[8] Furthermore, the Sl values must be normalized
to a standard in the field of view, in this case posterior femoral cortical bone. With the SI method, finding
an easy to identify and repeatable structure in the field of view, which is not potentially influenced by
treatment effects, is difficult. Conversely, T>* is an inherent tissue property so a normalization standard
is unnecessary, eliminating any associated confounding effects. Thus, T,*, with additional validation,
may provide a more consistent assessment of the healing ligament across scanners of the same magnet
strength than examination of signal intensity and could make the T,* predictions for scans performed

across scanning intervals, studies, and institutions readily comparable.

Our findings are supported by previous research showing that volume normalized to a different relaxation
time parameter (T,) correlates to ACL reconstruction graft structural properties.[23] However, this pre-
vious study was limited by a non-significant correlation between structural properties and T, values as
an independent quantifiable variable. The lack of correlation found between T, and structural properties
was likely the result of relatively long echo times (>10ms) used to collect T, and may have been too
long for gathering the short relaxation times of graft tissue.[24] Building on these earlier findings, the
current study found that by utilizing T,*, we were able to better capture the shorter relaxation times
that are inherent to organized structures such as ligaments and tendons.[10] Furthermore, we were able
to identify a significant individual contribution of T»>* in terms of ligament sub-volume defined by ranges
of To* values (see Supplement Figure [3.5)). Additionally, a study using Ultra-short echo time (UTE)
imaging found a correlation between level of collagen organization in the meniscus and To*. Short T,*
was correlated with more densely packed collagen fibers and longer T»>* values were associated with less
densely packed collagen and meniscal damage.[10] While our study did not utilize UTE imaging, tissues
with shorter To* values were linked to higher ligament structural properties. This suggests that To*
can serve as a proxy for tissue organization and remodeling can be identified with the MR methodology

presented herein.
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Dependent | Predictor 2 R295% Standard .
Variable (Y) Term P R CL Error Equation
Max Load i [0.31, Max Load = 1620.3- (97.2 x
MedianT,* 0.014 0.39 289 .
(N) 0.47] MedianT,*)
Yield Load i [0.45, Yield Load = 1333.8 - (81.3 x
MedianT,* 0.002 0.53 180 .

(N) 0.61] MedianT,*)
Stiffness . [0.37, Stiffness = 326.2 - (18.6 x
MedianT,* 0.006 0.45 48 .

(N/mm) 0.53] MedianT,*)

Table 3.4: Supplement 2: Whole ligament Median T>* correlation to structural properties. To test the contri-
bution of each ligament’s T>* values without the influence of volume, the T,* values of the whole
ligament were used to calculate the median relaxation time (Median T»*). First order linear regression
analyses were used to test the relationship between each ligament’s Median T>* and respective struc-
tural properties. The R-square and p-values were reported as indicators of the relationship strength.
In comparison to the 4 bin analysis, which considers each ligament's sub-volume defined by T>*
value, the R-squared values using only Median T,* value were lower and standard errors higher. This
finding indicates, as found with previous signal intensity studies,[7] that the four bin technique which
considers both ligament volume and T»* value offers a more complete evaluation of graft structural
properties than either property alone.

150
® |R2=0.39, SE=289 N|

10001

5001

Maximum Load (N)

MedianT2*

Figure 3.5: Supplement 3: Median ligament T,* versus actual maximum load. The dotted lines represent the
95% confidence intervals.
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This study was limited by the use of only two echo times which adds uncertainty to the determination of
relaxation time.[8] A two-point determination can overestimate relaxation time and is more sensitive to
SI variability.[8,25] However, the correlation analysis between the median T* and structural properties
incorporates the inter-specimen variability in T,*. Additionally, this approach served to limit scan time
(19 min), an important factor when developing a technique for clinical use. The standard errors for
the structural properties predictions are comparable to the previous methods using signal intensity,[7]
indicating an effective determination of T,* (Figure. A two point determination of T, has also been
used in cartilage imaging[15,26] to limit scan time and maximize resolution when considering geometry
was paramount, similar to the goal of our study. Further refinement of our imaging protocol could be
achieved by collecting additional shorter echo times, which would allow for improved certainty in the T,*
estimation using a nonlinear least-squares fit of voxel intensity versus echo time. Including additional
shorter echo times could minimize the population of tissue with a zero ms relaxation time and make
the To* estimation less sensitive to signal noise. Also, as with any MR study, the tradeoffs between
resolution, scan time and image acquisition parameters, such as echo time, must be considered.[26]
Due to the relatively small size of the healing ACL, the imaging protocol was optimized to reconstruct
the whole volume of the ligament, opposed to a single mid-substance slice,[3,23] and to minimize the
influence of partial volume effects. To minimize these concerns we employed high resolution 3-D MR
images with minimal voxel size (0.85x0.27x0.27 mm) and no slice gap (0 mm). Also, this study did
not include histological confirmation of tissue organization level within the healing ligament. However, a
previous meniscal study reported a link between T>* and collagen organization.[10] Lastly, the MR images
collected in this study were collected postmortem eliminating problems with motion artifact. Future work
will incorporate histological confirmation of tissue organization and evaluate the efficacy of using a T*

imaging method to predict structural properties in vivo for longitudinal studies.

The results reported here provide a critical step toward the improvement of a non-invasive method
for predicting the structural properties of a healing ligament for in vivo use. Furthermore, the use
of relaxation time instead of signal intensity specifically makes this approach independent of image
acquisition parameters and is the first step to making this approach comparable across institutions. This
will be advantageous for reducing the number of animals used in pre-clinical studies, and provide a

noninvasive outcome measure of ligament healing in multicenter clinical trials.
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Abstract

Magnetic resonance imaging (MRI) variables, such as T>* and volume, can predict the healing ligament
structural properties. How these MR variables relate to semi-quantitative histology of the healing ACL is
yet unknown. We hypothesized that T,* and volume would predict the histological scoring of a healing
ACL. Yucatan minipigs underwent ACL transection and received: bridge-enhanced ACL repair or no
treatment. The surgical legs were harvested after 52 weeks and imaged using a high resolution 2-echo
sequence. For each ligament the volume and median T,* values were determined. The ACL specimens
were then histologically analyzed using the advanced Ligament Maturity Index (LMI). The T,* of the
healing ligaments significantly predicted the Total LMI score as well as the Cell, Collagen and Vessel sub-
scores; R?=0.78, 0.67, 0.65, and 0.60, respectively (p<0.001). The ligament volume also predicted the
Total LMI score, Cell and Collagen sub-scores; R?=0.39, 0.33, 0.37, and 0.60, respectively (p<0.001).
A lower ligament T»* or a higher volume was associated with higher histological scores of the healing
ligaments. This study provides a critical step in the development of a non-invasive method to evaluate

ligament healing on a microscopic scale.
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4.1 Introduction

Current methods to evaluate ligament healing in animal models, such as histological evaluation or biome-
chanical testing, are crucial for tracking the healing response. However, these methods require biopsy
or destructive testing and are not conducive for in vivo assessment. Using non-invasive MR imaging to
evaluate graft maturation biomechanically, significant correlations were found between signal intensity
and structural properties of the ACL reconstruction graft in an animal model.[1,3,16] The combination of
both ligament/graft volume (amount of tissue) and signal intensity (tissue quality) significantly improved
those predictions.[3] However, signal intensity is not ideal to document ligament healing as it is dependent
on MR specifications, including manufacturer, acquisition parameters, and hardware effects that can vary

between scanners. [6]

To* relaxation time, another MR variable, correlates with the level of tissue organization,[5,12] is well
suited for imaging highly organized collagenous structures,[5,11,17] and is less sensitive to imaging pa-
rameters than signal intensity data.[6] Healing ligament volume, as defined by the distributions of T,*
relaxation times within that ligament, can provide a predictive model of structural properties, where
longer Ty* times are associated with lower structural properties.[2] Longer T>* values in the meniscus
were also found to be associated with worse biomechanical performance [11] and degeneration,[17] as
defined by collagen content accessed via histological grading. While these findings between T,* relax-
ation time and histological outcomes in the meniscus are promising, the relationship of healing ACL T,*
relaxation time with microscopic evidence remained unknown. More specifically, in both the research and
clinical settings, it would be advantageous to understand what histological factors contribute to shorter

To* times in the healing ACL.

The Ligament Maturity Index (LMI) has been used to assess histological sections of the early and late
stages of healing.[14,15] Recently the LMI scoring system was adapted for later stages in “ligamentiza-
tion”, where proliferation and remodeling of the tissue are more apparent. The adapted LMI assesses
a number of complex factors critical to late stage ligament healing. These factors are evaluated with

metrics, which form the Cell, Collagen and Vessel sub-scores and are then combined into the Total LMI

score (Table [4.1)).[15]

To date there have been no studies evaluating how T,* relaxation time and volume of a healing ligament
can predict histological scoring. The objective of this study was to test a non-invasive method for

predicting the histological outcomes of a bridge-enhanced ACL repair or a naturally healing ligament in a
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porcine model at 52 weeks of healing using T>* and volume. We hypothesized that MR derived measures
of T>* and volume would be significant predictors of the histological scoring of a healing ACL after 52

weeks of healing.

4.2 Methods

4.2.1 Animal Model

This controlled laboratory experiment was approved by the Institutional Animal Care and Use Commit-
tee. Fifteen Yucatan minipigs (approximately 15 months of age) underwent unilateral ACL transection
surgery as previously described.[13] Immediately following transection, eight of the animals received
bridge-enhanced ACL repair with an extracellular matrix-blood composite and seven were left untreated
to heal naturally without bridge-enhanced repair (ACL transection).[13] It should be noted that these
animals were part of another study evaluating the long-term effects of the bridge-enhanced ACL re-

pair.[2,13,15] At 52 weeks, all surgical knees were harvested and immediately imaged.

4.2.2 MR Imaging

All image data were acquired of the surgical knees using a 3T Siemens Tim Trio scanner (Erlan-
gen, Germany) using a 20cm volume extremity coil. T,* relaxation time was estimated using high-
resolution 3-D gradient echo (FLASH) data sets with parameters: TR=25ms, TE=7.36, 15.24ms (2
echoes), flip angle=12°, FOV=140mm, slice thickness=0.85mm (contiguous slices), reconstruction ma-
trix size=512x512, 3 averages, bandwidth=130Hz/pixel, and scan time=19 minutes.[2] The bridge-
enhanced repaired and naturally healing transected ligaments were manually segmented from the MR
images in both the coronal and sagittal planes using commercially available software (Mimics 13.1, Ma-
terialise, Ann Arbor, Michigan). 3-D models of the healing ligaments were then created.[3] The total
number of ligament voxels was used to determine the volume of the whole ligament (16.1 voxels equaled

one mm?3).
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Cell Sub-Score (total = 8 pts)

Collagen Sub-Score (total = 12 pts)

Vessel Sub-Score (total = 6 pts)

Criteria pts Criteria pts Criteria pts
Presence of inflammatory cells Width of bundles Density of blood vessels
Necrosis 0 No bundles 0 None present -1
Polymorphonuclear cells 1 Width less than 50 pm 2 more than 200% present 0
No inflammatory cells 2 Width greater than 50 pm 4 150%-200% present 1
Less than 150% present 2
Nuclear aspect ratio (NAR) of Bundle orientation with long axis of
fibroblasts ligament Vessel orientation with long axis of
No cells -1 No bundles -2 ligament
Average NAR less than 2 (round) 0 less than 50% oriented 0 No vessels oriented -2
Average NAR 2-4 1 50%-75% oriented 2 Less than 30% oriented -1
Average NAR greater than 4 (elongated) 2 75%-100% oriented 4 less than 50% oriented 0
50%-75% oriented 1
Nucleus of fibroblast aligned with Collagen Crimp 75%-100% oriented 2
fascicles and long axis of No crimp -2
ligament less than 25% crimp 0 Vessel maturity
No cells -2 25%-75% crimp 2 No vessels seen 0
Less than 30% of cells oriented -1 Crimp with normal length present 4 Capillaries only present 1
30%-50% oriented 0 Arterioles present 2
50%-75% oriented 1
75%-100% oriented 2
Number of fibroblasts
None -1
Greater than 2x normal 0
Between 1.5x and 2x normal 1
Less than 1.5x normal 2

Table 4.1: Criteria used to determine the advanced Ligament Maturity Index (LMI). The five regions from each
ligament were separately scored according to the cell, collagen and vessel criteria. The cell, collagen
and vessel sub-scores for each ligament were then determined by averaging the scores for each of the
five regions using the sub-scores respective criteria. The resulting cell, collagen and vessel sub-scores
for each ligament were then summed to determine the total LMI score representing the cumulative
indications of healing.
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4.2.2.1 T,* Estimation

Using previously described methods,[2] Matlab (R2012b; MathWorks, Natick, MA) code was used to

estimate T>* maps using the signal intensity (SI) relationship:[2,9]

_ (InSI, — InSL\ ™"
Tyx = <TE2 —E ) (4.1)

where Sl; and Sl; are the signal intensities corresponding to the echo times TE; and TE, where TE, >
TE; for each voxel. The ligament specific maps were produced by extracting the voxels corresponding to
the ligament from the T>* maps using the 3-D models created from the segmented images. The median
To* value was determined for each ligament volume and then compared to the ligament scoring metrics
as described below. The distributions of T* for each ligament were found to be lognormal and positively
skewed. Median T,* was used to represent the central tendency of each ligament as differences in the

median value would be representative of the entire ligament distribution.

4.2.3 Histological Scoring

Following imaging, the specimens were frozen and stored at -20 degrees Celsius until mechanical testing.
The knees were then prepared and mechanically tested to determine structural properties. [13,15] Follow-
ing biomechanical testing, knees were cut sagittally through the center of the ACL. Bone-ligament-bone
sections were formalin fixed, decalcified (DELTA-Cal, Delta Products Group, Aurora, IL), and paraffin
embedded. 7 pm thick sections were cut with a microtome, placed onto custom glass slides (Corning
75x50 mm Plain Microscope Slides, Corning Incorporated, Corning, NY), and stored at 4° C until stain-
ing with hematoxylin and eosin (H&E) or alpha-smooth muscle actin antibodies (SMA).[15] Cell density,
morphology, as well as collagen formation (evaluated under polarized light with a 137nm wavelength

filter) were assessed on the H&E slides, while SMA stained sections were used to determine vascularity.

Using the advanced LMI (Table, the sagittal sections from the central portions of the ligaments were
scored in five regions; Imm into the ligament from either tibial or femoral insertion site, and three regions
in between. When choosing the five regions for histological analysis, the examiner selected regions that
were free of synovium and not visibly deformed by biomechanical testing.[15] The five regions from each
ligament were separately scored according to the cell, collagen and vessel criteria. The cell, collagen

and vessel sub-scores for each ligament were then determined by averaging the scores for each of the
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five regions using the sub-scores respective criteria. The resulting cell, collagen and vessel sub-scores for
each ligament were then summed to determine the total LMI score, representing the cumulative effects
of healing (Table . All investigators were blinded to the treatment group for all histological and MRI
evaluations. Additionally, the intraclass correlation coefficient between examiners using the Ligament

Maturity Index has been shown to be greater than 0.90.[8]

4.2.4 Data Analysis

The repaired and naturally healing transected ligaments were grouped together and analyzed as a single
data set. First, single linear regression models were used to separately test the relationships between: 1)
ligament median T,* and histological scores and, 2) MR volume and histological scores (Total LMI, Cell

sub-score, Collagen sub-score, and Vessel sub-score).

Subsequently, both ligament median T,* and ACL volume were included in a multiple linear regression
model to predict the histological scores. For all regression equations, the R-square values and p-values
for the models were reported as indicators of the strength of the relationships. Individual p-values of the
independent variables in the multiple regression equation were used to assess the relative contribution of
ligament median T2* and volume to the prediction. 95% confidence intervals (Figure and standard
error (SE) (Tables and of the regression equations were also determined as a means to assess

the accuracy of the prediction equations.

4.3 Results

The median ligament T,* of bridge-enhanced repaired and naturally healing transected ligaments signif-
icantly predicted Total LMI score as well as Cell, Collagen and Vessel sub-scores; R2=0.78, 0.67, 0.65,
and 0.60, respectively (all p<0.001) (Figure 4.1} Table [4.2). The MR ligament volume was also a pre-
dictor of Total LMI score as well as Cell, and Collagen sub-scores; R?=0.39, 0.33, and 0.37, respectively
(p=0.012, p=0.025, and p=0.016) (Figure Table [4.2). Ligament volume only approached signifi-
cance for predicting the Vessel sub-score; R2=0.25, p-value=0.059 (Figure [4.1] Table [4.2). In general
a lower median ligament T>* or a higher ligament volume was associated with indications of healing or

higher histological scores of the repaired and transected ligaments (Figures[4.1] [4.3).
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Figure 4.1: The healing ligament histology scores (A- Total LMI, B- Collagen Sub-score, C- Cell Sub-score,
and D- Vessel Sub-score) as a function of ligament median T>* value (Al, B1, C1, and D1) and
volume (A2, B2, C2, and D2) in the linear regression models. Dashed lines represent 95% confidence
interval. The ligaments that received bridge-enhanced ACL repair are depicted with black circles and
ligaments that were transected and left to heal naturally are depicted with gray circles.
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T2*(ms)

T2*(ms)

Total LMI 23.2, Cell sub-score 8 Median T2* 10.0 ms

Figure 4.2: A) Example ligament histology image with a low total ligament score and cell sub-score (Total LMI
14.0, Cell sub-score 4.4). Arrows indicate cell nuclei not clearly aligned with longitudinal axis of
collagen fibers. Also note the collagen fibers lack a distinct longitudinal axis. B) The associated
T2* ligament map for the low total LMI histology image overlaid on the original DICOM image. C)
Example ligament histology image with a high total ligament score and cell sub-score (Total LMI
23.2, Cell sub-score 8). Arrows indicate cell nuclei aligned with longitudinal axis of collagen fibers.
D) The associated T»* ligament map for the high total LMI histology image overlaid on the original
DICOM image. Histology images are H&E stained at 40X magnification, scale bar indicates 20
microns. The color bars in the T>* maps represent the range of T»* values in the ligament with
the median T>* value for the ligament highlighted in red. The MR images are a sagittal view of
the femoral notch with the femur at the top of the image and the tibia at the bottom. For the MR
images shown TE = 7.36 ms.
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Collagen sub-score 6.4 Vessel sub-score 3.8
Median T2* 14.0 ms 4 Median T2* 10.3 ms

Collagen sub-score 10.4 Vessel sub-score 5.4
Median T2* 10.0 ms Median T2* 9.7 ms
5’*\‘.-7"3“'5‘\ \\“§§ ok B2 Ny, P ; 4

Figure 4.3: Al) Example H&E stained polarized image with a collagen sub-score of 6.4 and median ligament T>*

of 14 ms. Arrows indicate areas with collagen crimp not distinctly aligned with fiber longitudinal axis.
A2) Example SMA stained image with a vessel sub-score of 3.8 and median ligament T>* of 10.3
ms. Arrows indicate smooth muscle like actin rich muscularis layer around arterioles visible in the
interfascicular regions. B1) Example H&E stained polarized image with a collagen sub-score of 10.4
and median ligament T>* of 10 ms. Arrows indicate collagen crimp aligned with fiber longitudinal
axis. B2) Example SMA stained image with a vessel sub-score of 5.4 and a median ligament T>* of
9.7 ms. Arrows indicate smooth muscle like actin rich muscularis layer around arterioles visible in the
interfascicular regions. All histological images at 10X magnification, scale bars indicate 100 microns.
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Using ligament median T,* in conjunction with volume, the multiple linear regression model predictions
for Total LMI score as well as Cell, Collagen and Vessel sub-scores were marginally improved; R2=0.82,

0.70, 0.71, and 0.61, respectively (all p<0.001) (Table [4.3).

4.4 Discussion

A quantitative tool for assessing the healing of an ACL post-operatively could be valuable to both re-
searchers and clinicians. Ligament T,* and volume has been used to assess structural properties of a
healing ligament,[2] but has not yet been used to quantitatively assess ligament healing via histology.
In this study, the MR derived terms of median ligament T>* and volume significantly predicted the
semi-quantitative histological scores in healing bridge-enhanced repaired and natural healing transected
ligaments. In general, a shorter median T,* time and larger volume were associated with better histo-
logical outcome scores (i.e., improved healing) (Figure [4.2] [4.3). As expected, the MR ligament volume
was not as strongly associated with histological outcomes as median T,* as indicated by respective p-
values and R? values of the single regressions (Table . This difference in prediction strength between
median T,* and volume is likely due to the microscopic nature of the histological assessments. Few
of the histological evaluation criteria account for gross ligament size, while the majority of the criteria
relate to elements of tissue organization and remodeling and it is these factors that have been found
to effect To* times.[5,12,17] Furthermore, we found that by combining the median ligament T,* and
MR volume in a multiple regression equation (Table , the ability to predict the histological outcome
scores was only marginally improved as observed by the small R? increases between the single and the
multiple linear regression models. This marginal improvement in the multiple regression model is due
to the T,* term dominating the regression prediction and the volume data having a weaker association
with the histological outcome criteria, which can be observed by the higher individual p-values for volume

from the multiple regression analysis (Table [4.3)).

Using ligament median To* to predict the Total LMI score (R2=0.78, p-value<0.001) was stronger
than the T»* prediction of individual sub-scores (Cell R?=0.67, p-value<0.001; Collagen R2=0.65, p-
value<0.001; and Vessel R?=0.60, p—vaIue<0.001)(Tab|e. This difference in prediction strength is a
result of the cumulative nature of the Total LMI score, which accounts for the complexity of the cellular,
collagen and vascular aspects of the healing process for the whole ligament. Furthermore, the Total LMI
assesses healing throughout five different regions of the ligament, and as such, we would expect it to

relate to the median ligament T,*, a measure representing the whole ligament.
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Histology
. MR
Scoring Model Independent | Coefficient p-value SE ?f the R’
Dependant Variable estimate
Variable
- Median T.* -1.15 <0.001 1.4 0.78
Total LMI Single
Regression Volume 0.0069 0.012 2.3 0.39
: Median T.* -0.415 <0.001 0.7 0.67
Celi Sub-score Smgl(?
Regression Volume 0.002 0.025 1 0.33
Collagen Single Median T.* -0.49 <0.001 0.6 0.65
Sub-score Regression Volume 0.003 0.016 11 0.37
. Median T.* -0.25 <0.001 0.6 0.60
Vessel Sub-score R Smgl(?
egression Volume 0.001 0.059 0.7 0.25

Table 4.2: Summary of the healing ligament histology score single linear regression prediction equations as a
function of ligament median T>* value or volume.

Our findings align with a prior MR investigation looking at signal to noise quotient (a measure of SI)
in healing ACL grafts using an ovine model.[16] Qualitative histological assessment of graft healing was
found to be present with grafts displaying a lower S| and higher structural properties.[16] The qualitative
nature of the histological assessments in this previous study did not allow for a direct prediction analysis.
Building on these results, we found that by using T>* relaxation time we could predict a semi-quantitative
histological score (LMI) for assessing ligament healing and maturation. Additionally, the relationship
between our MR variable T»* and histological scores tells a similar narrative to the qualitative findings of
the previous ovine study. We found low T,* values were associated with greater cell density and collagen

organization where the previous study found similar histological results for grafts with low SI.

MR imaging has also been used to find a correlation between T,* and level of collagen organization
assessed with semi-quantitative histology in the meniscus. Short T,* times were identified with more
densely packed collagen fibers and longer T>* values were associated with less densely packed collagen
and meniscal damage.[17] While our study used a different means to acquire To* times, linking collagen
structure with shorter T»>* values aligns with the findings presented herein. This further suggests that
T,* can serve as a proxy for tissue organization and that remodeling in healing ligaments can be identified

with these MR methods.

Using only two echo times adds uncertainty to the determination of T,* by overestimating the relaxation

time value.[6,10] However, a two echo estimation has been shown to correlate with a six echo determina-
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Histology MR
Scoring Model Independent  Coefficient Individual  Regression SE ¢.)f the Regrefsmn
Dependant Variable p-value p-value estimate R
Variable
. Median T;* -0.99 <0.001
Total LMI Multi <0.001 0.8 0.82
Regress Volume 0.0027 0.106
: Median T;* -0.36 0.002
Cell Sub-score Multi <0.001 0.7 0.70
Regress Volume 0.0009 0.254
Collagen Sub- Mult Median Tz* -0.40 0.003
<0.001 0.8 0.71
score Regress Volume 0.0014 0.159
. Median T;* -0.23 0.006
Vessel Sub- Multi 2
<0.001 0.5 0.61
score Regress Volume 0.0004 0.500

Table 4.3: Summary of the healing ligament histology score single linear regression prediction equations as a
function of ligament median T>* value and volume.

tion of Ty*, indicating the T,* estimation used here captures the inter-specimen relative differences.[4]
Additionally, this approach served to limit scan time (19 min) and post-processing time, important factors
to consider for eventual clinical translation.[4,7,9] Histological scoring was performed after a freeze-thaw
cycle, to minimize potential differential effects of freezing on the histological findings of the ligaments
all knees were subject to the same freeze thaw protocol. Preceeding histological analysis, mechanical
testing was performed.[15] However, a quasi-static protocol was used to test the ligaments (ramp speed
20mm/min) allowing the testing to be halted once a drop in load occurred to avoid complete disrupution
of the ligament and to minimize irreversible changes during the mechanical testing. All ligaments in this
study failed within the midsubtance allowing histological assessment of the areas out side the area of
local disruption. It is also reasonable to assume that the failure testing did not alter cellular and vascular
content. For this study, we assumed that median graft T>* and volume were the only MR variables
that would account for LMI histologic scores. It is possible that other MR analyses, such as diffusion
weighted imaging to quantify fiber alignment, could improve correlations to histology. Lastly, the MR
images collected in this study were collected postmortem eliminating problems with motion artifact. Fu-
ture work will evaluate the efficacy of using a T>* imaging method to predict structural properties in vivo

for longitudinal studies.

In this study, median ligament T»>* and MR volume were found to be predictive of semi-quantitative

histological scores assessing healing of the ACL in a porcine model at 52 weeks post operatively. This
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study provides a critical step in the development of a non-invasive method to predict healing on a
microscopic level for bridge-enhanced repair. This technique may prove beneficial as a surrogate outcome
measure for healing and may have clinical implications for tracking post-operative changes with ligament

healing in patient cohort studies and randomized controlled trials.

71



4.5 Conflicts of interest

Two of the authors (MMM, BCF) have patents related to bridge-enhanced ACL repair.

4.6 Acknowledgements

This publication was made possible by Grant Numbers R01-AR056834, R01-AR0568345S1, R01-AR065462,
P20-GM104937 from the NIH, and the Lucy Lippitt Endowed Professorship. Its contents are solely the
responsibility of the authors and do not necessarily represent the official views of the NIH. The MR images
were acquired at the Brown MRI Research Facility (Providence RI). The authors gratefully acknowledge
the assistance of Elise Magarian, Patrick Vavken, Carla Haslauer of Children’s Hospital Boston; Lynn
Fanella, Erika Nixon and Edward Walsh of the Brown MRI Research Facility; David Paller, Ryan Rich,
and Sarath Koruprola of the Rhode Island Hospital Orthopaedic Foundation testing facility; and Andrew

Rohan of Brown University.

4.7 References

[1] Anderson, K., Seneviratne, A. M., Izawa, K., Atkinson, B. L., Potter, H. G., and Rodeo, S. A,
Augmentation of tendon healing in an intraarticular bone tunnel with use of a bone growth factor, Am

J Sports Med 29 (2001) 689-98.

[2] Biercevicz, A. M., Martha M Murray, Walsh, E. G., Miranda, D. L., Machan, J. T., and Fleming,
B. C., T2 * MR relaxometry and ligament volume are associated with the structural properties of the

healing ACL, J Orthop Res 32 (2014) 492-9.

[3] Biercevicz, A. M., Miranda, D. L., Machan, J. T., Murray, M. M., and Fleming, B. C., In Situ,
Noninvasive, T2*-Weighted MRI-Derived Parameters Predict Ex Vivo Structural Properties of an Anterior

Cruciate Ligament Reconstruction or Bioenhanced Primary Repair in a Porcine Model, Am J Sports Med

41 (2013) 560-566.

[4] Biercevicz, A. M., Walsh, E. G., Murray, M. M., Akelman, M. R., and Fleming, B. C., Improving the

clinical efficiency of T2* mapping of ligament integrity, J Biomech 47 (2014) 2522-2525.

72



[5] Chavhan, G. B., Babyn, P. S., Thomas, B., Shroff, M. M., and Haacke, E. M., Principles, Tech-
niques, and Applications of T2*-Based MR Imaging and lts Special Applications, Radiographics 29
(2009) 1433-1449.

[6] Deoni, S. C. L., Williams, S. C. R., Jezzard, P., Suckling, J., Murphy, D. G. M., and Jones, D. K.,
Standardized structural magnetic resonance imaging in multicentre studies using quantitative T1 and T2

imaging at 1.5 T, Neurolmage 40 (2008) 662—671.

[7] Dunn, T. C., Lu, Y., Jin, H., Ries, M. D., and Majumdar, S., T2 Relaxation Time of Cartilage at MR

Imaging: Comparison with Severity of Knee Osteoarthritis, Radiology 232 (2004) 592-598.

[8] Fleming, B. C., Proffen, B. L., Vavken, P., Shalvoy, M. R., Machan, J. T., and Murray, M. M.,
Increased platelet concentration does not improve functional graft healing in bio-enhanced ACL recon-

struction, Knee Surg Sports Traumatol Arthrosc (2014).

[9] Haacke, E. M., Brown, R. W., Thompson, M. R., and Venkatesan, Magnetic resonance imaging:

physical principles and sequence design., (A John Wiley and Sons, New York, NY, 1999).

[10] Kingsley, P. B., Ogg, R. J., Reddick, W. E., and Steen, R. G., Correction of errors caused by imperfect
inversion pulses in MR imaging measurement of T1 relaxation times, Magnetic Resonance Imaging 16

(1998) 1049-1055.

[11] Koff, M. F., Shah, P., Pownder, S., Romero, B., Williams, R., Gilbert, S., et al., Correlation of
meniscal T2* with multiphoton microscopy, and change of articular cartilage T2 in an ovine model of

meniscal repair, Osteoarthr Cartil 21 (2013) 1083-1091.

[12] Krasnosselskaia, L. V., Fullerton, G. D., Dodd, S. J., and Cameron, |. L., Water in tendon: orienta-

tional analysis of the free induction decay, Magn Reson Med 54 (2005) 280-288.

[13] Murray, M. M., and Fleming, B. C., Use of a bioactive scaffold to stimulate anterior cruciate ligament

healing also minimizes posttraumatic osteoarthritis after surgery, Am J Sports Med 41 (2013) 1762-1770.

[14] Murray, M. M., Spindler, K. P., Ballard, P., Welch, T. P., Zurakowski, D., and Nanney, L. B.,
Enhanced histologic repair in a central wound in the anterior cruciate ligament with a collagen-platelet-

rich plasma scaffold, J Orthop Res 25 (2007) 1007-1017.

73



[15] Proffen, B. L., Fleming, B. C., and Murray, M. M., Histological Predictors of Maximum Failure
Loads Differ Between the Healing ACL and ACL Grafts After 6 and 12 Months In Vivo, Orthop J Sports
Med 1 (2013) Epub.

[16] Weiler, A., Peters, G., Maurer, J., Unterhauser, F. N., and Sidkamp, N. P., Biomechanical properties
and vascularity of an anterior cruciate ligament graft can be predicted by contrast-enhanced magnetic

resonance imaging. A two-year study in sheep, Am J Sports Med 29 (2001) 751-761.

[17] Williams, A., Qian, Y., Golla, S., and Chu, C. R., UTE-T2% mapping detects sub-clinical meniscus

injury after anterior cruciate ligament tear, Osteoarthr Cartil 20 (2012) 486-94.

74






Chapter 5

Improving the Clinical Efficiency of

To* Mapping of Ligament Integrity

Alison M. Biercevicz, Edward G. Walsh, Martha M. Murray,

Matthew R. Akelman, Braden C. Fleming

The following chapter was published as a short communication in the Journal of Biomechnanics.

2014 July; 47(10): DOI: 10.1016/j.jbiomech.2014.03.037 [PMID: [24792580]

76


http://www.ncbi.nlm.nih.gov/pubmed?term=24792580

Abstract

Current MR methods use T»* relaxation time as a surrogate measure of ligament strength. Currently,
a multi-echo voxel-wise least squares fit is the gold standard to create T>* maps; however, the post-
processing is time-intensive and serves as a stopgap for clinical use. The study objective was to determine
if an alternative method could improve post-processing time without sacrificing fidelity of To* values for
eventual translational use in the clinic. Using a 6 echo FLASH sequence, three different methods were
used to determine intact posterior cruciate ligament (PCL) median T*. Two of these methods utilized
a voxel-wise method to establish To* maps: 1) a current "gold standard" method using a voxel-wise
6 echo least-squares fit (6LS) and 2) a voxel-wise 2 echo point To* determination (2MM). The third
method used median ligament signal intensity and a single nonlinear least-squares fit (6LSro)) instead of
a voxel-wise basis. The resulting median T>* values of the PCL and computational time were compared.
The median To* values were 42% higher using the 2MM compared to the 6LS method (p<0.0001).
However, a strong correlation was found for the median T,* values between the 2MM and 6LS methods
(R?=0.80). The median T,* values were not significantly different between the 6LS and 6LSro; methods
(p=0.519). Using the 2MM (which provides a regional map) and the 6LSgo| (which efficiently provides
the median T,* value) methods in tandem would take only minutes of post-processing computational
time compared to the 6LS method (~540 minutes), and hence would facilitate clinical application of Ty*

maps to predict ligament structural properties as a patient outcome measure.

Keywords: T,* relaxometry, MRI, Posterior Cruciate Ligament
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5.1 Introduction

Non-invasive evaluation of a ligament's structural properties using magnetic resonance imaging (MRI)
would be valuable for quantifying tissue healing in research and clinical settings. Current methods use
either signal intensity (SI) [1] or T2* relaxation time [2] as surrogate measures of ligament strength.
While SI measures have been successfully used to predict ligament strength in terms of structural prop-
erties (maximum load, yield load, linear stiffness) [1,12], these SI measures are dependent on MR scan
parameters and can vary between scan sessions and manufacturers, making cross-institutional studies or

development of a universal assessment standard difficult [3].

Alternatively, To* is an inherent tissue property, is less sensitive to scan parameters, and has been shown
to be reproducible across similar strength magnets and sites [3]. However, current T>* methods involve
acquiring multiple-echo sequences at high-resolution. These three-dimensional, high-resolution images
are essential for accurately characterizing small structures like the posterior cruciate ligament (PCL).
In a research setting, T>* maps generated from these high-resolution images are critical for identifying
potential pathology and mapping regional variations as they relate to the biomechanical properties within
a ligament [2]. Currently, a voxel-wise multi-echo least squares fit is the gold standard to create T>* maps
[6]. Multi-echo least squares fit relaxometry maps have been proven to be accurate, minimally sensitive to
noise [7] and helpful to visualize regions of interest (ROI). Unfortunately, the post-processing associated
with a least-squares fit is time-intensive and thus difficult to implement clinically. While post-processing
time can be reduced by decreasing total voxel number, high resolution scans are required to properly
characterize small ligament structures. However, the T,* fitting function could be modified to make it
time appropriate for a clinical setting without decreasing resolution. One method would be to use only
two echo times [6], allowing for the point determination of T* using matrix math (2MM), which would
be many magnitudes faster than the least squares fit algorithm [2,4]. However, two-point estimations

have been shown to overestimate relaxation times [3,8].

A completely different method is theoretically possible. For most relaxometry studies, a ROl is extracted
from the full field of view (FOV) T2* map and simple summary statistics (such as median and quartiles)
are used to summarize the ligament T,* values. These summary statistics are important as quantifiable
surrogate measures of structural properties [2,9] and to characterize tissue homogeneity. However, the
summary is done after the time-intensive post-processing required to generate the T* maps. A different
method would be to extract the median ligament Sl for the ROl at each echo time and then use a

nonlinear least-squares fit to directly calculate median T,* from the ROl median Sl values (6LSgo))

78



5]. Despite being many magnitudes faster than the voxel-wise gold standard method, this T>* post
[ p g many mag g p

processing approach needs to be validated for ligament tissue on a 3T magnet.

The purpose of this study was to validate two alternative methods of To* determination (2MM and
6LSrol) in comparison to a current gold standard (6LS) by determining the differences in fidelity and
post-processing time between the methods. We hypothesized that there would be a strong correlation
between median T,* values for 2-echo point estimation (2MM) and voxel-wise six-echo nonlinear least
squares fit gold standard (6LS). We also hypothesized that there would be no significant difference
between the gold standard (6LS) and ROl (6LSgoi) median T* values for each ligament, and that there
would be a strong correlation between gold standard (6LS) and 6LSgo T2* quartile values. These two
alternative approaches (2MM and 6LSgo)), used in tandem, would take significantly less post-processing
time than the gold standard, and could be combined to offer a tool for assessing ligament structural

properties.

5.2 Methods

With IACUC approval, 12 adult sheep underwent unilateral ACL transection surgery followed by bio-
enhanced ACL repair as previously described [10]. After 20 weeks of healing, the animals were euthanized

and the knees were harvested.

5.2.1 Imaging

Using the FLASH sequence, a high resolution three-dimensional data set, utilizing 6 echo times, (TR/TE/FA,
33/4.3,7.3,10.2, 13.1, 16.0 & 18.9/ 17°; FOV, 180 mm; matrix 512X512, slice thickness/gap, 0.8mm/0;
avg 1; bandwidth 407) was acquired of the injured knee on a 3T scanner (Siemens Trio), immediately
after limb harvest. The total scan time was 19 minutes. The intact PCL in the operative joint was then
segmented from the image stack (Mimics 15.0; Materialize, Ann Arbor, MI) and three-dimensional mod-
els were created [1,2] to establish ligament ROI. To create a worst-case scenario for detecting differences
in the computation of T>* across the three different computational methods, the intact PCL was chosen
as a standard of comparison to reduce variability in the MR variables T,* and volume. The same MR
data set, ROls, programming language (MatLab: MathWorks, Natick, MA) and computational hardware

(Intel Xeon E5540 Processor, 2 Cores, 2.53 GHz, 16 GB RAM, OSCAR High-Performance Computing
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Cluster, Brown University) were used for all 3 post processing methods to determine T* of the intact

PCL.

5.2.2 Post processing T,>* determination
5.2.2.1 Gold standard: 6 echo least squares fit To* Map (6LS)

For the gold standard T>* map, a voxel-wise nonlinear least-squares fit of voxel Sl versus echo time for

To* estimation (6LS) was used. Sl from all six echo times along with the Sl relationship,

SI(TE) = Mye TE/T=* 4 DC (5.1)

where SI(TE) are the voxel specific Sls for the various echo times (TE). The three fit parameters are
Mo (equilibrium magnetization), T>* and the DC offset (DC), which were used for the least squares fit

estimation of T* [6].

5.2.2.2 Two Echo determination T>* Map (2MM)

For the first alternative method, Sl from the 7.3 and 16.0 ms echo times [2] (TE) along with the SI

relationship, [6]

_ (InSI, — InSL,\ ™"
Tox = <TE—TE> (5:2)

where Sl; and Sl, are the Sls corresponding to the echo times TE; and TE> and where TE, > TE; for
each voxel, was used for a 2-point estimation of To*. The PCL voxels were extracted from both the 2MM
and 6LS maps using the ligament ROIs (Figure . From these ligament specific maps, histograms of
the voxel-wise T* were plotted for both the 6LS and 2MM method. From each ligament's histogram,

summary statistics (median, 1st quartile and 3rd quartile) were calculated for the 6LS and 2MM methods.
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5.2.2.3 Sl Region of Interest Median T,* (6LSgro)

For the second alternative method, the S| voxels corresponding to the ligament were extracted from all
6 echo times using the ligament ROIs. The S| summary statistics were then calculated for each ROI at

each echo time. The median S| summary statistic along with the relationship,

SInsedian(TE) = Mge™ TE/T2xacaian 4 DO (5.3)

where Sliedian represents the median ROI Sl for the various echo times (TE), and the three fit parameters
are the ligament's median Mg, T»* and DC offset (DC), were used for a least squares fit estimation of

median T,*. The same was done for the first and third quartile T,* summary statistics.

5.2.3 Statistics

The statistical differences of the summary statistics between the 2MM and 6LS methods, as well as
between the 6LS and 6LSgro| were tested using paired t-tests with Bonferroni correction. The linear
relationships between the 2MM and 6LS methods and between the 6LSgo; median T»>* and the 6LS were
tested using linear regression. Finally, as a general measure of clinical feasibility, the processing time was

compared between methods.

5.3 Results

The To* values (median, 1st quartile and 3rd quartile) were significantly higher with the 2MM method
than the 6LS method (p<0.0001) (Figure [5.1} Table 5.1)). The median T>* value of the 2MM method
was, on average, 41.9% greater than that of the 6LS method. There was a strong linear relationship
between the 2MM and 6LS median T»* values (p<0.0001) (R?= 0.80) (Figure Table [5.1). A full
FOV T>* map was not available with the 6LSgo; method because the T,* values were not calculated
on a voxel-wise basis. The median T,* values were not significantly different between the 6LS than
the 6LSro; methods (p=0.519) (Table Figure 5.1). The 1st and 3rd quartile To* values were
significantly different between the 6LS and the 6LSgo; method (p<0.001), and had a strong linear

relationship (p<0.0001 for both) (R?= 0.88 and 0.66 respectively) (Table . The average processing
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time for the 6LS, 2MM and 6LSgos methods was ~540, < 1, < 1 minutes, respectively (Figure[5.1] Table
5.1).

5.4 Discussion

As expected [3], the median and quartile T>* values for the 2MM method were significantly higher than
the 6LS method, due to the natural log and exponential forms of the 2MM and 6LS methods, respectively.
This indicates the absolute T»>* values derived from the 2MM method will be overestimated compared
to values derived using a least squares fit function. However, the highly significant correlation between
the 2MM and the 6LS (gold standard) methods (Figure [5.2) indicates the the two methods offer similar
relative insight into tissue integrtiy. This signifies that the relative distribution of T,* values in the 6LS
generated map can be visualized with the 2MM map [2]. This could make the 2MM T,* maps helpful

for identifying potential pathology and regional variations as they relate to the biomechanical properties

within a ligament (Figure [5.1)).

As hypothesized, there was no statistical difference between T>* median values for the 6LS and 6LSrg,
methods, signifying the 6LSro; method could be used to calculate a median To* value for a ligament.
While the quartile values were statistically different between the 6LS and 6LSgro; methods, the strong
linear relationship between them (R2:0.88 and 0.66 for Q1 and Q2, respectively) indicates that the
findings seen with the gold standard 6LS method would be observed with the 6LSro; method. This
strong linear relationship is critical because ROI statistics provide another tool for characterizing structural

properties [1], homogeneity and potential pathology within a tissue.

At approximately 540 minutes, the magnitude of computational time for the gold standard method
would be a stop gap for transitioning this method to both clinical and research settings. Seperately, the
2MM and 6LSgo| methods, despite being computationally efficent (< 1 minute), have limitations. The
2MM, while having an inter-specimen relationship similar to the gold standard, overestimates T,*, while
the 6LSgroimethod does not provide a To* map for viewing pathology within a ligament. However, as
previously mentioned, the strong linear relationship between the median Ty* values for the 2MM and 6LS
methods indicates that the predictable difference between their To* values could make the 2MM method

effective for viewing relative regional variations within structures (Figure [5.1]). Therefore, a combination
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Figure 5.1: Example T»* histograms and sagittal ligament ROl maps of the intact PCL, A) determined using
a voxel-wise 6 echo least squares fit (6LS) and B) determined using a voxel-wise 2 echo point
determination (2MM). C) Median, Q1, Q3 T>* determined using the 6LSgroi method, no histogram
or map available with this method.
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Figure 5.2: Linear regression of 2MM median T>* values vs 6LS median T>* values

of the 2MM method (which provides the regional map for viewing pathology and quality control) and
the 6LSgro; protocol (which provides the median To* value for quantifying tissue integrity) could provide

clinics with a powerful ligament structural properties assesment tool requiring minimal computational

time.
Summary Relationship Paired t -test R?
Stat
Median 2MM/as (P<0.001)* 0.8 (P <0.001)
Median 6LS g1 /6LS (P =0.519) 0.84 (P < 0.001)
Q1 6LS g0 /6LS (P<0.001)* 0.88 (P <0.001)
Q3 6LS g0 /6LS (P<0.001)* 0.66 (P <0.001)

*Statistically significant differences

Table 5.1: Summary Statistics for different T>* determination methods comparison.
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This study is limited in that the images were acquired post mortem. Future work will evaluate how
this relationship changes in vivo. Additionally, the post processing times would vary due to computer
hardware, processing software and code optimization. However, even with increases in computational
speed or efficency, the time for 6LS method will remain orders of magnitude longer, reducing its clinical
feasibility. Furthermore, 6 echos were chosen to perform the multi-echo least-squares fit, though previous
relaxometry studies can vary from 2 to 12 or more echos [4,11]. 6 echos was chosen as the gold standard

to balance accuracy, scan time (19 minutes/specimen) and post-processing time.

Assessing To* values of a ROl to determine ligament structural properties is very useful in a research
setting [9,13]. However, time intensive post processing could stop translation to clinical use. While the
application of the 2MM and the 6LSromethods are by themselves limited, using a combination of the
2MM map and the 6LSgro| median Ty* values (combined post processing time < 2 minutes) instead of
the traditional voxel-wise 6LS method (post processing time ~540 minutes) could be a viable option to

improve processing time and could be valuable clinically.
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Abstract

The combination of healing anterior cruciate ligament (ACL) volume and the distributions of To* re-
laxation times within it have been shown to predict the biomechanical failure properties in a porcine
model. This MR-based prediction model has not yet been used to assess ligament degeneration in the
aging human knee. Using a set of 15 human cadaveric knees of varying ages, we obtained in situ MR
measures of volume and Ty* of the intact ACL and then related these MR variables to biomechanical
outcomes (maximum and yield loads, linear stiffness) obtained via ex vivo failure testing. Using volume
in conjunction with the median T,* value, the multiple linear regression model did not predict maximum
failure load for the intact human ACL; R2=0.23, p=0.200. Similar insignificant results were found for
yield load and linear stiffness. Naturally restricted distributions of the intact ligament volume and T,*
(demonstrated by the respective Z-scores) in an older cadaveric population were the likely reason for the
insignificant results. These restricted distributions may negatively affect the ability to detect a correla-
tion when one exists. Further research is necessary to understand the relationship of MRI variables and
ligament degeneration. While this study failed to find a significant prediction of human biomechanical
outcome using these MR variables, with further research, an MR-based approach may offer a tool to

longitudinally assess changes in cruciate ligament degradation.

Keywords: MRI, ligament degneration, ACL, structural properties, biomechanics
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6.1 Introduction

Osteoarthritis (OA) is a degenerative condition that affects articular cartilage as well as other structures
of the joint, including the anterior cruciate (ACL) and posterior cruciate ligaments (PCL) [8,18]. Total
knee arthroplasty (TKA) is the most common surgical intervention to treat advanced stages of OA, where
it is common to remove the ACL and PCL [5,6]. The newest TKA implant designs allow retention of
both ACL and PCL; thus, it would be beneficial to non-invasively assess the structural integrity of the
cruciates by predicting their biomechanical properties in order to inform surgical decision making in the

selection of prostheses for patients undergoing TKA.

Using MR images, it has been shown that the combination of ligament volume (amount of ligament tissue)
and signal intensity (surrogate of tissue quality) is predictive of the biomechanical failure properties of a
healing ligament in a porcine model [3,16]. More recently, the combination of healing ligament volume
and the distributions of T,* relaxation times within the ligament have been found to provide a more

robust prediction model of the structural properties [2].

To date this MR-based prediction model has not yet been used to assess ligament degeneration in the
aging knee. Using human cadaveric knees, the objectives of this study were to obtain in situ MR measures
of volume and T,* of the intact ACL and to relate these variables to biomechanical failure outcomes
(maximum and vyield loads, linear stiffness) obtained ex vivo. We hypothesized that the MR values of
volume and T,* of the intact ACL would predict the ligament structural properties. Such an MR-based
approach would offer a valuable tool to longitudinally assess changes in cruciate ligament degeneration,

and to assess cruciate ligament integrity when selecting TKA prosthesis type.

6.2 Methods

6.2.1 Cadaveric Specimens

Fifteen frozen human cadaver knees (5 female and 10 male, Table[6.1]) were thawed to room temperature
and imaged in situ. The age distribution (range 24-76) was selected to capture a range of ligament
degeneration states, as the structural properties of the ligament have been shown to decrease with age

[18]. After MR imaging the specimens were frozen until mechanical testing.
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6.2.2 MR Imaging

All image data were acquired using a 3T Siemens Tim Trio scanner (Erlangen, Germany) using a 20cm
volume extremity coil. High-resolution 3-D gradient echo (FLASH) data sets were obtained with pa-
rameters: TR=33ms, TE=4.3, 7.3, 10.2, 13.1, 16ms (6 echoes), flip angle=17°, FOV=180mm, slice
thickness=0.8mm, reconstruction matrix size=512x512, slice thickness=0.8mm (contiguous slices), sin-
gle average, and bandwidth=407Hz/pixel [2]. The intact ACLs were manually segmented from the image
stack by one examiner with 5 years of experience and 3-D models of the ligaments were created (Mimics
15.0; Materialize, Ann Arbor, MI) [2,3]. MatLab (MathWorks, Natick, MA) was used to determine T,*

maps of the ACL for each knee.

6.2.2.1 Post Processing: Intact Ligament T,* determination

To create the To* map for each knee, a voxel-wise nonlinear least-squares fit of voxel signal intensity (SI)

versus echo time was used. Sl from all six echo times along with the Sl relationship,

SI(TE) = Mye TE/T=* 4 DC (6.1)

where SI(TE) are the voxel specific Sls for the various echo times (TE), was used to estimate To*. The
three fit parameters Mg (equilibrium magnetization), T>* and the DC offset (DC), were used for the least
squares fit estimation of To* [4,10]. To isolate ligament specific To* values, the voxels corresponding
to the ligament were extracted from the T>* maps using the 3-D models created from the segmented
images [2,3]. Summing the total number of ACL voxels provided an estimate of the whole ligament

volume (VOL) (10.2 voxels equaled one mm?).

6.2.3 Structural Properties

An established tensile testing protocol was used to determine the structural properties of the intact ACLs
[14]. The specimens were thawed to room temperature. The proximal end of the femur and the distal

end of the tibia were potted in PVC pipe using a urethane resin (Smooth-On, Easton, Pennsylvania). The
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joint was carefully dissected, leaving only the femur-ACL-tibia complex intact. Using a servohydraulic
material testing system (MTS 810; Prairie Eden, MN), tensile loads were applied at 20 mm/min to failure
[14]. The entire tensile load-displacement curve was recorded until a precipitous drop in load occurred.
The maximum load, yield load, and linear stiffness values of the ligaments were calculated from the

load-displacement data.

6.2.4 Statistics

Linear regression models were used to separately test the relationships between ligament: a) MR volume
and structural properties and, b) To* and structural properties. Subsequently, both ligament volume and
To* were included in a multiple linear regression model to predict the structural properties (SigmaPlot
12.0; Systat Software Inc., San Jose, CA)(Figure . The R-square, standard error and p-values were
reported as indicators of the relationship strength and goodness of fit. Descriptive statistics such as
maximum, minimum, median, 25, 75% confidence intervals and kurtosis (a variable indicating the level
of data clustering) [1] were used to assess the shape and distribution of the independent variables (volume,
median T>*) (Figure[6.2] Table[6.3). To visualize the shape and distribution of the independent variables,
volume and median ligament T>* were transformed to Z-scores and plotted as histograms (Figure [6.2)).

Z-scores indicated the number of standard deviations from the mean of a data set a data point is [1].

6.3 Results

6.3.1 Regression Prediction Model

The volume of intact human cadaveric ACLs did not significantly predict maximum failure load R?=0.19,
p=0.100 (Figure ).The median T,* value also did not predict maximum failure load, R?>=0.06,
p=0.380 (Figure B). Using volume with the median T>* value, the multiple linear regression model
did not predict maximum failure load for the intact human ACL; R?=0.23, p=0.200) (Figure )
Similar insignificant results were found for yield load and linear stiffness (Table .
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Figure 6.1: A) The ligament maximum load as a function of ligament volume and B) ligament maximum load
as a function of ligament median T>* in linear regression models. C) Actual ligament maximum
load versus predicted ligament maximum load determined using a multiple regression model as a
function of the linear combination of ligament volume and median T,*. Dashed lines represent 95%
confidence interval. Maximum load prediction equations for the intact ACLs as a function of volume
(VOL), median T>*, and the linear combination of VOL and median T>* are inlaid in the graphs.
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Figure 6.2: Histograms of human cadaveric intact ligament Z-scores of (A) volume and (B) median T2*.

Max Min Median 25% CI 75% CI
Age (years) 76 24 54 42 62
Height {inches) 72 62 68 67 71
Weight (Ibs) 200 87 170 125 180
BMI 33 13 23 19 27

Table 6.1: Human Cadaveric Demographics for 5 women and 10 male specimens.
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6.3.2 Summary Statistics

The median (maximum-minimum) values for ligament volume, median T,* and maximum load were
1382.5 mm? (2750.2-283.3 mm?), 13.1 ms (17.7-10.6 ms), and 706.8 N (1696.6-248.0 N), respectively.
The 25 to 75% confidence intervals for ligament volume, median T,*, and maximum load, were 1087.6-
1605.3 mm?3, 11.8-14.8 ms, and 488.6-1046.0 N, respectively. The kurtosis values for ligament volume,
median T,*, and maximum load were 3.2, -0.7, and 0.3, respectively (Figure Table . Summary

statistics for yield load and linear stiffness can be seen in Table [6.3]

Depe.ndant Independent Variable R Regression Prediction Equation
Variable p-value
Yield Load (N) voL 0.18 0.111 Yield (N) = 296.7 + (0.3 X VOL)
Yield Load (N) Median T,* 0.05 0.437 Yield (N) = 1262.9 - (39.2 X T,* Median)
Yield (N) = 738.4 + (0.3 X VOL) - (31.2 X T,*
Yield Load (N) |  VOL & Median T,* 0.21 0.238 ield (N) (0.3 ) 2
Median)
Stiffness voL 0.00 0.972 Stiff (mm/N) = 106.3 + (0.00 X VOL)
/] ) ) =106.3 + (0.
Stiffness Median T,* 0.14 0.176 Stiff (mm/N) = 188.0 - (6.0 X T,* Median)
(N/mm)
Stiffness o Stiff (mm/N) = 191.4 - (0.00 X VOL) - (6.0 X
(/o] VOL & Median T, 0.14 0.413 1.* Median)

Table 6.2: Summary of the yield load and linear stiffness equations for human cadaveric intact and ACLs as a
function of volume (VOL), median T>*, and the linear combination of VOL and median T»*.

6.4 Discussion

The linear combination of ligament volume and median T,* value did not significantly predict the struc-
tural properties of the ACL in this human cadaveric model. This could be due to the naturally restricted
variability of the data in the cadavers tested. The majority of the specimens fell in the volume range
of 1087.6-1605.3 mm?* (25-75% confidence interval, Table limiting the distribution of data to test
the prediction. This was shown by the kurtosis value (3.2, Table ,which indicated a high level of
data clustering [1]. Z-scores of the volume measure also showed a restricted variability of the data set.
Twelve of the 15 ligament specimens were less than 1 standard deviation away from the mean for the
volume data set (Figure . Distributions of the T,* Z-scores also showed restricted variability, with 10
of the 15 ligaments being less than 1 standard deviation away from the mean for the distribution. These

kurtosis and Z-score statistics indicate that the volume and T,* distributions were naturally restricted,
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which can negatively affect the ability to detect a correlation when one exists and decrease the statistical

power [7,12].

A previous study looking at porcine transected and reconstructed ligaments found that the linear com-
bination of volume and T>* significantly predicted the healing ligament structural properties [2,3,16]. In
this previous study, there were two different treatment groups of actively healing ligaments that resulted
in a large range of evenly distributed volume and T,* data with little to no observed clustering [2]. This
stands in contrast to the current human cadaveric study, where a small intact ligament volume was rare
and the intact ligaments were not actively healing, leaving the volume and T,* distributions naturally re-
stricted. Naturally restricted distributions of MR variables observed in the intact ACL of a porcine model
were also found to have a similar insignificant ability to predict structural properties when compared to a
proven prediction in a healing ACL porcine model [3](See Appendix @ While the MR variables did not
significantly predict structural properties, there was evidence that high volume and short T>* times were
associated with higher structural properties. When the specimens were split into a low failure and high
failure group (<700 N, n=7 and >700 N, n==8, respectively) and tested for differences in volume and
median T,* using a one way ANOVA, we found the specimens in the high failure group had significantly
lower T>* values in comparison to the low failure group (12.5 vs 14.7 ms, p-value=0.048). Although the
high failure group tended to have larger volumes (1505 vs 1182 mm?3, p-value= 0.261), the difference

was not significant.

Age negatively correlates to the structural properties of the intact cadaveric ACL; however, this correlation
becomes insignificant in specimens over 48 years [15, 18]. Our cadaveric population was clustered around
50 years (25-75% confidence interval 42-62 years, Table, indicating our specimens fell in a similar age
bracket where volume and T>* would not have the ability to predict structural properties. This further
suggests the age of our test sample (clustered around 50) may not have been ideal to capture enough

variability in the volume and T,* distributions to detect a correlation to structural properties.

Variahle Max Min Median 25% Cl 75% Cl Kurtosis
Volume (mm’) 2750.2 282.3 1382.5 1087.6 1605.3 3.2
Median T,* (ms) 17.7 10.6 13.1 11.8 14.8 0.7
Max Load {N)] 1696.6 248.0 706.8 488.6 1046.0 0.3
Yield Load {N) 1652.4 225.9 639.2 412.6 924.3 0.7
Stiffness (N/mm] 165.9 52.4 102.4 79.8 139.5 0.9

Table 6.3: Summary statistics (Volume, Median T2* Maximum Load, Yield Load, Stiffness) for the human
cadaveric intact ACL.
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Using the MR variables of volume and T>* (or Sl) to detect ligament degeneration in terms of ligament
strength are based on previous research showing that these same MR variables could predict ligament
structural properties in animal models of ACL or graft healing. We assumed that the same trends with
MR variables observed during the ligament healing process [2,3,16] would be observed in reverse order
with a degenerating ligament. While T,* has been used to detect degeneration in the meniscus [17], there
may be other factors specifically associated with the ligament degenerative process. Unlike the healing or
regenerative process, these factors may involve characteristics besides graft size and quality. For example,
osteophytes could induce damage to the ligament surface, which could influence the failure properties.
Additionally, while the same trends were observed with volume and T,* in the current human cadaveric
prediction compared to healing porcine ligaments (larger volume and shorter T* times were associated
with higher structural properties [2], there could be an inherent difference with the macro anatomy of
the intact ligaments that lead to the insignificant findings reported here. For instance the collagen fibers
of the intact ACL twist in the intra-articular space and may cause volume-averaging artifacts that could
confound the signal intensity [11]. Further research will be needed to clarify if these additional factors

may confound the results.

There were limitations to this study. To limit concerns over varying temperature effects across the
samples [13], all knees were thawed to room temperature to standardize temperature for MR imaging.
Additionally, while a carefully controlled freeze thaw cycle does not affect structural properties of ligaments
[19], and our protocol controlled the number of these cycles, there is no certainty in specimen handling
(number of freeze thaw cycles or delay between death and freezing) prior to receiving them. Two of the
younger specimens had higher than expected T»>* values and it is possible that unique circumstances
of death or decay processes could have confounded these measurements. Finally, the availability and
distribution of this data set may have limited our capacity to predict structural properties. With the
current sample size (n=15) and considering the two independent variables in the regression model, the
study was 0.80 powered to detect a multiple R? of 0.45 or higher [9]. Adding additional cadaveric
specimens at younger and older ages may help to better distribute the ligament volume, median T,* and
biomechanical performance; and could potential help detect a relationship. Possibly 30 or more total
specimens, divided evenly between a lower, middle and later age ranges, may have helped with prediction
strength [15,18]. Unfortunately, younger cadaveric knees are not easily obtained in high quantities for

analysis.

Using a set of human cadaveric knees, we were unable to relate biomechanical outcome to MR measures of

volume and T,* obtained in situ. Naturally restricted distributions of ligament volume and T>* were likely
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the cause of the insignificant findings. Further research is necessary to understand the relationship of MR
variables and ligament degeneration in a human cadaveric model. This study failed to find a significant
prediction of human cadaveric biomechanical outcome using volume and T,*. Further research geared
toward capturing younger cadaveric specimens may be valuable for creating an MR-based approach to
longitudinally assess changes in cruciate ligament degradation and to assess cruciate integrity when

determining indications for prosthesis type with TKA procedures.
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Abstract

Background: Clinical, functional and patient-oriented outcomes are commonly used to evaluate the
efficacy of treatments following ACL injury; however, these evaluation techniques do not directly measure

the biomechanical changes that occur with healing.

Purpose: To determine if the magnetic resonance (MR) image-derived parameters of graft volume and
signal intensity (SI), which have been used to predict the biomechanical (i.e., structural properties) of
the graft in animal models, correlate with commonly used clinical (anteroposterior (AP) knee laxity),
functional (1-leg hop) and patient-oriented outcome measures (KOOS) in patients 3- and 5-years after

ACL reconstruction.
Study Design: Descriptive Laboratory Study

Methods: Using a subset of participants enrolled in an ongoing ACL reconstruction clinical trial, AP
knee laxity, 1-legged hop test, and KOOS were assessed at 3- and 5-year follow-up. 3-D T;-weighted MR
images were collected at each visit. Both the volume and median Sl of the healing graft were determined

and used as predictors in a multiple regression linear model to predict the traditional outcome measures.

Results: Graft volume combined with median Sl in a multiple linear regression model predicted 1-legged
hop test at both the 3-year and 5-year follow-up visits (R?=0.40, p=0.008 and R®=0.62, p=0.003,
respectively). Similar results were found with 5-year follow up for the KOOS quality of life (R?>=0.49,
p=0.012), sport/function (R2=0.37, p=0.048), pain (R?=0.46, p=0.017) and symptoms (R?=0.45,
p=0.021) sub-scores, though these variables were not significant at 3-years. The multiple linear regression

model for AP knee laxity at 5-year follow-up approached significance (R2=0.36, p=0.088).

Conclusion: The MR parameters (volume and median SI) used to predict ex vivo biomechanical prop-
erties of the graft in an animal model have the ability to predict clinical or in vivo outcome measures in

patients at 3- and 5-year follow-up.

Clinical Relevance: Results from this study may enhance clinical evaluation of graft health by relating
the MR parameters of volume and median Sl to traditional outcome measures and could potentially aid

researchers in determining the appropriate timing for athletes to return to sport.

Keywords: MRI, ACL, clinical assessment, patient outcome, biomechanics
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7.1 Introduction

Current clinical, functional and patient-oriented outcome assessments for evaluating the success of an-
terior cruciate ligament (ACL) treatments include hop testing, knee arthrometry and patient-oriented
outcome questionnaires. These assessment techniques have been useful in many clinical studies as a
standardized way to evaluate the success of the treatment.[11] However, because these evaluation tech-
niques are an indirect measure of graft health or integrity, they require large numbers of patients to
provide sufficient power and to detect differences between treatment groups. The lack of sensitive out-
come measures for clinical studies may be one reason why no improvements have been found in many
clinical trials comparing outcomes of different ACL reconstruction techniques (e.g., comparisons of graft
type,[21] graft position,[1] rehabilitation,[2] or graft tension [11]). Furthermore, most of these knee spe-
cific outcome measures may not be sensitive enough to detect biomechanical changes in the graft itself
during healing. As a result ex vivo animal models are frequently used to determine the biomechanics
of a reconstructed graft to directly evaluate graft healing.[12,23] However, ex vivo approaches require
destructive testing and are not suitable for longitudinal in vivo use. This limitation makes a reliable,
quantitative, in vivo, method for determining the biomechanical performance of a graft during healing

highly desirable in both research and clinical settings.

Magnetic resonance (MR)-derived measures of volume [13,15] and signal intensity (SI) [3,34] have been
found to be independent predictors of graft or ligament failure properties. More specifically, the linear
combination of graft volume and median Sl has been found to correlate to the biomechanical prop-
erties measured via ex vivo mechanical testing and offers a more complete evaluation of ligament or
graft integrity than either MR-derived variable alone.[3,34] While a method that directly relates these
MR-derived parameters to the graft biomechanical properties is an important finding, determining the
relationship between a graft’s MR parameters and a patient’s knee specific traditional outcomes will offer

a graft specific assessment to complement the existing clinical evaluation tools.

The objective of this study was to determine if the MR parameters (volume and SI), which have been used
to predict the biomechanical properties of the graft,[3,4] will predict clinical (AP knee laxity), functional
(1-leg hop for distance) and patient-oriented outcome measures (Knee Osteoarthritis Outcome Scores)
at 3- and 5-years after ACL reconstruction.[11] We hypothesize that the MR-derived parameters of graft
volume and median signal intensity will significantly predict these clinical, functional and patient-oriented
outcomes in an ACL reconstructed cohort. Results from this study will provide a translational link between

ex vivo animal model data of graft healing and commonly used clinical assessment tools. Furthermore,
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these data could help in the development of a more objective test to determine the appropriateness of

timing for athletes to return to sports.

7.2 Methods

7.2.1 Patient Populations

A subset of participants enrolled in an ongoing Institutional Review Board (IRB) approved study, investi-
gating the effects of initial graft tension on long-term outcome of ACL reconstruction with autograft, was
used for this analysis (NCT00434837).[11] Patients received either a high-tension or low-tension graft fol-
lowing an isolated unilateral ACL injury as previously described.[11] Postoperatively, all patients followed
a standardized rehabilitation program designed to get them back to sport within 6 months. The primary
study results at 3-year follow-up found no significant differences in the clinical, functional and patient-
oriented outcome measures between the high- and low-tension treatment groups.[11] Subsequently, all
patients with complete traditional outcomes and MR scans were pooled for this analysis. Of the 90
patients enrolled in the original clinical study,[11] 64 completed an onsite visit to obtain the clinical and
functional outcomes at the three year follow-up. Of those 64, 50 MR images were collected. Of the 50
patients with complete traditional outcomes and MR scans, 29 of those scans were confounded by metal
artifact in the immediate area of the graft and were omitted as it was not possible to obtain accurate
volume and S| measurements. The study group at 3 years (23 total; 10 men, 13 women) had a mean
age of 2349 years at time of surgery. Seventeen patients received bone—patellar tendon—bone autograft
obtained from the central third of the ipsilateral patellar tendon and 6 received a 4-stranded autograft
created from the semitendinosus and gracilis tendons. Ten received a low-tension graft and 13 received
a high-tension graft. Of the 23 patients with complete traditional outcomes and MR images obtained at
3 years, 17 returned for an onsite follow-up at 5 years. Of these 17, 16 underwent MR imaging and none
were excluded due to artifact. At 5 years the study group (16 total; 6 men, 10 women) had a mean age
of 24410 years at time of surgery. Eleven received bone—patellar tendon—bone autografts and 5 received

4-stranded autografts. Seven received a low-tension graft and 9 received a high-tension graft.
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7.2.2 Traditional Outcomes

Clinical, functional and patient-oriented outcomes were used to assess overall patient knee function and

patient outcome and to establish the relationships with the MR parameters of graft healing.

7.2.2.1 Clinical Outcome

AP knee laxity values for both knees were measured using an arthrometer (KT-1000: MEDmetric Corp,
San Diego, CA) at 3- and 5-year follow-up. Anterior-directed shear loads were applied in succession
to find the neutral position of the knee. Three manual maximum tests were then performed and the
displacement readings between -90 Newtons of posterior shear load and the manual maximum anterior
shear load were averaged. The AP knee laxity score was reported as the difference in displacement
between the injured knee and the uninjured contra-lateral knee (APlaxity difference). One examiner,

with more than 6 years of experience, performed all of the arthrometer measurements.

7.2.2.2 Functional Outcome
At each follow-up visit, patients performed the 1-legged hop test for distance independently 3 times, and

the trials were averaged.[29] The mean hop distance of the injured knee was normalized to that of the

uninjured contralateral knee to determine the patient’s hop score (hop%).

7.2.2.3 Patient-Oriented Outcome
The KOOSJ[30] was implemented to assess patient-oriented outcomes of the cohort at both time points.

The KOOS evaluates 5 domains: knee-related quality of life (KOOS-qol), sports and recreation function

(KOOS-spt), pain (KOOS-pain), symptoms (KOOS-sym), and activities of daily living (KOOS-adl).[30]

7.2.3 MRI Ligament Outcomes

The MR parameters (volume and median SI), which have been used to predict the biomechanical prop-

erties of the graft,[3,4] were used to quantify graft integrity. All MR images were acquired 3- and 5-years
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post-operatively using a surface knee coil on the same 3T scanner (Siemens TIM Trio, Erlangen, Ger-
many) using standardized protocol and acquisition parameters. A 3-D Tj-weighted FLASH sequence
(TR/TE/FA, 20/7.6/ 12°; FOV, 160 mm; matrix 512X512, slice thickness/gap, 1.5mm/0; avg 1; band-
width, 130) was used. Scans with confounding metal artifact due to magnetic susceptibility effects in the
immediate proximity to the graft were omitted from analysis. These artifacts were most likely generated
from the metallic drill bits used for tunnel placement during the reconstruction procedure. Some patients
did receive a metallic fixation screw but in all cases the screw was sufficiently far from the intra-articular
space to avoid direct issues with artifact and the ACL. Each ACL graft was then manually segmented from
the MR image stacks and 3-D models of the graft were created using commercially available software
(Mimics 16.0; Materialize, Ann Arbor, MI).[3] Summing the total number of ACL graft voxels provided
an estimate of the whole graft volume (6.94 voxels equaled one mm?3). The median graft SI (grayscale
value) was calculated for each patient and was normalized to the subject-specific S| of femoral cortical
bone to minimize inter-scan variability.[3,31] All graft segmentations, for both 3- and 5-year scans, were
done by one examiner with more than 5 years of experience. The images were randomly processed within
a six month time period. Prior to beginning the study, the intra-examiner reliability was tested using seven
repeated scans of a human cadaveric knee and four repeated scan of a porcine reconstructed knee and a

coefficient of variation of less than 5.8% was observed for both volume and signal intensity measures.

7.2.4 Data Analysis

Because median graft S| values were not normally distributed, values were log transformed (Base 2) prior
to analysis as previously reported.[3] Both volume and median graft SI were included as independent
variables in a first order multiple linear regression model to predict the traditional outcome measures
(i.e. knee laxity (APlaxity difference)), hop score (hop%), knee-related quality of life (KOOS-qol), sports
and recreation function (KOOS-spt), pain (KOOS-pain), symptoms (KOOS-sym), and activities of daily
living (KOOS-adl)). In addition to reporting the individual slope coefficients and the significance of the
two predictors (volume and Sl), the model R? is also presented as a measure of overall model perfor-
mance.[9,24] Regression diagnostics based on residual plots were used to evaluate the appropriateness
of the linear model.[9] Randomness of residuals was accepted for all variables except KOOS-adl, which
was due to the limited range of patient scores (most patients had perfect KOOS-adl scores). Addition-

ally, multi-collinearity between volume and Sl in the multiple regressions was assessed using the variance
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Figure 7.1: The patient graft prediction plane for knee APlaxity difference as a function of graft volume and

median Sl at 5-year follow-up (R?

0.088). The grafts with the higher volume and lower
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Sl tended to have lower APlaxity difference scores (injured minus contra-lateral).
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inflation factor (VIF) at both 3- and 5-year time points. VIF values were 1.01 for 3-year and 1.11 for
5-year time points and were well below the recommended limit of 10, as stated in the literature.[20,25] A
VIF of 1 indicates a stable regression. Statistical analyses were performed using SAS statistical software

(SAS Institute, Cary, NC).

7.3 Results

7.3.1 Clinical Outcomes

Graft volume combined with median graft Sl in a multiple linear regression model did not predict APlaxity
difference at 3-year follow-up (Tabld7.1]). Likewise, the combination of volume and median Sl did not

predict APlaxity difference at 5-year follow up; however, it did approach significance (R*=0.36, p=0.088)

(Figure Tabld7.1)).

7.3.2 Functional Qutcome

Volume combined with median graft Sl in a multiple linear regression model predicted hop% at 3-year

follow-up (R?=0.40, p=0.008) (Figure[7.2h, Table[7.1). The combination of volume and Sl also predicted
hop% at 5-year follow up (R?=0.62, p=0.003) (Figure [7.2b, Table [7.1)).(Figure 7.4).

7.3.3 Patient-Oriented Outcome

At 3-year follow-up, volume combined with median graft Sl in a multiple linear regression model did
not predict KOOS-qgol, KOOS-spt, KOOS-pain, KOOS-sym, KOOS-adl (Table . However, at 5-
year follow-up, the combination of volume and Sl predicted KOOS-qol (R?=0.49, p=0.012) (Figure
, KOOS-spt (R2=0.37, p=0.048), KOOS-pain (R?>=0.46, p=0.017), KOOS-sym (R?=0.45, p=0.021)
(Table . At 5-year follow-up, the linear combination of volume and median SI did not predict KOOS-
adl (Table [7.1)).
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Figure 7.2: The patient prediction planes for hop score as a function of graft volume and median Sl at A) 3-year
follow-up (R? = 0.40, p=0.008) and B) 5-year follow-up (R? = 0.62, p=0.003). The grafts with the
higher volume and lower Sl tended to have higher hop scores (% injured vs contra-lateral).
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7.4 Discussion

Knee arthrometry, hop testing, and patient-oriented outcome questionnaires have been useful for many
clinical studies as a standardized way to evaluate overall patient knee outcome following ACL treat-
ment;[11] however, these evaluation techniques are knee specific measures of joint and patient health but
may lack the sensitivity to determine the biomechanical properties of the graft. A more specific measure
of graft integrity would therefore be a useful complement to the already existing set of treatment evalu-
ation tools. Using patients from an ongoing ACL reconstruction study[11] we were able to show that the
same MR parameters (volume and median Sl) used to directly predict ex vivo biomechanical properties
of the graft in an animal model[3,4] have the ability to predict overall knee health in terms of functional

and patient-oriented outcome measures in patients.
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Figure 7.3: The patient prediction plane for KOOS-qol sub-score, as a function of graft volume and median SI
at 5-year follow-up (R?> = 0.49, p=0.012). The grafts with the higher volume and lower Sl tended
to have higher KOOS-qol sub-scores (100 being perfect knee function). Similar plots were found for
the KOOS-spt, KOOS-pain and the KOOS-sym 5-year follow-up prediction models.

In general, for traditional outcomes at 5-year follow-up, larger grafts with lower median Sl values were
associated with better knee performance and surgical outcome (Figure|[7.4)). For the functional outcome

at 5-year follow-up, patients with higher hop% (higher percent score reflects better knee function),[28]
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3-year 5-year
. Model
Traditional Dependent Independent Coefficient p- Model il Coefficient value Model Model
Outcome Variable Variable value R’ P P R’ p-value
value
Clinical AP Laxity Intercept 0.821 012 0.294 40 0.36 0.088
difference
Volume -0.0012 0.213 0.0007 0.304
Si 1.067 0.426 2.1 0.099
Functionhal 1-leg Hop Intercept 135.5 0.40 0.008* 134.5 0.62 0.003*
Volume -0.002 0.652 0.006 0.050%
Si -17.4 0.002* -19.1 <0.001*
Patient- K0Os-go! Intercept 110.5 0.09 0.9 160.4 049  0.012%
Oriented
Volume 0.005 0.580 0.011 0.137
Si -17.8 0.245 -40.4 0.004*
KOOS-spt Intercept 126.5 0.14 0.232 122.2 0.37 0.048*
Volume -0.003 0.592 0.013 0.054
Si -15.9 0.097 -23.8 0.033*
KOOS-pain Intercept 101.1 0.01 0.842 123.6 0.46 0.017%
Volume -0.001 0.739 0.004 0.163
Si -3.5 0.609 -15.4 0.006*
KOOS-sym Intercept 97.8 0.03 0.770 136.6 0.45 0.021%
Volume 0 0.997 0.006 0.211
Si -5.9 0.479 -26.1 0.007*
KOOS-ad! Intercept 101.4 0.02 0.808 110.3 0.14 0.372
Volume 0.001 0.823 0.004 0.322
St -3.2 0.569 -9.2 0.213

Table 7.1: Summary of the patient outcome prediction equations for both the 3- and 5-year follow up as a
function of graft volume and Sl in terms of median grayscale value (log base 2 transform). Stars

indicate significance.
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tended to have larger grafts with lower median Sl (Figure . Similarly, for the KOOS-spt, KOOS-
pain, KOOS-qol, and KOOS-sym sub-scores at 5-year follow-up, patients with larger graft volumes and
lower Sl had higher sub-scores (higher scores indicate better knee function) (Figure ).[6] At 5-year
follow-up, patients with higher APlaxity difference scores (i.e., more surgical knee laxity than the contra-
lateral control),[5] while not significant tended to have grafts with smaller volume and higher median SI
(Figure . Previous research has shown larger graft or ligament volume [3,13,15] and lower graft or
ligament Sl [3,34] are correlated to higher strength or biomechanical properties. These results show that
MR parameters that relate to graft biomechanical performance are also predictive of overall patient knee

health and ACL reconstruction surgical outcomes.

At 3-year follow-up, the MR variables of volume and median S| were unable to predict clinical (APlaxity
difference) and patient-oriented outcomes (KOOS sub-scores). These non-significant predictions at the
3-year follow-up paired with lower observed standard deviations in both volume at the 3-year compared
to the 5-year follow-up (Volume: 618 vs 711 mm?3; SI: 0.39 vs 0.43, respectively) suggest that there may
not be enough variability [7,18] in patient graft volume and Sl to predict traditional outcomes at this
earlier time point. However, at 3-year follow-up the prediction for hop% was significant. Additionally, we
saw an increase in prediction between the 3- and 5-year hop% data as indicated by increasing R? values
(3-year R2=0.40, 5-year R2=0.62). Considering this increase in R? and the significant 5-year prediction
of the KOOS sub-scores (KOOS-spt, KOOS-pain, KOOS-qol, and KOOS-sym sub scores), these results
suggest that patient graft volume and Sl and are more heterogenous at the 5-year follow-up time, and
may indicate that the graft is still remodeling at 3 years. The linear combination of graft volume and
median graft SI were unable to predict the KOOS-adl sub-score at either 3- or 5-year follow-up. These
results support previous research showing that the KOOS-adl sub-score has been reported to be the least

indicative of patient surgical outcome.[6,11]

The relative contribution of the independent variables of graft volume and median graft SI were assessed
with individual p-values in the linear regression.[19] Median graft Sl significantly contributed to the
predictions for all 5-year traditional outcomes (all p < 0.048, Table , except the APlaxity difference
and KOOS-adl. Sl was also significant at 3-year follow up for the hop test. Median graft or ligament
Sl has shown to be a significant predictor of ex vivo biomechanical properties in an animal model,[3,34]
further indicating graft integrity as represented by median SI may reflect surgical outcomes. Graft volume
was only a significant contributor for the hop test at 5-year follow up and approached significance for
the KOOS sport 5-year follow up. Despite being a significant predictor in ex vivo models,[3,13,15] graft

volume may not be as strong of a predictor in this study due to variations in patient graft type.
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ANOVA's were used to test for differences between patient graft type for both volume and SI. No
significant differences were found with graft volume or SI between graft types. Additionally, ANOVA's
were used to test for differences between the high tension and low tension group for both volume and
Sl. No significant differences were found with volume and SI between the tension groups. This finding

reflects the lack of differences in the tension groups for the original clinical study.[11]

Sl has been used in prior clinical studies to evaluate ACL graft health and maturation following ACL
reconstruction surgery.[10,16,22,27,32] More specifically, it was found that four years after ACL recon-
struction semi-quantitative clinician graded scores based on graft S| appearance were unable to predict
knee laxity or the International Knee Documentation Committee clinical outcome score. The lack of
correlation found in this prior study could be due to the semi-quantitative nature of the clinician-based
grading system,[17,27,32] which may lack the specificity needed to detect subtle differences in graft in-
tegrity. Furthermore, the authors cited a study selection bias[32] where patient recruitment was done
after ACL reconstruction surgery, which may have limited the patient population to those with positive

surgical outcomes, limiting the variability in the treatment outcomes.

Figure 7.4: Example A) low and B) high SI for patient grafts on one sagittal slice of the MR image stack.

This study was limited by the use of the Sl variable, which can vary depending on scanner hardware and
MRI acquisition parameters.[8] To address this concern we used the same MR imaging parameters and
manufacturer (Seimens, 3T Trio) throughout the study. Furthermore, we normalized the graft Sl values
to that of cortical bone within each image to minimize concerns of variability between scan sessions.[3,31]

Another limitation was the metal artifact identified in some of the follow-up MR scans. To address this
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limitation, we omitted scans with confounding metal artifact. However, metal artifact is not uncommon
in MR images of patients’ knees following ACL reconstruction.[14,33] The problem could be minimized
in part with the use of non-metallic fixation screws and flushing the joint to flush residual debris prior
to closure. It was assumed the MR parameters (volume and median SI) used to directly predict ex vivo
biomechanical properties of the graft in an animal model[3,4] would directly translate to a human clinical
population. However, ex vivo failure testing of the graft is not possible in a clinical population. Therefore,
this study was built on the research performed in a porcine model.[26] For this study, we assumed that
graft volume and Sl were the only MR variables affecting patient outcome. However, it is possible that
MR analyses to directly quantify fiber alignment and orientation could bolster the predictions of patient
outcomes. Also, finding that graft volume and Sl were predictive of traditional outcomes does not imply
causality. It is possible that poor patient surgical outcome caused graft changes that are then detected
through MRI rather than graft MR appearance affecting patient traditional outcomes. Further research
would be necessary to clarify this point. Finally, at this point it is unknown how time would affect the
relationships between the independent variables (volume, Sl) and traditional outcomes, as 3- and 5-years
following ACL reconstruction may not be the ideal time to evaluate the healing process. Future studies
will focus on earlier time points when the graft is expected to be actively remodeling. If the relationship
between volume and Sl and traditional outcomes are found to hold at earlier time points, it could allow

clinicians to determine graft specific health to determine if the graft is healed enough to return to sport.

Despite these limitations, the results from this study provide a valuable translational link between ex vivo
animal model data and patient data collected in a clinical context. With further development these data
could be used as a more objective test to determine the appropriateness of timing for the athletes return

to sports.
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8.1 Conclusions

The studies and data presented in this dissertation describe and support a non-invasive MR method for
predicting the structural properties or histological outcomes of an ACL graft or ligament. The long-
term objective of this work was to establish a non-invasive MR method that would allow researchers
to document functional healing longitudinally within an animal model specimen in pre-clinical studies.
This prediction method will be advantageous for evaluating ligament or graft health non-invasively, thus
removing the need for euthanasia and mechanical testing at early time points and reducing the number
of animals and resources required for a study. Furthermore, these findings may have implications as a
surrogate outcome measure in clinical studies for documenting temporal changes within-patients and as a
more quantitative method for guiding rehabilitation and determining when a patient is ready to return to

sport. The specific aims of the chapters presented in this dissertation were to design (Specific Aim 1)) and

refine (Specific Aim 2] [Specific Aim 3] [Specific Aim 4)) a universal MR imaging method for predicting the

structural properties or histological outcomes of a healing ligament or graft in a porcine model, translate
the method to the degeneration process in the intact human ACL (Specific Aim 5)), and correlate the MRI

measures with clinical, functional, and patient oriented outcome measures for a healing graft following

treatment (Specific Aim 6]). The contents of Chapter |1| detail the background and significance of the

research presented, and specifies the purpose and hypotheses of the specific aims.

8.1.1 [Specific Aim 1

Develop a method to predict the structural properties of a healing ligament (ACL primary repair) and
graft (ACL reconstruction) in a porcine model using the MRI derived parameters of volume and signal

intensity (Sl).

The first aim was addressed with the study presented in Chapter Our objective with this study was
to determine ligament volume and signal intensity (SI) of reconstructed and bio-enhanced repaired ACLs
in a porcine model. We then evaluated the relationship of these MR variables to ligament structural
properties by using an ex vivo tensile testing protocol. We hypothesized that intra-articular graft or
ligament volumes and Sl values, in terms of median grayscale, would be significant predictors of the
structural properties of the reconstructed ligament and ACL repairs after 15 weeks and 52 weeks of
healing. Additionally, we hypothesized that grafts and ligaments at 15 weeks would have significantly

higher Sl values than at 52 weeks.
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We found volume significantly predicted the structural properties (maximum load, yield load, linear
stiffness) of the ligaments and grafts. Likewise, Sl values significantly predicted the structural properties
of the ligaments and grafts. By combining these two parameters in a multiple regression model we saw
an improved ability to predict graft or ligament structural properties, indicating the combination of these
variables offers a more complete evaluation of graft integrity than either variable alone. Additionally,
we found that grafts and ligaments at the 15 week time point had a significantly higher SI value than
ligaments at 52 weeks. This observed difference between the 15 week and 52 week groups could indicate
healing and maturation of the graft or ligament on a tissue level. In conclusion, volume and S| from T,*
weighted MRI images are predictive of structural properties of the healing ligament or graft in a porcine
model. This study provides a critical step in the development of a non-invasive method to predict the

structural properties of the healing ACL graft or repair.

The SI variable used in this study can vary depending on MR imaging parameters. We normalized the
grayscale values to that of cortical bone within each image to minimize this concern. However, the
use of Sl as an outcome measure is limited by this dependence on image acquisition parameters as well
as, scanner manufacturer and hardware, rendering the predictions to be protocol, magnet, and hence,
institution specific. One way to standardize or normalize MR results between scanners is to use relaxation
time variables, such as T, and T,*. These variables are inherent tissue properties that reflect specific
tissue characteristics, and are much less sensitive to image acquisition parameters than conventional
signal intensity data. T,* relaxation time is an MR parameter that has been shown to correlate with the
level of tissue organization, and is thus well suited for imaging highly organized collagenous structures,
such as ligaments. Specifically, the water interactions with collagen restrict its mobility (residual dipolar
coupling, susceptibility anisotropy, and bulk magnetic susceptibility) and this constraint causes rapid
relaxation of the MR signal following RF excitation. This effect accounts for the short T>* in ligaments
and other structures with highly organized ultrastructure and an abundance of collagen.[26] This suggests
that variations in collagen integrity can be visualized by quantifying To*. Thus, T,* relaxation time could
provide a more universal prediction model of the structural properties of a healing ligament that would

be applicable across scanners of the same strength and between institutions.

8.1.2 [Specific Aim 2

Develop and test a method to collect T»>* relaxation time as a universal MR outcome that is tailored

to imaging a healing ligament or graft. A secondary aim of this study was to compare the ability of
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the T,* relaxation time parameter to predict structural properties to that of the previous signal intensity

parameter (Specific Aim 1)), with the intent of determining the relative uncertainty of the measures.

The second aim of this thesis was addressed in Chapter |[3] To address this aim we used a multi-echo
imaging protocol for To* determination, in order to collect the expected range of T»* values for a healing
ligament. We collected MR images of a sub-set of the bio-enhanced long-term animals from
and determined ligament volume, Sl and T,* values. For these animals, surgical ACL transection
followed by no treatment (i.e., natural healing) or bio-enhanced ACL repair was performed. After 52
weeks of healing the limbs were harvested and MR images of the knees were collected. From these
images, ligament volumes and T,* maps were established. The structural properties of the ligaments
were also determined via ex vivo tensile testing. Using the T»* histogram profile, each ligament voxel
was binned based on its T,* value into four discrete tissue sub-volumes defined by specific To* intervals.
We hypothesized that a multiple regression model based on ligament volume and its corresponding T»*
values would provide a noninvasive predictor of the ligament’s structural properties after 52 weeks of
healing. We also hypothesized that the coefficients of determination would be greater and that the
standard errors would be less when using the T,>* prediction method compared to the signal intensity

method.

We found the linear combination of the ligament sub-volumes defined by increasing T>* intervals signif-
icantly predicted structural properties of a healing porcine ACL at 52 weeks post-operatively. The T,*
model was found to be comparable to the original signal intensity prediction model and offered similar

certainty as defined by R? and p-values when determining structural properties.

Biomechanical performance in terms of structural properties offers an invaluable quantifiable assessment
of ligament healing on a gross scale. However, microscopic evidence of healing, addressed via histology, is
another important means to evaluate healing in a ligament. Thus it would be ideal if histological assess-
ment of healing could also be predicted non-invasively with MR determined variables. More specifically,
determining what histological factors contribute to short T>* times could be valuable in the research and

clinical settings.

8.1.3 [Specific Aim 3

Determine if T>* relaxation time can be used to predict semi-quantitative histological outcomes of the

healing ACL.
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Addressed in Chapter of this thesis, this aim was designed to test if the same MR variables (T>* and
Volume) that could predict structural properties in the healing ACL can also be used to predict histological
outcomes for assessing ligament healing (Ligament Maturity Index). Using the same ligament specimens
from hematoxylin and eosin (H&E) and alpha-smooth muscle actin antibody (SMA)
stained sections for the ligaments were prepared and the slides were scored for a series of factors that are
critical to ligament healing. Sub-scores based off the cell, collagen and vessel content were determined
along with a total score (total LMI), representing the cumulative aspects of healing. We hypothesized
that MR derived measures of T»>* and volume would be significant predictors of the histological scoring

of a healing ACL after 52 weeks of healing.

Median ligament T,* and volume significantly predicted semi-quantitative histological scores in healing
bioenhanced repaired and naturally healing transected ligaments. In general, a shorter median T,* time
and larger volume was associated with better histological outcome scores (Ligament Maturity Index, LMI)
or indications of healing. MR ligament volume was not as strongly associated with histological outcomes
as median Ty*. This difference in prediction strength between median T»* and volume is likely due to
the microscopic nature of the histological assessments. While few of the histological evaluation criteria
account for gross ligament size, the majority of the criteria relate to elements of tissue organization,
healing and remodeling at a microscopic level, which have been found to effect To* times.[6,26] Our
findings also align with a prior investigation relating low Sl values to qualitative histological evidence
of healing in ACL grafts for an ovine model.[25] The relationship between our MR variable T>* and
histological scores tells a similar narrative to the qualitative findings of the previous ovine study. We
found low To* values were associated with greater cell density and collagen organization where the

previous study found similar histological results for grafts with low SI.

Preceeding histological analysis, mechanical testing was performed, during which the characteristic colla-
gen crimp can flatten to a point of inelastic deformation.[11,21] To address this, a quasi-static protocol
was used to test the ligaments (ramp speed 20mm/min) allowing the testing to be haulted once a drop in
load occurred to avoid complete disrupution of the ligament and to minimize irreversible changes during
the mechanical testing. During histological scoring, when choosing the five regions for histological anal-
ysis, the examiner selected regions that were free of synovium and not visibly deformed by biomechanical
testing.[22] Furthermore, all ligaments in this study failed within the midsubtance and a defect was visible
allowing histological assessment of the areas outside the area of local disruption. It is also reasonable
to assume that the failure testing did not alter cellular or vascular content, so mechanical testing would

have a limited impact on these histological sub-scores.
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The use of T,* in[Specific Aim 2| and [Specific Aim 3| provides a critical step toward the improvement of a

non-invasive method for predicting the structural properties or histological outcomes of a healing ligament
in vivo. The use of T»* relaxation time which is an inherent tissue property, instead of signal intensity
makes this approach less sensitive to image acquisition parameters, magnet manufacturer/hardware and

is the first step to making this approach comparable across institutions.

While there are many advantages of a To* based prediction model, current T,* methods require multiple-
echo sequences at high-resolution. These three-dimensional, high-resolution images are essential for accu-
rately characterizing small structures like the ACL. In a research setting, T>* maps generated from these
high-resolution images are critical for identifying potential pathology and mapping regional variations as
they relate to the biomechanical properties within a ligament. Currently, a voxel-wise multi-echo least
squares fit is the gold standard to create T>* maps. Multi-echo least squares fit relaxometry maps have
been proven to be accurate, minimally sensitive to noise and helpful to visualize regions of interest (ROI).
Unfortunately, the post-processing associated with a least-squares fit is time-intensive (multiple hours)
and thus difficult to implement clinically. However, the T,* fitting function could be modified to make

it time appropriate for a clinical setting.

8.1.4 [Specific Aim 4]

Further refine and optimize the T,* relaxation time method from|Specific Aim 4 &|Specific Aim 3. Collect

T,>* data of the intact PCL using a 6 echo gold standard T>* method and two alternative methods for

determining T,* and determine differences in fidelity and clinical feasibility between the methods.

This aim was addressed in Chapter [5| of the thesis. The purpose of this study was to compare two
alternative and computationally efficient methods of T,* determination (2MM and 6LSgrg;) to a time
intensive gold standard (6LS). If these alternative methods could improve post-processing time without

sacrificing the fidelity of T>* values, then the alternatives maybe valuable for eventual clinical translation.

We found the 2MM method overestimated T>* values while offering a regional T,* map for identifiying
spatial variations within a ligament. The 6LSgro; method offered a comparable determination of ligament
median T,* to the 6LS gold standard but could not offer a regional T>* map for identifying potential
pathology. We found that theses alternative methods (2MM and 6LSgo) for determining median ligament

T>* were by themselves limited. However, using them in tandem offered similar fidelity and visualtion
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benefits in comparison to the traditional 6LS method, but in a fraction of the time (< 2 minutes for

2MM and 6LSgro; combined; ~540 minutes 6LS gold standard).

With completion of this aim we have further refined our T,* methodology and developed an alternative
method combining two alternative estimations of To*. While the 6 echo gold standard (6LS) is still
useful in a research setting, these two alternative approaches (2MM and 6LSro)), used in tandem, would
take significantly less post-processing time than the gold standard, and could be combined to offer a tool

for assessing ligament structural properties that would be viable in a clinical situation.

Looking at computational time and feasibility for T>* determination methods, and determining which
methods are appropriate for a research setting or for potential clinical use is an important step for
translating a prediction model between animal model research and the clinic. However, thus far it has
been assumed that the MR parameters (volume, median S| and T»*) used to predict ex vivo structural
properties or histological outcomes of the graft in an animal model would directly translate to a human
clinical population. Unfortunately, ex vivo failure testing of the graft is not possible in a clinical population.
Therefore, it may be possible to validate a method for non-invasively determining structural properties

in an intact cadaveric human ACL model.

8.1.5 [Specific Aim 5

Determine intact ligament T,* relaxation time and volume for a population of human cadaveric knees
of varying age, and determine the ability of the MR variables to predict ACL structural properties for a

degenerating ligament.

This aim is discussed in Chapter[6]. Our goal was to apply a To*-based prediction model to a population

of human cadaveric knees to determine if ligament degeneration could be predicted similar to ligament

healing as presented in [Specific Aim 1| & [Specific Aim 4 15 cadaveric knees were imaged in situ

using a 6 echo determination of T,*. A range of ages was selected to capture different states of ligament

degeneration, as the structural properties of the ligament have been shown to decrease with age.[27] Using

the same structural properties protocol described in [Specific Aim 1| & [Specific Aim 2, the ligaments were

then biomechanically assessed to determine structural properties. All specimens were identified as having

a mid-substance failure. Similar to the healing ligament predictions (Specific Aim 1| & [Specific Aim J),

we hypothesized that MRI derived volume and T»* outcome measures would correlate to ex vivo intact

ACL structural properties of cadaveric specimens. Contrary to our hypothesis, it was found using volume
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in conjunction with the median T,* value, the multiple linear regression model did not predict maximum
failure load for this sample of intact human cadaveric ACLs; R2=0.23, p=0.200. Similar insignificant

results were found for yield load and linear stiffness.

Naturally restricted distributions of the intact ligament volume and T>* (demonstrated by the respective
Z-scores) in an older cadaveric population may explain the insignificant results. Furthermore, previous
studies that found a relationship between volume, T»* and ligament structural properties
@ utilized a surgical animal model with different treatment groups of actively healing ligaments, resulting
in a large range of evenly distributed volume and T,* data with little to no observed clustering. This
stands in contrast to the current human cadaveric study, where small intact ligament volume was rare and
the intact ligaments were not actively healing, leaving both the volume and T,* distributions naturally
restricted. Naturally restricted distributions of MR variables observed in the intact ACL of a porcine model
were also found to have a similar insignificant ability to predict structural properties when compared to a
proven prediction in a healing ACL porcine model (Appendix . Adding additional cadaveric specimens
at younger and older ages may have captured a larger range of ligament degeneration and helped to

better distribute the ligament volume and median T»>* values and improve prediction strength.

While the MR variables did not significantly predict structural properties in a multiple regression, there
was evidence that high volume and short T,* times were associated with higher structural properties.
When the specimens were split into a low failure and high failure group (<700 N, n=7 and >700 N,
n==8, respectively) and tested for differences in volume and median T,* using a one way ANOVA, we
found the specimens in the high failure group had significantly lower T,* values in comparison to the low
failure group (12.5+1.4 vs 14.74+2.4 ms, p-value=0.048). The high failure group tended to have larger

volumes (15054594 vs 11824442 mm?3, p-value=0.261) but the difference was not significant.

Although the same trends were observed with volume and T»* in the human cadaveric prediction com-
pared to healing porcine ligaments (larger volume and shorter T,* times were associated with higher
structural properties),[2] it is possible that there are inherent differences with the macro anatomy of the
intact ligaments that led to the insignificant findings reported here. For instance the collagen fibers of
the intact ACL twist in the intra-articular space and may cause volume-averaging and fiber orientation
dependant artifacts that could confound the signal intensity or To* values.[12,15] Furthermore, for this
study we assumed that our T>* determination protocol would have similar sensitivity for detecting lig-
ament degeneration as for assessing ligament healing. Unfortunately, the biological process involved in

ligament healing is not the same as ligament degeneration. Scar formation, collagen remodeling and
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vascular infiltration are critical for ligament healing and these processes are fundamentally different than
ligament degeneration. With aging ligaments, cross linking, changes in collagen/water ratio and ex-
tracellular components such as glycosaminoglycan (gag) content are additional factors associated with
degeneration and these factors may affect T,* times differently than the factors associated with heal-
ing.[1,6,19,20] Further research will be needed to clarify if these additional macro and microscopic factors

may confound imaging results.

While the T,* values of human cadaveric ligaments were unable to predict degeneration in terms of

structural properties, our imaging protocol may not be sensitive to the biological process of degeneration.

However, we have shown in [Specific Aim 1| to |Specific Aim 3, that the linear combination of graft

volume and median Sl or T>* can predict the structural properties or histological outcomes in a healing
ligament animal model. Translating these methods for a healing ligament to a clinical population would be
invaluable. Traditional outcome measures, such as the hop test, have been useful for many clinical studies
as a standardized way to evaluate overall patient knee outcome following ACL treatment. However, these
traditional evaluation techniques are knee specific measures of joint health and may lack the sensitivity to
determine the biomechanical properties of the graft itself. Determining the relationship between a graft's
MR parameters and a patient’s knee specific traditional outcomes will offer a graft specific assessment

to complement the existing clinical evaluation tools.

8.1.6 [Specific Aim 6

Assess the structural properties prediction model from as it relates to clinical, functional

and patient-oriented outcome measures from an existing clinical ACL reconstruction trial.

The final aim was discussed in Chapter [7] of this thesis. The purpose of this study was to determine if
the parameters of graft volume and signal intensity (SI), which have been used to predict the structural
properties of the graft in an animal model (Specific Aim 1), correlate with commonly used traditional
outcome measures such as, clinical, functional and patient-oriented outcome measures in patients 3- and
5-years after ACL reconstruction. We hypothesized that graft volume and signal intensity would correlate
with measures of clinical, functional and patient-oriented outcome. Using a subset of participants enrolled
in an ongoing ACL reconstruction clinical trial, AP knee laxity, 1-legged hop test, and KOOS scores were
assessed at 3- and 5-year follow-up. 3-D high resolution MR images were also collected at each follow-

up visit. Both the volume and median Sl of the healing graft were determined and used as predictors
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in a multiple regression linear model to predict the traditional outcome measures at each follow-up
time separately. Graft volume combined with median Sl in a multiple linear regression model predicted 1-
legged hop test at both the 3-year and 5-year follow-up visits (R>=0.40, p=0.008 and R?>=0.62, p=0.003,
respectively). Similar significant results were found at 5-year follow-up for the KOOS sub-scores, though
these variables were not significant at 3-year follow-up. The multiple linear regression model for AP knee

laxity at 5-year follow-up approached significance.

In general, for traditional outcomes at 5-year follow-up, larger grafts with lower median Sl values were
associated with better knee performance and surgical outcome. For the functional outcome at 5-year
follow-up, patients with higher hop% tended to have larger grafts with lower median SI. Similarly, for
the KOOS sub-scores at 5-year follow-up, patients with larger graft volumes and lower S| had higher

sub-scores.

These results show that MR parameters (volume and median Sl) that relate to graft biomechanical

performance or histological outcomes ((Specific Aim 1| to |Specific Aim 3) are also predictive of overall

patient knee health and ACL reconstruction surgical outcomes for patients at 3- and 5-year follow-up.
Results from this study are a critical translational step that may enhance clinical evaluation of graft
health. In a clinical setting a method relating the MR parameters of volume and median Sl to traditional
outcome measures could potentially aid researchers in determining the appropriate timing for athletes to

return to sport.

8.2 Related studies and future directions

There are a number of related studies and future research directions that further support the body of
work presented with the aims of this thesis. Developing the MR based ligament healing prediction model
detailed in this thesis required the use of ex vivo and in vivo animal models, MR imaging pilot studies,
statistical modeling analyses as well as, the use of patient clinical data. These unique opportunities led to
a number of accessory studies that further bolstered the main research presented in this thesis. Related
studies include testing the reliability of the MR metrics in ex vivo as well as in vivo imaging circumstances.
An additional study tested the affects of restricted data distribution on prediction modeling. Another
study addressed artifact minimization with the ACL reconstruction or repair procedure. The final studies
discuss additional data that support the goal of the overall thesis but were outside the scope of the

original prepared manuscripts. A summary of these supporting studies is presented below.

130



8.2.1 Ex Vivo MR Outcomes Reliability (Appendix [A)

The objective of this study was to test the intra-examiner reliability of ligament or graft volume and signal
intensity (SI) measures collected using MRI in both ex vivo human cadaveric and a porcine reconstruction

models.

To test the reliability of the MR imaging and segmentation techniques used in this thesis, one human
cadaveric knee with intact ACL and one reconstructed porcine knee were used. The same MR imaging
protocol applied in was used to image the human cadaveric knee seven times and the
reconstructed porcine knee four times. The intact human ACL and reconstructed porcine graft were
segmented from the MR image stacks and intra-articular volumes and median S| were determined for
the ligaments. Within-subject coefficient of variation (WSCV) [24] was used to test the reproducibility
of volume and S| measures across the repeated segmentations. The WSCV for volume in these repeated
trials was 3.2% and 5.8% for the human knee and porcine knee, respectively. The WSCV for median Sl
in these repeated trials was 0.3% and 3.4% for the human and porcine knee, respectively. WSCV under
5.8% for both volume and signal intensity suggests that the measured volume and median Sl values
are reliable within the same examiner for both intact human cadaveric and porcine ACL reconstructed

knees.[3]

8.2.2 In Vivo MR Outcomes Reliability (Appendix

The objective of this study was to test the impact of possible in vivo artifacts, such as movement and
blood flow, on the feasibility and reproducibility of collecting ligament volume and T»* in a living porcine

model.

To test the in vivo reliability of the MR imaging methods used in this thesis, one Yorkshire pig with intact
knees was imaged. To handle space limitations associated with imaging an in vivo porcine model in a
standard diameter clinical bore, a four channel flex coil was utilized. The six echo MR imaging protocol
applied in was used to image the intact porcine knee five times. Three-dimensional surface
models of the intact ACL were created from the segmented images. T>* maps were then calculated
using Matlab. From each of the five data sets, ligament histograms and summary statistics, including
T,>* median, were calculated. The whole ligament volume was then binned into four separate tissue

sub-volumes (Voly, Vol,, Vols, Vols) with equal To* intervals up to 50 ms (0-12.5; 12.6-25; 25.1-37.5;
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37.6-50 ms, respectively) (Specific Aim 2). Tissue volume in terms of mm3 was calculated for each

sub-volume and the total ligament.

Within subject coefficient of variation (WSCV) [14] was used to test the inter-scan reliability ACL total
volume, T»* summary statistics and sub-volumes defined by the range of T,* across the 5 data sets
of the intact porcine ACL. WSCV was below 6.4% for total volume, sub-volumes, and T>* summary
statistics for the five repeated scans of the intact porcine ACL. These results suggest that the measured

volume and T,* values are reliable in an in vivo model.

8.2.3 Restricted Data Distribution on Prediction Strength (Appendix |C]

As detailed in the combination of volume and T>* could not predict the strength of
an intact human cadaveric ACL. The limited distributions of volume and T>* data for this older human
population could have affected the significance and strength of the prediction model for ligament structural
properties. The objective of this study was to test the effect of a restricted volume or Sl data distribution
on the significance of a ligament structural properties prediction. To accomplish this, a proven prediction
of healing ligament structural properties was compared to an unproven prediction of
intact ligament structural properties in a porcine model. The intact ligaments were used to naturally

restrict the volume and Sl distributions and serve as a proxy for the distributions seen in the intact human

ACL (Specific Aim 5|).

As was reported in the combination of ligament volume and median Sl significantly

(p<0.001) and strongly (R?=0.73) predicted maximum failure load in a healing porcine ligament. The
same regression analysis combining volume and S| did not predict maximum failure load (R2=0.12,
p=0.111) in an intact porcine ligament. This inability to predict failure load is likely due to the restricted
volume and Sl data distribution of the intact ligaments.[5,16] The operative ligaments had a volume
range (1777.1 mm3) more than three times as large as the intact ligaments (589.2 mm?3). Additionally,
the range of Sl data for the intact ligaments (1.7) was smaller than the operative ligaments (1.9). The
large range and even distribution of both volume and Sl data for the operative ligaments is due to the
inclusion of two healing time points and four different ACL surgical procedures. Conversely, the group of
intact ligaments was homogenous, which negatively affected the strength of the prediction in comparison
to the surgical ligaments.[13,16] The data presented here indicates that limited availability of volume and
S| data for the intact porcine ACL could have affected the significance and strength of the prediction

model for intact ligament maximum load.
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8.2.4 Artifact Minimization (Appendix D))

Artifact is a problem in MR imaging studies and is common following ACL reconstruction.[14,23] Artifacts,
thought to be caused by metal particulate released from surgical instrumentation, can confound qualitative
and quantitative outcome measures. The objective of this study was to recreate surgical conditions where
artifact is created, in an effort to identify the cause of artifact and mitigate its effects. Two cadaveric
porcine hind limbs were harvested at the hip joint. In a standard ACL reconstruction procedure, metallic
instruments are used to create tunnels for placing the graft. Our goal was to identify artifact creation

during tunnel creation, and to assess the effect of flushing the joint with saline on artifact appearance.

Artifact was identified during tunnel creation and was related to a combination of air bubbles and metal
particulate. Artifact seen in the intact joints and the surrounding musculature indicates that artifact
can result from collecting air bubbles. After tunnel creation, artifacts were also identified indicating that
these artifacts were associated with metal hardware use. Flushing the joint only had a moderate effect
on minimizing artifact appearance. To prevent artifact in an imaging study, considerations for minimizing
both air and metal artifact creation are important. Minimizing air artifact would be a primary concern
for ex vivo in situ imaging. Careful dissection could help stop the infiltration of air into the intra-articular
space. Flushing the joint after tunnel creation could help prevent metal artifact. Identifying the cause of
artifact in an ACL reconstruction procedure and mitigating its effects could greatly minimize data loss

and significantly lower cost in MR imaging studies.

8.2.5 Volume and Sl Predict Porcine Graft Laxity (Appendix [E)

The purpose of this study was to determine if the same linear combination of volume and signal intensity
used to predict porcine graft or ligament structural properties in could also predict AP
knee laxity at 15 and 52 weeks of healing. We hypothesized that the combination of volume and SI

would also predict the graft or ligament AP laxity in a multiple regression model.

The same porcine reconstructed, repaired and transected knees used in the analysis of [Specific Aim 1]
were also tested for AP knee laxity before destructive structural properties testing. With the joint capsule
intact the AP laxity values for the knees were measured using a custom fixture with the knee fixed at 30°,
60°, and 90° flexion (AP30, AP60, AP90, respectively).[5,6] These fixtures are meant to mimic a clinical
AP knee laxity test, and to obtain laxity data similar to the clinical outcome gathered in
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[0l Anterior- and posterior-directed loads of +40 N were applied to the femur with respect to the tibia
by an MTS 810 Materials Testing System (MTS, Prairie Eden, Minnesota), and the AP displacements
were recorded.[6] Both volume and Sl were included in a multiple linear regression model to predict AP
knee laxity at 15 weeks and then at 52 weeks separately. The R-square and p-values for both the 15 and
52 weeks models were reported as indicators of the strength of the relationships. The combination of
volume and S| were not able to predict AP60 at 15 weeks R?=0.13 (p=0.068). Volume in conjunction

with median SI, was able to significantly predict AP60 at 52 weeks of healing R>=0.56 (p<0.001).

In general, higher volume and/or lower SI measurements were associated with lower AP knee laxity of the
reconstructed, repaired and transected ligaments. Prediction of graft or ligament AP laxity was stronger
and significant at 52 weeks of healing than at 15 weeks of healing. This difference in prediction strength
between the two time points indicates that there may be a lag time before graft or ligament strength is
reflected in laxity measurements. This finding mirrors results found with where patient
graft volume and Sl were not predictive of AP knee laxity gathered with a KT-1000 at 3-year follow-up
but were predictive of AP laxity at 5-year follow-up. This signifies that time after surgery may play an

important role in determining how graft health affects knee laxity.

8.2.6 Time Differences of MR Variables between 3- and 5-year follow-up (Ap-
pendix |F|

In at 5-year follow-up, the MR variables of volume and median S| were able to significantly

predict hop% and KOOS sub-scores. The volume and median S| prediction for AP laxity approached
significance at 5-year follow-up. At 3-year follow up, these same MR variables were unable to predict
AP laxity and KOOS sub-scores, but were able to significantly predict hop%. Additionally, we saw
an increase in prediction strength between the 3- and 5-year hop% data. This difference in prediction
strength between the 3- and 5-year follow-up indicates that time after surgery may play an important
role in determining how graft structural properties affects surgical outcome. The purpose of this study
was to further evaluate the data from by assessing the effect of time on patient graft MR
and traditional outcome data. We tested the relationship between 3- and 5-year MR variables as well as
the relationship between 3-year MR variables and future traditional outcomes at 5-year follow-up. As a
baseline comparison, the relationship between the 3- and 5-year MR variables of intact ACLs from a set

of age-matched control subjects [10] was also analyzed.
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As hypothesized, 3-year graft volume predicted 5-year volume (R2=0.75, p<0.001) and 3-year graft Sl
predicted 5-year S| (R2=0.46, p=0.005). This indicates that the size and health of the graft at 3-year
follow-up impacts the graft size and health two years later. Additionally, some patients had an increase
in graft volume and SI, while some patients had a decrease in graft volume and Sl between the follow-up
times. This could indicate that patient grafts are still changing or remodeling up to the 5-year time point.
We found that there were no detectable differences in MR volume or SI between 3- and 5-year follow-up
for the control group. The lack of change in MR variables for the control group further indicates that

observed changes in the grafts of ACL reconstruction patients is likely due to graft remodeling.

We also found that early graft MR variables (3-year Volume and Sl) could significantly predict later
patient outcomes at 5-year follow-up. This indicates that the health of the graft at earlier time points
impacts later traditional outcome. This maybe particularly important if this relationship applies to even
earlier time points. For instance if graft health in terms of MR variables at 1-year follow-up can predict
later traditional outcomes at 5-years, this relationship could help influence clinical intervention for patients
with poor MR outcomes at early time points. In conclusion, the relationship of 3-year MR variables to
5-year MR variables and traditional patient outcomes may indicate that the graft continues to remodel,
and signifies that time after surgery plays an important role in determining how graft structural properties

affects traditional outcomes.

8.3 Future Directions

8.3.1 Longitudinal Validation of MR Prediciton Methods

The studies presented in this thesis were included as part of a grant application that has been awarded
(NIH 1R01-AR065462; Fleming/Murray). Future research funded through this grant will focus on further
validation of the MR-based method to predict the biomechanical performance of a healing ligament
discussed in this thesis. This study will use two aims to address how the MR-based prediction method
will 1) change with early phases of ligament healing and 2) how early stages of healing affect later
biomechanical outcomes within a ligament. To address the first aim a cross sectional study will be
used to determine the relationships between MR parameters and biomechanics at multiple early stages
of healing to further optimize the prediction model. The second aim will use a longitudinal study to

document changes in ligament biomechanics using the MR-based prediction approach to independently
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validate the model’s ability to discriminate between treatments and to determine if scans obtained in the
early stages of healing will predict the later biomechanical outcomes. For this study, we will focus on the
6 to 24 week healing window as this period encompasses early healing phases and the range of greatest
improvement in the ligament biomechanical properties [4,7,17,18]. At the completion of this study, we
will have optimized our MR-based prediction model to document healing following the surgical treatment
of an ACL injury, will be positioned to adapt this model to other healing ligaments and tendons, and will
be poised to perform pre-clinical and clinical trials comparing bio-enhanced ACL repair with the current

gold standard of treatment.
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Figure 8.1: In Aim 1 the model will be optimized to include the temporal changes and in Aim 2 it will be applied
to longitudinally document changes in healing of two repair strategies to determine if measurements
in the early stages of healing are predictive of those in the later stages.
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8.3.2 MR to Predict Collagen Content in a Degenerating Ligament

The seed grant that funded will also fund future research looking to relate intact ACL
volume and T* to histological outcomes in a group of osteoarthritis (OA) patients. Patients with
advanced OA are often treated with a total knee arthroplasty (TKA), where the articular surfaces of the
knee are removed and replaced with prosthesis. This study will take advantage of the unique opportunity
that a TKA patient population provides to validate our MR approach in humans since the knee articular
surfaces are discarded along with the cruciate ligaments at the time of surgery. This circumstance will
allow in vivo imaging in patients to determine the MR variables while permitting ex vivo histological
analysis. The combination of in vivo imaging and ex vivo analysis may help alleviate some challenges
encountered with intact ACL imaging previously done in a human cadaveric model (Specific Aim 5)).
The initial stages of this study have been completed. The knees of these patients have been imaged
prior to their replacement surgery and the MR images have been processed to determine the volume and
T,* values of the ligaments in vivo. The ligaments were then harvested at the time of surgery by our

collaborator Dr. Lee Rubin and have been prepped for subsequent histological analysis. This study seeks

to further clarify the research goals of [Specific Aim 3| & [Specific Aim 5| by determining how MR metrics

of the intact but degenerating ACL in OA patients affect histological outcomes.
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8.4 Summary

The goal of this thesis was to use the quantifiable MR parameters of volume, signal intensity and T,*
relaxation time to predict the biomechanical and histological outcomes of an ACL graft or ACL repair
as a surrogate outcome measure for healing. The main focus was on developing imaging methods
for determining these MR parameters and evaluating how these parameters could be used to assess
ligament or graft healing, in both animal models and in clinical trials. Additionally, a complimentary study
determined that these same imaging parameters were not significantly associated with biomechanical
performance of degenerating ACLs in a human cadaveric population clustered around 50 years of age.
Nonetheless, with the completion of the aims of this study, we have developed an MR imaging technique
tailored to the healing ligament or graft and assessed its ability to be used as a quantitative outcome

measure of ACL integrity.

This non-invasive MR method for predicting the structural properties and histological outcomes of the
graft or ligament will allow researchers to document functional healing longitudinally within a specimen
in pre-clinical animal studies. Furthermore, these findings may have implications as a surrogate outcome
measure in clinical studies for documenting temporal changes within-patients and as a more quantitative

method for guiding rehabilitation and determining when a patient is ready to return to high level activity.
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Appendix A

Ex Vivo Intra-Examiner Reliability of
the MR Imaging and Segmentation
Technique Used to Obtain Volume

and Signal Intensity Parameters
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A.1 Objective

The objective of this study was to test the intra-examiner reliability of ligament or graft volume and signal
intensity (SI) measures collected using MRI in both ex vivo human cadaveric and a porcine reconstruction

models.

A.2 Methods

To test the reliability of the MR imaging and segmentation techniques used in this thesis, one human
cadaveric knee (female age 54) with intact ACL and one patellar tendon allograft reconstructed porcine
knee (52 weeks of healing) were used. A surface knee coil on a 3T MR scanner (Siemens Trio, Erlangen,
Germany) was used to image the joints. A T>* weighted 3D-CISS sequence (Constructive Interference
in the Steady State; TR/TE/FA, 12.9/6.5/ 35° FOV, 160 mm; matrix 512X512, slice length/gap,
0.8mm/0; avg 1) was selected. This sequence produces high contrast between the soft tissues and joint
fluid, [3,4] which optimizes the boundaries of the ligament or graft for manual segmentation from the
image stack. The intact human cadaver knee was imaged 7 times while the reconstructed porcine knee
was imaged 4 times. Between scans the knees were removed from the scanner, flexed and extended 10
times and placed back in the scanner to create unique coordinates and slice locations for each repeated

scan.

Using commercially available software (Mimics 13.1, Materialise, Ann Arbor, Michigan), the intact human
ACL and reconstructed porcine graft were segmented from the MR image stacks (Figure. The same
examiner with was used for all segmentations and all the scans were batch processed within 2 weeks time
to limit variability. Three-dimensional surface models and Sl volumes were created from the segmented
images on a pixel by pixel basis. The median Sl from the ligament were normalized to the signal intensity
of femoral cortical bone to account for inter-scan variability.[2] Intra-articular volumes and median Sl

were determined for the ligaments.

A.3 Statistics

The within-subject coefficient of variation (WSCV) was used to test the reproducibility of the measure-

ments [5] and was calculated for the volume and median S| measures across the seven segmentations of
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Figure A.1: 3D segmentation process illustrated on one slice of the image stack. A) 2D graft location; B)
Segmented graft; C) 3D model of the graft. Figure from Biercevicz, A. M., Miranda, D. L., Machan,
J. T., Murray, M. M., and Fleming, B. C., In Situ, noninvasive, T2*-weighted MRI-derived parameters
predict ex vivo structural properties of an anterior cruciate ligament reconstruction or bioenhanced
primary repair in a porcine model, The American Journal of Sports Medicine 41 (2013) 560-566.

the ACL intact human knee and the four segmentations of the reconstructed porcine knee.

A.4 Results and Discussion

The mean volume and median S| values for the 7 repeated ACL intact human knee scans were 1288.8

+ 40.9 mm3 and 5.39 + 0.3, respectively. The WSCV for these repeated trials were 3.2% and 5.6%,
respectively (Table[A.T]).

Image Set # |Total Vol (mm?)| Median SI
1 1330.1 5.73
2 1331.1 5.53
3 1309.6 5.60
4 1214.9 5.00
5 1315.1 5.00
6 1252.8 5.60
7 1289.2 5.25
mean 1288.8 5.39
stdev 40.9 0.3
COV% 3.2 5.6

Table A.1: For the seven human cadaveric knee image sets: Mean, standard deviation and coefficient of variation
(COV) for the ligament total volume and median SI.

The mean volume and median Sl values for the 4 repeated porcine reconstructed ligament scans were

1729.5 4 100.0 mm? and 1.30 + 0.04, respectively. The WSCV for these repeated trials were 5.8 and
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3.6%, respectively (Table [A.2)).

In a meniscal volume soft tissue reproducibility study, utilizing To* weighted images collected with the
CISS sequence, a WSCV around 4% was observed [1]. WSCV under 5.8% for both volume and signal
intensity measures from the seven repeated scans of the intact human cadaveric knee and the four
repeated scans of the porcine ACL reconstructed knee suggest that the measured volume and median Sl

values are reliable with-in the same examiner.

Image Set # | Total Vol (mm®)| Median S|
1 1668.3 1.31
2 16455 1.39
3 1736.4 1.29
4 1867.8 1.29
mean 17295 1.30
stdev 100.0 0.04
COV% 5.8 3.6

Table A.2: For the four porcine reconstructed knee image sets: Mean, standard deviation and coefficient of
variation (COV) for the ligament total volume and median SI.
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B.1 Objective

The objective of this study was to test the impact of possible in vivo artifacts, such as movement and
blood flow, on the feasibility and reliability of collecting ligament volume and T,* in a living porcine

model.

B.2 Methods

To test the reliability of the proposed MR imaging, one adolescent Yorkshire pig (male, age 3 months,
53kg) with intact knees was used. To handle space limitations associated with imaging an in vivo porcine
model in a standard diameter clinical bore, a four channel flex coil was utilized on a 3T MR scanner

(Siemens Trio, Erlangen, Germany) to image the animal's right knee (Figure [B.1)).

Figure B.1: Imaging set up for space limitations associated with a porcine model. The animal was positioned
on its side with the caudal end of the animal inside the bore. A four channel flex coil was used to
obtain high resolution images of the field of view while limiting scan time.

148



A high resolution 3D T;-weighted FLASH sequence, utilizing 6-echo times, (TR/TE/FA, 33/4.3, 7.3,
10.2, 13.1, 16.0 & 18.9/ 17°; FOV, 180 mm; matrix 512X512, slice length/gap, 0.8mm/0; avg 1;
bandwidth 407) was acquired 5 times. Imaging time for each scan was approximately 20 minutes. In
between image set acquisitions the flex coil was removed and the animal’s knee was flexed and extended

10 times. Then the knee and flex coil were repositioned in the scanner and imaging was repeated.

Using commercially available software (Mimics 13.1, Materialise, Ann Arbor, Michigan), the entire volume
of the intact porcine ACL was segmented from each image set. Three-dimensional surface models were
created from the segmented images. T»>* maps were then calculated using custom Matlab code, the 6
echos from each data set were used for a voxel-wise nonlinear least-squares fit of voxel intensity versus

echo time for T* estimation.[2] The ACL voxels were extracted from the maps using the models created

from the segmented images (Figure [B:2).
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Figure B.2: A. Three-dimensional surface model of the segmented ACL overlaid on the original DICOM (sagittal
view of the knee). B. The same sagittal view of the knee with a T,* ligament specific map overlay.
The range of T>* values can be seen on the right side of the image.

From these ligament specific maps, histograms of the voxel-wise T>* were plotted. From each of the
five data sets ligament histograms, summary statistics (mean, median, 1st quartile (Q1) and 3rd quartile
(Q3)) were calculated for each method. Additionally, the whole ligament volume was then binned into
four separate tissue sub-volumes (Voly, Vol,, Vols, Volg) with equal To* intervals up to 50 ms (0-12.5;
12.6-25; 25.1-37.5; 37.6-50 ms, respectively) (Figure |B.2). Tissue volume in terms of mm3 (note: for

this MR protocol 10.1 voxels equaled one mm?®) was calculated for each sub-volume.
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B.3 Statistics

The within subject coefficient of variation (WSCV) was used to test the inter-scan reliability of the
measurements [3] and was calculated for the ACL total volume, T>* summary statistics and sub-volumes

defined by range of T»* across the 5 data sets of the intact porcine ACL.

B.4 Results and Discussion

The mean sub-volume (Voly, Voly, Vols, Vols) and total volume values for the 5 repeated ACL intact
human knee scans were 476 4+ 17.6 mm3, 274 + 14.8 mm3, 78 + 7.5 mm?3, 43 4+ 6.1 mm3 and 871 +

24.0 mm3, respectively. The WSCV for these repeated trials were 3.7%, 5.4%, 9.6%, 14.2% and 2.8%,
respectively (Table [B.1]).

Image Set # Vol,(mm?3) Vol,(mm3) | Vol;(mm?3) | Vol,(mm?3) T(cr;:r\r/g;
1 474.81 239.48 68.72 42.02 825.03

2 461.66 277.84 86.02 48.25 873.78

3 491.42 292.68 76.43 34.80 895.33

4 490.92 258.17 81.87 47.26 878.23

5 459.88 267.46 68.62 42.32 838.28
mean 475.97 274.04 78.24 43.16 871.40
stdev 17.57 14.80 7.52 6.14 23.96

WSCV% 3.69 5.40 9.61 14.24 2.75

Table B.1: For the five image sets: Mean, standard deviation and within subject coefficient of variation (WSCV)
for the ligament total volume and sub-volumes defined by range of T,*.

The To* summary statistics (Mean, Median, Q1, Q3) for the 5 repeated porcine scans were 14.0 + 0.4
ms, 11.4 + 0.4 ms, 5.8 + 0.4 ms and 18.4 4+ 0.4 ms, respectively. The WSCV for these repeated trials
were 2.7%, 3.3%, 6.4% and 2.3%, respectively (Table[B.2).

In a meniscal volume soft tissue reliability study, utilizing T>* weighted images collected with the CISS
sequence, a WSCV around 4% was observed.[1] WSCV under 6.42% for total volume, sub-volumes, and
T,* summary statistics from the five repeated scans of the intact porcine ACL knee suggest that the

measured volume and median grayscale values are reproducible.
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Image Set# | T,* Mean (ms) | T,* Median (ms) T,* Q1 (ms) T,* Q3 (ms)

1 13.48 10.59 5.36 17.86

2 14.50 11.87 6.37 18.91

3 13.62 11.26 5.82 18.08

4 13.95 10.96 5.50 18.52

5 13.83 11.40 5.68 17.97
mean 13.97 11.38 5.84 18.37
stdev 0.37 0.38 0.38 0.43
WSCV% 2.67 3.33 6.42 2.34

Table B.2: For the five image sets: Mean, standard deviation and within subject coefficient of variation (WSCV)
for the ligament T>* summary statistics (mean, median, 1st and third quartiles (Q1 & Q3).
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C.1 Introduction

The linear combination of volume and Sl or T>* has been found to significantly predict healing ligament
strength in a porcine ACL reconstruction and repair model.[2,3] Using the same prediction model approach
it was found that the combination of volume and T,* could not predict the strength of an intact human
cadaveric ACL (Chapter @ However, the distributions of volume and Ty* for these intact human
ligaments were limited in range and were clustered around the median value for the data set. This limited
availability of volume and T,* data for this human population could have affected the significance and

strength of the prediction model for intact ligament structural properties.

C.2 Objective

The objective of this study is to test the effect of a limited volume or S| data distribution on the
significance of a ligament structural properties prediction (Sl is correlated to To* and similarly represents
ligament integrity). To accomplish this, a prediction of healing ligament structural properties, that has
been proven in an operative porcine model (Specific Aim 1)), will be compared to a prediction of intact
ligament structural properties. Intact ligaments will be used to naturally restrict the volume and SI

distributions, similar to the human ACL study. These naturally restricted distributions will serve as a

proxy to the distributions seen in the intact human ACL (Specific Aim 5)).

C.3 Methods

As part of a study investigating the efficacy of ACL reconstruction, sixty-eight adolescent Yucatan minipigs
(approximately 15 weeks of age) underwent an ACL transection, reconstruction or repair procedure as
previously described.[6] After 15 weeks of healing, 42 of the animals were euthanized and the operative
as well as the control intact legs were harvested. Following 52 weeks of healing, the remaining 26
animals were euthanized and only the operative legs were harvested for MR imaging. The inclusion of
two healing time points and different ACL surgical procedures helped create a large range of volume and
Sl data for the operative healing ligaments. MR imaging was performed immediately after harvest on
both the operative and intact knees before the joints were frozen and stored for mechanical testing. The

healing ligament volume and Sl data from the healing ligaments was analyzed and published as a proven

prediction model for ligament strength (Specific Aim 1)).
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C.3.1 Imaging

A surface knee coil on a 3T MR scanner (Siemens TIM Trio, Erlangen, Germany) was used to image the
joints. A To* weighted 3D-CISS sequence (Constructive Interference in the Steady State; TR/TE/FA,
12.9/6.5/ 35° FOV, 160 mm; matrix 512X512, slice length/gap, 0.8mm/0; avg 1) was selected. Using
commercially available software (Mimics 13.1, Materialise, Ann Arbor, Michigan), both the operative
and intact ligaments were manually segmented from the MR image stacks. Three-dimensional surface
models and SI grayscale volumes were created from the segmented images. Intra-articular volumes and
SI (in terms of median ligament SI) were determined for the operative and intact ligaments. The SI
values from the operative and intact ligaments were normalized to the Sl value of femoral cortical bone

to account for inter-scan variability.[4,10]

C.3.2 Structural Properties

The same tensile testing protocol used in[1.3.1] [1.3.2] and[1.3.5|was used here to determine the structural

properties of both the operative and intact porcine ACLs.[1-3,6,9] The specimens were thawed to room
temperature. The femur was transected just distal to the hip while the tibia was transected just proximal
to the ankle to preserve the length of the long bones. The soft tissues were dissected from the tibia
and femur while leaving the joint capsule intact. The proximal end of the femur and the distal end
of the tibia were potted in 6 inch and 4 inch lengths of 1%" PVC pipe, respectively, using a urethane
resin (Smooth-On, Easton, Pennsylvania). All residual soft tissue and joint structures were then removed
from the joint leaving only the femur-ligament-tibia complex intact. Using a servohydraulic material
testing system (MTS 810; Prairie Eden, MN), the tensile loads were applied at 20mm/min to failure as
previously reported.[9] Initially, the joint was placed at 30 degrees of flexion so that the mechanical axis
of the ligament was collinear with the direction of pull of the tensile testing actuator. Starting with a
tibiofemoral compressive force of 5 N, the entire load-displacement curve was recorded until a precipitous
drop in load occurred. Yield load, maximum load, and linear stiffness values of the ligaments were
calculated as previously described.[9] The specimens were thawed to room temperature. The proximal
end of the femur and the distal end of the tibia were potted in PVC pipe using a urethane resin. The
joint was carefully dissected, leaving only the femur-ligament-tibia complex intact. Using a servohydraulic
material testing system (MTS 810; Prairie Eden, MN), the tensile loads were applied at 20 mm/min to
failure as previously reported.[9] Starting with a tibiofemoral compressive pre-load of 5 N, the entire tensile

load-displacement curve was recorded until a precipitous drop in load occurred. The linear stiffness,
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maximum load and yield load values of the operative and intact ligaments were calculated from the

load-displacement data.[9]

C.3.3 Statistics

C.3.3.1 Summary Statistics

Summary statistics (maximum, minimum, median, skewness) for the volume and Sl data were calculated
(Table [C.1)) for the operative and intact ligaments separately. These summary statistics were used to

assess the shape and distribution of the data sets for both the operative and intact ligaments.

C.3.3.2 Prediction models

For both the operative and the intact ligaments, linear regression models were used to separately test
the relationships between: a) MR volume and structural properties and, b) Sl and structural properties.
Subsequently, both volume and SI were included in a multiple linear regression model to predict the struc-
tural properties (a fit plane) (SigmaPlot 12.0; Systat Software Inc., San Jose, CA) of the operative and
intact ligaments separately. The resulting additive models included a volume term (VOL), representing
the total ligament volume and ligament median Sl (Table. The R-square and p-values were reported

as indicators of the relationship strength and goodness of fit for both the operative and intact ligaments.

C.4 Results

C.4.1 Summary Statistics

For the operative healing ligaments the maximum, minimum, and median volume were 1883.6, 106.5,
and 944.0 mm3, respectively. The maximum, minimum, and median Sl for the operative ACL data set
was 1.90, -0.002, and 0.94, respectively. The maximum, minimum, and median maximum load for the

operative ACL data set was 1806.4, 32.0, and 649.3 N, respectively (Table [C.T]).

For the intact ligaments the maximum, minimum, and median volume was 1216.4, 618.2, and 866.5

3

mm?, respectively. The maximum, minimum, and median SI for the intact ligaments data set was 2.0,
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0.69, and 1.5, respectively. The maximum, minimum, and median maximum load for the intact ligaments

data set was 2114.9, 949.5, and 1531.8 N, respectively (Table[C.1)).
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Figure C.1: The maximum load for the operative and intact ligaments as a function of ligament volume and the
median Sl in the linear regression models. Dashed lines represent 95% confidence interval.
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Figure C.2: Box and whisker plots (25-75% confidence intervals and maximum/minimum values) for median S|
and Volume for both intact porcine ligaments and surgical operative ligaments.
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C.4.2 Prediction models

The volume of operative ligaments significantly predicted maximum failure load (R?=0.54, p<0.001).

The median Sl value significantly predicted maximum failure load (R?=0.42, p<0.001) (Table [C.2).

Using volume in conjunction with the median S| value, the multiple linear regression model showed an

increased ability to significantly predict maximum failure load for the operative ligaments; (R?=0.73,

p<0.001) (Table[C:2).

The volume of intact ligaments did significantly but not strongly predict maximum failure load (R2=0.11,

p=0.045). The median Sl value did not predict maximum failure load (R*=0.06, p=0.149) (Table 2).

Using volume in conjunction with the median Sl value, the multiple linear regression model did not

significantly predict maximum failure load for the intact ACL (R?=0.12, p=0.111) (Table|C.2)). It should

be noted that, during mechanical testing, all ligament specimens failed mid-substance.

Model Indep.endent Range Max Min Median Skewness
Variable
VoL 1777.1 1883.6 106.5 944.1 0.0149
Porcine OP ACL Median S| 1.90 1.90 0.00 0.94 0.00343
Max Load (N) 1774.4 1806.4 32.0 669.1 0.466
VoL 598.2 1216.4 618.2 866.5 0.263
Porcine Intact ACL Median SI 1.72 2.04 0.31 1.51 -0.788
Max Load (N) 1165.4 2114.9 949.5 1531.8 0.132

Table C.1: Summary statistics for the operative (OP) and intact ligament volume, S,

and maximum load data

sets.
Dependant Independent 2 .
Model Variable Variable R Regression p-value Slope Intercept
Max Load (N) VoL 0.54 <0.001 0.76 £ 0.09 -32.2+86.6
Max Load (N) Median SI 0.42 <0.001 -523.9+77.7 1142 +77.6
Porcine OP ACL
VoL 0.61 +0.07
Max Load (N) 0.73 <0.001 440.1+96.7
Median S| -370.1 +54.8
Max Load (N) VoL 0.11 0.045 0.69 +0.33 903.0 +292.2
+
Max Load (N) Median SI 0.06 0.149 -179.6 £121.8 17158?)(())_
Porcine Intact ACL =
VoL 0.58 +0.37
Max Load (N) 0.12 0.111 1121.7+445.7
Median S| -87.2+133.4

Table C.2: Summary of the maximum load prediction equations for both porcine

ligaments as a function of volume (VOL) and median SI.
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C.5 Discussion

As was previously reported (Specific Aim 1), the combination of operative ligament volume and median

Sl significantly (p<0.001) and strongly (R2=0.73) predicted maximum failure load. The same regression
analysis combining intact ligament volume and Sl did not predict maximum failure load (R?=0.12,
p=0.111). This inability to predict failure load is likely due to the limited range of volume and Sl data
seen with the intact ligaments.[5,8] The operative ligaments had a volume range (1777.1 mm?) more
than three times as large as the intact ligaments (589.2 mm?3) (Figure Table . Additionally, the
range of Sl data for the intact ligaments was smaller than the operative ligaments (Table and the
distribution of Sl values in the intact ligament data set was less evenly distributed. This can be seen by
the negative skew (-0.788, clustering of data towards higher Sl values) of the intact ligament SI, where
the operative ligaments displayed little to no skew (0.003, even distribution across the range) (Table[C.1]
Figure. The large range and even distribution of both volume and Sl data for the operative ligaments
is due to the inclusion of two healing time points and different ACL surgical procedures. Conversely, the
limited variability of volume and S| data seen with the intact ligaments was due to the animals coming
from the same healthy porcine population of similar age. As a result, both the independent variables
(volume and SI) in the intact ligaments had a restricted range or were homogenous, which negatively
affected the strength of the prediction in comparison to the surgical ligaments that had a naturally

heterogeneous composition for the independent variables.[7,8]

While the predictions for the intact ligaments were not strong and significant, the same trend of high
volume and low S| measures being associated with high maximum load was identified. However, in the
predication equations of the intact ligaments the slope of median Sl was significantly lower than the
operative ligaments (Table . Furthermore, the y-intercept of the intact ligament predictions was
offset to higher values (Table , in comparison to the operative ligaments. This could indicate that
while the same trends were identified with the intact ligament predictions, there could be an inherent
difference with the biology or anatomy of the intact ligaments that creates these differences. These
prediction differences (slope and intercept) could also be an artifact of the limited volume and Sl data

seen with the intact ligaments.

There are some limitations to this study. Intact limbs were only included from the 15 week operative
animals (n= 42). MRI was not gathered of the intact limbs from the 52 week time point of the original
study, so analysis of the intact limbs from this time point was not possible. The inclusion of animals that

were 37 weeks older with presumably larger ligaments would have had a limited effect on the predictability
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of the intact ligaments. The volume data for the intact specimen prediction was sparse at the low end of
the range and more intact specimens with larger volume would have a limited affect on the prediction.
Second, the Sl variable used to represent tissue integrity can vary depending on MR imaging parameters.
We normalized the grayscale values to that of cortical bone within each image to minimize this concern.
Despite these limitations, the data presented here indicates that limited availability of volume and SI
data for the intact porcine ACL could have affected the significance and strength of the prediction model

for intact ligament maximum load.
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Appendix D

The Creation and Mitigation of
Artifact with the Anterior Cruciate
Ligament (ACL) Reconstruction

Procedure in an Ex Vivo Porcine

Model

Andrew C. Rohan, Alison M. Biercevicz, Braden C. Fleming
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D.1 Introduction

Artifact is a problem in MR imaging studies and is common following ACL reconstruction.[2,3] Artifacts,
thought to be caused by metal particulate released from surgical instrumentation, can confound qualitative
and quantitative outcome measures. Specifically in efficacy studies of new ACL treatment procedures,
these artifacts have resulted in lost MR data points and wasted resources for both animal model[1]
and human clinical research.[2] Decreasing the incidence of artifact and its effect on MR outcomes
would minimize data loss, decreasing the number of animals or patients required per study group and
significantly lowering cost. The objective of this study was to recreate surgical conditions where artifact

is created, in an effort to identify the cause of artifact and mitigate its effects.

D.2 Methods

Two cadaveric porcine hind limbs harvested at the hip joint were used (~25 kg animal). Each knee was
imaged intact to create baseline images for comparison. In a standard ACL reconstruction procedure,
two basic steps are used to create the tunnels for placing the graft. These two steps involve drilling a
flexible passing pin from the cortical bone into the intra-articular space and then drilling over the pin
with a cannulated drill bit to create the tunnel into the intra-articular space. Our goal was to identify
artifact creation during tunnel creation, and to assess the effect of flushing the joint with saline on artifact

appearance.

D.2.1 Passing Pin

Care was taken to keep the joint capsule intact to avoid infiltration by air bubbles, which can induce MR
artifact. The first step was to drill a passing pin (Smith and Nephew Endoscopy, Andover, MA) into the
intra-articular space. This was done four times through the lateral tibia, medial tibia, lateral femur and
medial femur (Figure . A new passing pin was used for each knee, but the same passing pin was
used for each of the 4 tunnels. Imaging was then repeated to identify if artifact was present. Artifact

was identified with the first joint and no artifact was identified in the second.
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Lateral

Figure D.1: Schematic showing path of passing pins and or cannulated drill bits into the intra-articular space.

D.2.2 Cannulated drill bit

With the second knee, a cannulated drill bit (Smith and Nephew Endoscopy, Andover, MA) was used
to drill over the passing pin tunnels; this was done for all 4 tunnels. This knee was then re-imaged and

artifact was identified. The cannulated drill bit was only used on the second joint.

D.2.3 Eliminating artifact

For both knees, the joint was flushed with saline to eliminate artifact. To accomplish this, an open
incision was created medial to the patellar tendon, thus allowing direct access to the intra-articular
space. While flexing and extending the knee, saline was used to directly flush the joints. After flushing,
the intra-articular space was filled with saline to expel any air bubbles created during this process. The
joint was then wrapped in a pressure dressing to prevent the entrance of air bubbles, prior to the joints

being re-imaged.
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Figure D.2: Images of the first porcine knee. A) Intact showing 1. Bubble artifact in the musculature of the
animal and 2. No artifact in the intra-articular portion of the joint. B. The joint following drilling
with a passing pin. 1. Artifact clearly identified in the femoral tunnel, 2. Artifact identified in the
intra-articular space, 3. Excessive artifact at the surface of the tiba's cortical bone were the passing
pin tunnel started. C. The joint following washout and flushing. 1. Artifact still readily identified
in one of the femoral tunnels, 2. Artifact in the intra- articular space is diminished, 3. Excessive
artifact still identified at the tibial bone surface.
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D.2.4 MR Imaging

All MR images were acquired using a surface knee coil on a 3T scanner (Siemens TIM Trio, Erlangen,
Germany). A 3-D Tl-weighted FLASH sequence (TR/TE/FA, 20/7.6/ 12°; FOV, 160 mm; matrix
512X512, slice thickness/gap, 1.5mm/0; avg 1, bandwidth, 130) was used. These MR images were

inspected qualitatively to identify size and location of artifact.

D.3 Results

D.3.1 Intact

The first knee had no intra-articular artifact during the intact imaging, although some air bubble artifact
was observed in the musculature and long bones of the knee (Figure 2). The second knee had two small

isolated artifacts intra-articularly (Figure [D.3).

D.3.2 Passing pin

With the first knee, artifact was identified in all four tunnels drilled, with an excessive amount of artifact
at the cortical bone surface where the passing pin entered the lateral tibia. Additionally, artifact was
identified at the surface of the ACL intra-articularly (Figure . With the second knee some artifact
was identified in the four tunnels drilled, with an excessive amount at the cortical bone surface at the

lateral tibia position. The second knee showed little to no intra-articular articular artifact (Figure [D.3)).

D.3.3 Cannulated drill bit

The second knee showed excessive artifact following drilling with the cannulated drill bit. Artifact was

identified in the tunnels as well as clustered at the surface of the ACL and PCL (Figure |D.3).
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C. Cannulated Drill
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Figure D.3: Images of the second porcine knee. A) Intact knee showing 1. Bubble artifact in the musculature of
the animal and 2. Air Bubble artifact in the intra-articular portion of the joint. B. The joint following
drilling with a passing pin. 1. Artifact clearly identified in the femoral tunnel, 2. Air bubble artifact
is no longer identified in the intra articular space, 3. No artifact in the tibial passing pin tunnels. C.
The joint following tunnel creation with the cannulated drill bit.1. Increased artifact in the femoral
tunnel, 2. Excessive artifact intra-articularly in the area of the ACL and PCL. 3. Increased artifact
in the tibial tunnel. D. The joint following washout and flushing. 1. Artifact still readily identified
in one of the femoral tunnels, 2. Artifact in the intra- articular space is drastically diminished, 3.
Artifact is still identified in the tibial tunnel but is diminished from the previous image.
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D.3.4 Eliminating artifact

After the knees were flushed with fluid, the artifact clustered on the surface of the ACL and PCL was
no longer identified (Figure and Figure respectively). Artifact in the tunnels and cortical bone

may have been minimized slightly but was still apparent.

D.4 Discussion

Artifact was identified during tunnel creation and was related to a combination of collecting air bubbles
and metal particulate. Artifact identified in the intact joints and the surrounding musculature indicates
this artifact is not metallic and the result of air bubbles. Furthermore, the intact joints where minimally
dissected prior to imaging, and when artifact was identified it appeared to cluster at the ACL and PCL
surface. Dissection and removal of musculature from the long bones can leave a passage for air to enter
the intra-articular space, especially at the patella-femoral groove. In other cadaveric studies that used a
similar dissection technique, minor artifacts were also observed in intact joints.[1] Flushing the joint with
saline and repeating the imaging process confirmed that these artifacts were due to air. After the joint
was flushed, artifact due to air bubble that was aggregated on the surface of the ACL was no longer
present, and was likely washed away by the use of saline. Concerns over air bubble artifact would be
limited to ex vivo studies where the joint is dissected. For joints imaged in vivo, there should be minimal

concern of air in the intra-articular space due to the living system maintaining homeostasis.

Metal particulate was also a cause of artifact with this pilot study. In the knees, artifacts were identified
after the use of the passing pins and drill bits indicating that these artifacts were associated with metal
hardware use. Additionally, the specific location and shape of artifact also implies metallic particulate
(Figure C.3). Only a moderate ability to wash out artifact was identified. The best result of
minimizing metal artifact was observed after a large volume of saline was used to flush the areas specific

to the tunnels and intra-articular space along with repeated flexion extension of the joint.

Going forward, the best way to prevent artifact in an imaging study would be to include considerations
for minimizing both air and metal artifact creation. Minimizing air artifact would be a primary concern
for ex vivo in situ imaging where the joint has been removed from the animal and partially dissected.
Leaving more musculature on the tibia and the femur will help keep the integrity of the joint capsule and

prevent the entry of air. Alternatively, flushing the joint with saline helps to actively ensure the absence
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of air bubbles following harvest. To help prevent metal artifact it may be best to flush the joint after the

use of the passing pin as well as the cannulated drill bit, as they both create artifact individually.

D.5 Significance

Identifying the cause of artifact in an ACL reconstruction procedure and mitigating its effects could

greatly minimize data loss and significantly lower cost in MR imaging studies.
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Volume and S| Predict Porcine Graft

Laxity at 52 Weeks of Healing
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E.1 Objective

The purpose of this study was to determine if the same linear combination of volume and signal intensity
(SI) used to predict graft or ligament structural properties in [Specific Aim 1| could also predict AP knee
laxity at 15 and 52 weeks of healing. We hypothesized that the combination of volume and S| would

predict the graft or ligament AP laxity in a multiple regression model.

E.2 Methods and Statistics

The same reconstructed, repaired and transected knees used in the analysis of [Specific Aim 1] were also
tested for AP knee laxity before destructive structural properties testing. Similar to the
porcine knees were thawed and prepared for ex vivo AP laxity testing where the joint capsule was left
intact unlike structural properties testing which requires the other supporting structures of the knee to be
removed. With the joint capsule intact the AP laxity values for the knees were measured using a custom
fixture with the knee fixed at 30°, 60°, and 90° flexion (AP30, AP60, AP90, respectively).[1,2] These
fixtures are meant to mimic a clinical AP knee laxity test similar to clinical outcomes gathered in
Anterior- and posterior-directed loads of 440 N were applied to the femur with respect to the tibia
by an MTS 810 Materials Testing System (MTS, Prairie Eden, Minnesota), while the AP displacements
were measured. The AP laxity was reported as the displacement of the tibia with respect to the femur
between the load limits of £30 N.[2] Both volume and SI were included in a multiple linear regression
model to predict the knee AP laxity at 15 weeks and then at 52 weeks separately. The R-square values

for both the 15 and 52 weeks models were reported as indicators of the strength of the relationships.

E.3 Results

Volume in conjunction with median Sl, was able to significantly but not strongly predict AP30 at 15
weeks of healing; R?=0.16 (p=0.030). Volume and S| were not able to predict AP60 or AP90 at 15
weeks; R2=0.13 (p=0.068) and R?>=0.06 (p=0.312), respectively (Table .

Volume in conjunction with median Sl, was able to significantly predict AP30 and AP60 at 52 weeks of
healing; R2=0.48 (p<0.001) and R?=0.56 (p<0.001), respectively (Figure Table|E.1)). Volume and
Sl were not able to predict AP90 at 52 weeks; R2=0.06 (p=0.483) (Table [E.1).
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Figure E.1: The prediction plane for AP60 as a function of volume and of median Sl for the reconstructed,
repaired and transected ligaments at 52 weeks of healing.

. . Dependant Independent 2 Model p- N
Time Point Variable Variable R p-value value Equation
VoL 0.355
AP30 0.16 0.030 AP30=4.2 - (0.0008 X VOL) + (1.6 X SI)
Sl 0.025
VoL 0.03
15 Weeks AP60 0.13 0.068 AP60 = 10.8 - (0.002 X VOL) + (0.2 X SI)
Sl 0.759
VoL 0.129
AP90 0.06 0.312 AP90 = 8.9 - (0.001 X VOL) - (0.3 X SI)
Sl 0.731
VoL 0.006
AP30 0.48 <0.001 AP30=7.4-(0.004 X VOL) + (1.0 X SI)
Sl 0.419
VoL 0.004
52 Weeks AP60 0.56 <0.001 AP60 = 10.8 - (0.004 X VOL) + (1.5 X SI)
Sl 0.188
VoL 0.249
AP90 0.06 0.483 AP90 =11.0- (0.002 X VOL) - (1.5 X SI)
Sl 0.335

Table E.1: Summary of the reconstructed, repaired and transected ligament A-P laxity prediction equations for
both the 15 and 52 week time points as a function of volume (VOL) and SI.
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E.4 Discussion

In general higher volume and/or lower S| measurements were associated with lower AP knee laxity of the
reconstructed, repaired and transected ligaments (Figure . Prediction of graft or ligament AP laxity
was stronger and more significant at 52 weeks of healing than at 15 weeks of healing. This difference
in prediction strength between the two time points indicates that there may be a lag time before graft
or ligament strength is reflected in laxity measurements. This finding mirrors results found with
[Aim 6 where patient graft volume and SI were not predictive of AP knee laxity gathered with a KT-1000
at 3-year follow-up but was predictive of AP laxity at 5-year follow-up. Additionally, the combination of
volume and Sl was not able to predict AP90 at 15 weeks or at 52 weeks. This result was also supported
by findings with previous animal studies, where AP laxity at 90 degrees of flexion was least indicative of

reconstructed, repaired and transected ligaments health.[2,3]

It was found by combining the volume and Sl values of the reconstructed, repaired and transected
ligaments from [Specific Aim 1| we were able to predict AP knee laxity at 52 weeks but not at 15 weeks of
healing. This in combination with patient findings from signifies that time after surgery

may play an important role in determining how graft health affects knee laxity.
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Patient 3- and 5-year Follow-up for
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F.1 Objective

In[Specific Aim 6] at 5-year follow-up, the MR variables of volume and median Sl were able to significantly
predict hop% and KOOS sub-scores. The volume and median S| prediction for APlaxity approached
significance at 5-year follow-up. At 3 year follow up, these same MR variables were unable to predict
APlaxity and KOOS sub-scores, but were able to significantly predict hop%. Additionally, we saw an
increase in prediction strength between the 3- and 5-year hop% data. This difference in prediction
strength between the 3- and 5-year follow-up indicates that time after surgery may play an important

role in determining how graft structural properties affects surgical outcome.

The purpose of this study was to further evaluate the data from by assessing the effect of
time on patient graft MR and traditional outcome data. We tested the relationship between 3- and 5-year
MR variables as well as the relationship between 3-year MR variables and future traditional outcomes
at 5-year follow-up. We hypothesized that patient graft MR variables at 3-year follow-up would predict
5-year MR variables. Additionally, we hypothesized that MR variables at 3-years would predict future
patient outcomes at 5-year follow-up. As a baseline comparison, the relationship between the 3- and
5-year MR variables of intact ACLs from a set of age matched control subjects[1] was also analyzed. For
this control group we hypothesized that there would be no difference in the volume and SI MR parameters

between the 3- and 5-year follow-up.

F.2 Methods and Statistics

The same MR variables and traditional outcomes from the patient population [1] used in [Specific Aim 6

were also used for this analysis. First 3-year volume was used in a linear regression to predict 5-year graft
volume (Figure [F.1]A). Then 3-year S| was used in a linear regression to predict 5-year graft Sl (Figure
B). Next the 3-year S| was used to predict future patient traditional outcomes at 5-year follow-up
(Figure . The R-square values and p-values for the linear relationships were reported as indicators of
the strength of the relationships. A group of age matched controls from the original patient study was
also analyzed for time differences as a base line comparison, to the surgical group. A Repeated measures
ANOVA was used to test for differences in intact ligament volume between 3- and 5-year follow-up and

in intact ligament S| between 3- and 5-year follow-up for the control group.
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Figure F.1: The linear relationship of 3-year to 5-year patient MR variables. A) 3-year to 5-year volume and B)
3-year to 5-year SI.
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F.3 Results

3-year graft volume was able to significantly predict 5-year volume; R2=0.75 (p<0.001) (Figure )
3-year graft Sl was able to significantly predict 5-year SI; R2=0.46 (p=0.005)(Figure ) 3-year graft
Sl was able to significantly predict the 5-year traditional outcomes of 5y Hop% and 5y KOOSqol sub-

score; R2=0.30 (p=0.03) and R2=0.35, respectively (p=0.012) (Figure |F.2). No differences were found

in volume or Sl for the control group between 3 and 5 year follow up.
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Figure F.2: The linear relationship of 3-year graft Sl variables to 5-year traditional outcome. A) 5-year Hop%
B) 5-year KOOSqol.
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F.4 Discussion

As hypothesized 3-year graft volume predicted 5-year volume and 3-year graft Sl predicted 5-year Sl
(Figure . This indicates that the size and health of the graft at 3-year follow-up impacts the graft
size and health two years later. Additionally, some patients had an increase in graft volume and Sl, while
some patients had a decrease in graft volume and S| between the follow-up times (Figure . This
could indicate that patient grafts are still changing or remodeling up to the 5-year time point. We found
that there were no detectable differences in MR volume or S| between 3- and 5-year follow-up for the
control group. The lack of change in MR variables for the control group further indicates that observed

changes in the grafts of ACL reconstruction patients is likely due to graft remodeling.

We also found that early graft MR variables (3-year Volume and Sl) could significantly predict later patient
outcomes at 5-year follow-up (Figure . This indicates that the health of the graft at earlier time
points impacts later traditional outcome. This maybe particularly important if this relationship applies
to even earlier time points. For instance if graft health in terms of MR variables at 1-year follow-up can
predict later traditional outcomes at 5-years, this relationship could help influence clinical intervention

for patients with poor MR outcomes at early time points.

In conclusion, the relationship of 3-year MR variables to 5-year MR variables and traditional patient
outcomes may indicate that the graft continues to remodel, and signifies that time after surgery plays an

important role in determining how graft structural properties affects traditional outcomes.
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