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Degeneration and injury of fibrocartilages are often implicated in painful 

musculoskeletal conditions, which cause the most years lived with disability 

worldwide. Low back pain (LBP) and osteoarthritis (OA) rank 1st and 2nd among 

musculoskeletal conditions, based on global burden of disease data. Additionally, 

spine and knee surgeries are among the most common orthopedic procedures every 

year. Disc and meniscus injuries are linked to higher rates of LBP and OA, 

respectively, but questions remain regarding the direct cause of this correlation and 

quantitative measures are limited. Fibrocartilage degeneration is currently evaluated 

via structural assessment of magnetic resonance images (MRI), but many people with 

degenerative tissues do not have pain. It is hypothesized that pain may be more closely 

linked to tissue function as opposed to structural degeneration. Invasive assessment of 

disc function has shown better specificity for identification of pain causing discs, and 

LBP is often exacerbated or abated by different postural positions. Similarly, work in 

the knee has suggested that mechanics may be better at detecting painful joints than 

tissue structure. Ex vivo testing of cadaveric tissues informs us that degenerate or 

injured tissues have altered mechanics, likely leading to altered joint kinematics in 

vivo, but these explant studies do not match the in vivo boundary conditions. In vivo 

measurement of tissue function is still in development. Development of in vivo 
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The objective of this thesis was to develop and apply methods for non-invasive 

measurement of function and degeneration of the intervertebral disc and meniscus that 

could be used to inform and direct clinical decisions related to aging and injury. First, 

I identified appropriate sequence parameters to acquire MR data and applied curve 

fitting methods to accurately calculate disc T2 in the presence of image signal noise 

(Aim 1). I then developed methods and analyses to evaluate the mechanical function 

of the discs via non-invasive MRI in a young, asymptomatic cohort to establish 

baseline in vivo disc mechanics (Aim 2). Next, knee joint kinematics were assessed in 

intact joints, following root tear, and following suture repair at an acute time point 

under physiological loading using novel MRI methods (Aim 3). Finally, similar 

methods were applied to a porcine model of meniscus injury to appraise joint health 

and progression of degeneration following tear or repair in the short-term due to 

mechanical and biological interactions including endogenous remodeling and healing 

(Aim 4). In summary, this dissertation developed and utilized tools to evaluate in vivo 

mechanical function in the spine and knee in relation to structural degenerative 

changes. These tools may be used in the future to assess the progression of 

degeneration over time and to test the effectiveness of different repair and treatment 

strategies for disc and meniscus injury. 
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INTRODUCTION 

Degeneration and injury of fibrocartilages are often implicated in painful 

musculoskeletal conditions, which cause the most years lived with disability 

worldwide, with low back pain (LBP) and osteoarthritis (OA) ranking 1st and 2nd 

among musculoskeletal conditions, based on global burden of disease data [1–3]. 

Additionally, spine and knee surgeries are among the most common orthopedic 

procedures every year. Disc and meniscus injuries are linked to higher rates of LBP 

and OA, respectively [4–9], but questions remain regarding the direct cause of this 

correlation. Ex vivo testing of cadaveric tissues informs us that degenerate or injured 

tissues have altered mechanics, likely leading to altered joint kinematics in vivo, but 

these explant studies do not match the in vivo boundary conditions. Development of in 

vivo assessment of tissue function may provide better context as to why these injuries 

lead to pain, and what therapies and repairs should be targeting to remedy the 

situation.  

Currently disc and articular cartilage degeneration are identified by structural 

changes in static images. These assessments rely on qualitative and subjective grading 

schemes for magnetic resonance imaging (MRI) intensity and structural morphology 

[10–12]. These grading schemes have shown low sensitivity and specificity for pain 

[13–16]. For example, most discs will eventually look bad with age, but many will not 

cause pain. A likely reason for this is that pain is linked to mechanical function which 

cannot be assessed by a single static image [4, 17–21]. For example, discography, an 
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invasive mechanical perturbation of the disc, is excellent at determining painful discs 

from other degenerate discs but is not used [22–25]. Additionally, LBP can be 

exacerbated or abated by certain postural positions [26, 27]. In the knee, it is well 

known that meniscus tears impact joint kinematics and advance to progressively 

debilitating outcomes of impaired joint function, joint-wide cartilage erosion, and OA, 

but strains and mechanics of the meniscus after injury have not been well described in 

vivo [6, 28–30]. In cadaveric testing, there is evidence that mechanics may be better at 

detecting degeneration than structural assays [31]. Thus, assessing the mechanical 

function of fibrocartilages, along with the structural morphology, could aid in early 

detection of degeneration and the assessment of degeneration post-injury.  

The disc and meniscus are implicated in low back pain and osteoarthritis, yet 

we are unable to assess their function in vivo to better plan and evaluate treatments. In 

vivo assessment is necessary because 1) explant tissue testing does not mimic the in 

vivo boundary conditions and 2) in vivo tissue function may evaluate tissue health 

more effectively. Further, while the endpoints of degeneration are easily detected in 

vivo and described ex vivo, the progression of the relation of structural and functional 

changes is not well described in vivo. It is not possible to track progression of changes 

via destructive measures, thus, non-invasive MRI techniques are needed in order to 

study the progression of these changes from early to late stages of degeneration. Once 

non-invasive MRI outcomes are linked to destructive measures of degeneration, MRI 

will allow for assessment of degeneration non-invasively. Thus, the goal of this 

dissertation is to establish and apply non-invasive MRI techniques to monitor tissue 

function and composition of disc, meniscus, and cartilage to detect tissue degeneration 
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and to provide proof of concept of tools that can be used to evaluate the progression of 

changes throughout the degenerative cascade. 

First, I identified appropriate sequence parameters to acquire MR data and 

applied curve fitting methods to accurately calculate disc T2 in the presence of image 

signal noise (Aim 1). I then developed methods and analyses to evaluate the 

mechanical function of the discs via non-invasive MRI in a young, asymptomatic 

cohort to establish baseline in vivo disc mechanics (Aim 2). Next, knee joint 

kinematics were assessed in intact joints, following root tear, and following suture 

repair at an acute time point under physiological loading using novel MRI methods 

(Aim 3). Finally, similar methods were applied to a porcine model of meniscus injury 

to appraise joint health and progression of degeneration following tear or repair in the 

short-term due to mechanical and biological interactions including endogenous 

remodeling and healing (Aim 4). Animal models of meniscus injury and OA 

development are common from small to large animals as a controlled system to study 

joint changes due to intervention and biological remodeling, with the porcine model 

being one of the most common and best models [32, 33]. 

Completion of this dissertation will yield 1) recommended sequence and 

analysis methods for T2 relaxation time in the disc for more accurate and translatable 

data, 2) baseline in vivo mechanical function data from young, asymptomatic lumbar 

discs, 3) assessment of joint kinematics in intact joints, following root tear, and after 

suture anchor repair, and 4) joint kinematics 6 weeks post-op in a porcine animal 

model of meniscus injury and repair. Further, this thesis will provide experimental and 

analysis tools to further evaluate and test the in vivo function of the disc and meniscus 

in older and symptomatic populations as well as longer term time points of a meniscus 
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injury model. Using these novel methods, the efficacy of different treatment, implant, 

and repair strategies can be studied with these non-invasive MRI methods. 
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BACKGROUND 

2.1 Fibrocartilage Structure and Function 

Fibrocartilages are complex structures that are critical to joint function by 

supporting and distributing loads while allowing for motion about the joint. This 

dissertation focused on the intervertebral disc in the spine and the menisci in the knee. 

Discs are bean shaped tissues with a gel-like, pressurized nucleus pulposus (NP) in the 

center of the highly aligned, fiber-reinforced layers of the annulus fibrosus (AF) (Fig 

2.1A). The disc is also lined on the top and bottom by a cartilage endplate (CEP) that 

provides a little compressive support, but its primary function is as a gateway for 

nutrient and waste transport into and out of the NP. The primary anchor to the bone is 

via the AF interdigitating into the vertebrae, similar to a ligament or tendon. The 

compressive loads of the spine are supported by the pressurization of the water in the 

NP, while the AF stretches circumferentially to produce hoops strains, contain the 

pressurized NP, and aid in supporting the compressive load.  

Menisci are semilunar shaped wedges consisting of aligned collagen and 

proteoglycan located between the femur and the tibia that help protect the underlying 

articular cartilage (Fig 2.1B). They are anchored to the bone by ligament like 

attachments from the anterior and posterior horns. These attachments and the wedge 

shape of the meniscus enable the meniscus to convert the compressive forces of the 

leg bones into hoop stresses through their highly aligned structure. Thus, both tissues 

support high compressive loads by converting them to tensile hoop stresses that are 
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supported by their circumferentially aligned collagen networks. Overall, however, 

both tissues experience complex six degree of freedom loading. 

 

Figure 2.1: Schematic of joint forces. A) Intervertebral disc B) knee and meniscus 

2.2 Tissue Degeneration and Mechanics 

 There is an extensive data set of cadaveric research on disc and meniscus 

tissues showing altered mechanics of degenerate tissues. Disc degeneration involves 

degradation of the extracellular matrix and structure and cell death and senescence 

[34–41]. Our lab has contributed to the large body of cadaveric evidence that 

mechanical properties of disc tissues and segments are compromised with 

degeneration [42–54]. Similar evidence of compromised mechanics with degeneration 

exists for meniscus tissue testing [55–60]. TekScan pressure sensitive film is one of 
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the most common for joint-level testing where the film is inserted between the 

meniscus and tibia to assess overall joint loading and distribution [61–66]. 

Specifically, root tear and full width radial tears decrease meniscus strains and 

increase cartilage loads, leading to initiation and progression of OA [67–69]. 

2.3  In Vivo Reference State is Unknown 

Unfortunately, cadaveric testing requires destructive removal of the tissue and 

loss of the boundary conditions that are present in vivo. In vivo the tissues have 

unknown water contents and are under pre-loads (brought on by the weight of other 

tissues, muscle and ligament forces, and loading history) that cannot be measured, 

leading to an unknown reference state. Thus, there is no common reference state 

between the cadaver data that we have and the in vivo condition. The choice of 

reference state in cadaver studies strongly affects the mechanical outcomes, so its 

undefined relationship to in vivo conditions is a problem for interpretation and 

application. To avoid this issue, tissue function can be measured non-invasively in 

vivo. 

2.4 Magnetic Resonance Imaging 

MRI is well suited for evaluation of soft tissues in vivo. MRI signal comes 

from hydrogen molecules (primarily in water molecules in the body) producing ample 

signal from soft tissues and contrast between tissues. X-ray and CT only image hard 

tissues (such as bone). Soft tissues, like the disc or meniscus, can only be imaged with 

injection of contrast agents, but this requires finding the right contrast agent and 

method of delivery to tissues that are at least partially avascular. X-ray and CT also 

use dangerous ionizing radiation, unlike MRI. In addition, MRI produces 3D 
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volumetric data, which is helpful for measurement of tissue geometry for strain 

measurements, while x-ray and CT are traditionally 2D projections of the tissues. 

2.4.1 Current Clinical MRI Standards Fail to Collect Necessary Information 

Current clinical MRI grading schemes are qualitative and subjective. They 

focus on MRI intensity and structural morphology and have low sensitivity and 

specificity for pain [13–16]. Many people with bad looking discs do not have any 

pain. Since clinical degenerative grading is done on single static images, the 

mechanical function of the tissues cannot be assessed despite the knowledge of altered 

mechanics of degenerate cadaveric tissues. NIH’s National Institute of Arthritis and 

Musculoskeletal and Skin Diseases (NIAMS) published a roundtable discussion which 

called for 1) the need to study the mechanical components of low back pain and 2) the 

need to develop advanced imaging tools for low back pain clinical and preclinical 

studies [70]. This dissertation aimed to fit these needs and extend them to the knee in 

the context of OA, where it has also been shown that mechanics may be a better 

predictor for OA than structural assessment [31, 71]. Current clinical standard in the 

knee also focuses on grading of degeneration from static images without consideration 

for tissue function. 

2.4.2 Discography Successfully Identifies Painful Discs 

Discography is one of the few clinical methods to evaluate in vivo disc 

mechanical function, and it successfully identifies painful vs non-painful discs, even 

among degenerate sample sets [9], [10], [25], [26]. The outcome measure is opening 

pressure, a measure of nucleus pulposus pressure when the injection pressure causes 

the radio-opaque dye to enter the disc, while morphological assessment could not do 
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the same. Despite its success in identifying painful discs, discography is rarely used, 

as it is invasive, requires ionizing radiation, and may injure the disc [8], [25], [27]. 

Therefore, developing safe in vivo assessment of disc mechanical function using MRI 

is critical to understanding the health of the disc and to creating a more specific and 

sensitive method to detect pain. 

2.4.3 Measurement of Mechanics from MRI 

In order to measure mechanics, images must be acquired before and after 

physical perturbations. By acquiring images before and after physiological loading, 

MRI could inform the function of the tissue along with the structure, opening new 

possibilities for biomarkers for in vivo assessment of degeneration. There is prior 

work utilizing MRI to measure tissue strains from different loading conditions. 

Previously, our lab has calculated 3D strains in cadaver discs after loading to compare 

differences in strains with disc health [72, 73]. Other work has measured height and 

volume changes after diurnal loading but have not measured strains [74–77]. More 

recently, axial disc strains have been measured in vivo after diurnal loading in the 

lumbar spine or in bending in the cervical spine [78–80].  

In the knee, MRI has been used to measure meniscus protrusion/extrusion at 

various flexion angles in healthy, uninjured subjects or in patients with OA, but not 

following a diagnosed meniscus injury [81, 82]. Other work used MRI to measure 3D 

strains in the meniscus at various degeneration levels, but either did not report femur 

or meniscus displacements or only studied healthy joints [55, 68, 83]. Additional work 

has measured cartilage deformations under loading using MRI-compatible loading 

devices or exercise, but meniscus findings were not reported [84–86]. 
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Previous work used a variety of methods to make such measurements, 

including image registration and manual measurement. Image registration, likely the 

best option for images with good contrast, is a method of comparing two images and 

measuring the deformation required to make one image (the loaded image) equivalent 

to the other (the reference image). This can be done by the computer algorithm 

matching landmarks in the signal of the images. We can utilize Advanced 

Normalization Tools’ (ANTs) nonrigid registrations to measure strains in tissues 

between unloaded and loaded MR images [55, 73, 87]. These strains are necessary for 

functional assessment of the tissues. Further, the same methods could be used to assess 

the efficacy of treatment and therapeutic options at restoring joint function to the 

healthy state. This dissertation will develop methods for measurement of tissue and 

joint function via non-invasive MRI. 

2.4.4 Measurement of Biochemical Tissue Content 

In addition to measurement of tissue function, tissue biochemical properties 

can be measured using quantitative MRI. MRI is exceptionally sensitive to tissue with 

high water content, and measurement of the MR transverse relaxation time, T2, has 

been applied as a quantitative, continuous, and objective measure of disc and cartilage 

degeneration that is linked to tissue water content and matrix composition [16, 59, 88–

98]. It can be a powerful tool due to the fact that these tissues have altered 

proteoglycan and water content early in degenerative changes [35, 36]. Unfortunately, 

these methods are not yet utilized in the clinic, partially due to their variable results 

from various research studies. In this thesis, I recommend methods to be adopted in 

research and in the clinic to aid in accurate and precise measurement of T2 in order to 

promote translation of data across studies. 
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2.5 Meniscus Injury and Repair 

Meniscus injury is common, and meniscectomy is the most common treatment 

due to its ability to quickly resolve symptoms of meniscus tears. Unfortunately, 

meniscectomy is linked to high rates of OA, and altered joint loading is hypothesized 

to be a driving factor. Once part of the meniscus is removed, it no longer carries and 

distributes load, and stress concentrations are seen on the cartilage contact areas. 

Alternatively, meniscus repair is becoming more common using various suture 

methods or tissue engineering strategies. The tissue engineering work is still in the 

research phase, but suture methods have shown some efficacy at relieving symptoms 

and prolonging the health of the joint, however, they do not prevent OA development 

long-term. There is a gap in knowledge regarding how repairs impact the kinematics 

of the joint and whether proper restoration of intact joint kinematics can prevent OA 

development post-injury and repair. 

2.6 Porcine Large Animal Model of Knee Osteoarthritis 

I have aided in development of a porcine large animal model of osteoarthritis 

that mimic’s the degeneration seen in human OA patients [62, 63]. This model utilizes 

a destabilization of the medial meniscus (DMM) model that was previously 

established in rodents [99–101]. While small animal models are quite helpful for 

studying OA, they fail to mimic the loading conditions seen in the human. Large 

animal models, such as a porcine model, better replicate the loading forces seen in 

human knees. In addition to better matching the loading profile of humans, a large 

animal model allows for study of outcomes from the interaction between biological 

and mechanical stimuli as well as the progression of OA changes at various time 

points. 
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IMPACT OF PULSE SEQUENCE, ANALYSIS METHOD, AND SIGNAL TO 

NOISE RATIO ON THE ACCURACY OF INTERVERTEBRAL DISC T2 

MEASUREMENT 

Based on published work: Kyle D. Meadows, Curtis L. Johnson, John M. Peloquin, 

Richard G. Spencer, Edward J. Vresilovic, Dawn M. Elliott. “Impact of Pulse 

Sequence, Analysis Method, and Signal to Noise Ratio on the Accuracy of 

Intervertebral Disc T2 Measurement,” JOR Spine. 2020;e1102. 

https://doi.org/10.1002/jsp2.1102.  

3.1 Introduction 

Non-invasive assessment of intervertebral disc degeneration is critical for 

addressing low back pain, for evaluating treatment efficacy in patients, and for 

evaluating preclinical animal models of disc disorders. Magnetic resonance imaging 

(MRI) is exceptionally sensitive to tissue with high water content.  For this reason, 

MRI is widely used for the disc with grading schemes based on structure and signal 

intensity from T2-weighted (T2w) images. The contrast provided by T2w MRI is 

particularly well-suited for structural evaluation because it provides contrast between a 

bright nucleus pulposus (NP), a dark annulus fibrosus (AF), and a dark vertebral body 

at the inferior and superior boundaries of the disc. In the Pfirrmann grading scheme 

and others, structural features are evaluated and graded based on NP brightness and 

uniformity, NP-AF distinction, and disc height [10]. Unfortunately, such evaluation is 

highly subjective and is non-quantitative in terms of degree of pathology. Further, the 

phenotypes of human disc degeneration are a continuum that are too complex to be 

categorized by the five Pfirrmann grades. For these reasons, measurement of the MR 
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transverse relaxation time, T2, has been proposed and applied as a quantitative, 

continuous, and objective measure of disc degeneration that is linked to the water and 

matrix composition of the disc. T2 is defined as the time constant of the decay, or 

relaxation, of the transverse signal and is calculated from a series of T2w images [102, 

103]. T2 is longer in healthy discs, which have higher water content and water 

mobility, and decreases as the disc degrades and loses proteoglycan and water content. 

T2 measurement is becoming more widely used as a measure of disc 

degeneration [16, 88–94, 96, 104, 105], however, there are limitations in its 

application that can make comparisons across studies problematic and, in the worst 

case, provide inaccurate T2 values. Firstly, a wide variety of MR sequences and 

calculation methods have been implemented, leading to a large range of reported 

average T2 from 75-150 ms for similar populations of young, healthy, non-

degenerative discs (Table 3.1, Fig 3.1). This is likely due in large part to the variability 

in the sequence parameters (TR, TE, and number of echoes) which are sometimes 

outside the recommended range based on disc material parameters (T1 and T2), as 

described in the next section. In addition, greater accuracy is often obtained by 

excluding the first echo in data fits [106], as seen in some cartilage studies [107]. The 

first echo is excluded because it is the only data point for which the phenomenon of 

stimulated echoes does not occur, and therefore it follows a different decay than the 

subsequent data points [106, 108] (Fig 3.2A). It is assumed that most published work 

has excluded this first echo, but it is not always explicitly stated and researchers new 

to the field may not be aware of this limitation, which is ultimately based on the 

unavoidable inhomogeneity of RF pulse amplitude throughout the sample. Finally, 

MR imaging is susceptible to noise that can corrupt fits of the T2 decay curve. 
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Notably, Rician noise results in an altered signal decay curve that decays to a non-zero 

value called the “noise floor” (Fig 3.2A), which cause errors in T2 calculation because 

the fit equation assumes a monoexponential signal decay to zero. The impact of this 

noise is that the calculated T2, which is a material parameter, can be inaccurate. This 

effect is influenced by the signal to noise ratio (SNR) and whether the number of 

echoes acquired is sufficient so that the noise floor is approached during signal decay. 

This effect can be addressed through careful design of data acquisition and modeling 

of noise characteristics as will be shown in this study. 

 

Figure 3.1: Reported T2 for healthy discs from volunteers without back pain. Despite 

sampling a similar population, reported mean T2 vary by up to a factor of 

two across studies, ranging from a mean of 76 to 149 ms. Dots and bars 

represent mean +/- standard deviation. 
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Table 3.1: Sequence parameters used to acquire data for T2 calculations in Fig 3.1.  

Citation TR (ms) First TE 
(ms) 

Last TE 
(ms) 

# echoes Average T2 
(ms) 

Yoo 2016 1836 6 38.1 4 81.30 
Blumenkrantz 2010 Not Reported 9.6 77.2 7 92.30 

Stelzeneder 2012 1200 13.8 82.8 6 128.60 
Yoon 2016 120 9.9 89.1 9 143.47 

Chokan 2016 2000 13 103 8 122.10 
Zhu 2015 2000 13.9 111 8 149.10 

Karakida 2003 2000 30 120 4 75.56 
Marinelli 2010 2000 9 144 16 108.00 

Menezes-Reis 2016 3000 20 160 8 115.10 
Ludescher 2008 3000 9 288 32 132.80 

Recommended from 
Present Study 

≥3000  ≥300   

Note: There is a large range of sequence parameters used, which lead to wide 

variations in reported T2. 

A noise-corrected exponential (NCEXP) has successfully accounted for Rician 

Noise in cartilage and has been used to calculate accurate T2 [97, 109]; however, it has 

not been applied to the disc. It is critical to address the effect of the Rician noise in the 

disc because the disc signal decays to low SNR where considering the Rician 

distribution of noise is important. Moreover, the disc loses hydration and signal 

intensity with degeneration, which will decrease the initial SNR and exacerbate the 

role of Rician noise. Therefore, the objective of this study is to identify appropriate 

sequence parameters to acquire MR data and curve fitting methods to accurately 

calculate disc T2 in the presence of noise by correcting for Rician noise. To do so, we 

compared T2 calculated from the typical monoexponential (MONO) fits and noise 

corrected exponential (NCEXP) fits and examined how the selected sequence 

parameters altered the calculated T2. We also evaluated how T2 is affected by 

performing fits of intensity data averaged over a region-of-interest (ROI) to suppress 

noise versus performing fits at each individual voxel. Based on these results, we 

recommend methods to select sequence parameters and to calculate T2 for the disc to 
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address the effect of Rician noise and the low signal intensity at long echo times, 

particularly for the degenerating disc. 

3.2 Theory 

Determining T2 requires a longer and more complex imaging sequence than 

acquisition of the single T2w image that is used for grading. However, the advantage 

of this sequence is that it gives quantitative material property information that is less 

susceptible than single T2w signal intensity to environmental factors, scanner strength, 

magnetic field inhomogeneities, and subject traits such as body weight. The signal 

intensity in each voxel in a conventional MR image is often modeled as 

𝑆𝑖𝑔𝑛𝑎𝑙 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 ∝ [𝐻] ∙ (1 − 𝑒
−𝑇𝑅

𝑇1⁄ ) ∙ 𝑒
−𝑇𝐸

𝑇2⁄ (1) 

where the repetition time, TR, is the time between individual spin excitation pulses, 

and the echo time, TE, is the time of echo occurrence after the initial excitation pulse. 

TR and TE are user-defined input parameters, while the T1 and T2 relaxation times are 

material properties, with T1 being the spin-lattice, or longitudinal, relaxation time; H is 

the number of protons in a voxel. Although Equation 1 omits the dependence of signal 

intensity on a number of non-modeled effects (e.g., pulse errors, diffusion, chemical 

exchange, non-monoexponential relaxation behavior), it correctly describes the 

dominant dependences on TR and TE in the noise-free case. Clinical MR images are 

formed from the absolute magnitude of the signal (i.e. signal intensity being the square 

root of the sum of the squares of the signal acquired in real and imaginary channels); 

this is a crucial concept for the understanding of Rician noise as described below. See 

[110, 111] for an overview of MRI fundamentals and definitions. 
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 The TR selected for the sequence is the dominant determinate of the total scan 

time. In T2w MRI, TR is often selected to minimize T1 weighting in the acquired 

signal (that is, with TR satisfying 𝑒
−𝑇𝑅

𝑇1⁄ → 0), so that residual image intensity 

weighting is primarily dependent on T2, or more precisely, on the ratio TE/T2. Ideally, 

TR would be ≥ T1*5 in order to achieve <1% T1 weighting, however since disc T1 is 

approximately 1200 ms [112], this would lead to very lengthy scans. Thus, the 

selection of TR is a compromise between scan duration and the desired limit 

𝑒
−𝑇𝑅

𝑇1⁄ → 0.  

The echo time in Equation 1, TE, defines the delay between an initial 

excitation pulse and signal acquisition at the peak of the subsequent echo, with a 

refocusing pulse applied between these at a time TE/2 after spin excitation. To 

determine T2, signal intensity is measured across a series of echo times which are 

conventionally multiples of a minimum TE. This means that samples are obtained at 

times n*TE following excitation, with n ranging from one to some large value 

defining the number of echoes acquired. From Equation 1, it is clear that signal 

amplitude will decrease as an exponential function of TE, with time constant T2. Note 

that this assumes a monoexponential signal equation, which is commonly used when 

curve fitting signal decay data to determine T2 in disc. The minimum TE used should 

be small enough to permit signal acquisition from rapidly relaxing tissue, and the 

number of echoes should be large enough to permit near complete signal decay during 

the echo train. We chose 85% signal decay as a criterion, as further decay would 

generally result in signal at the noise floor.  Since disc T2 is approximately 150 ms in 

healthy NP, the maximum TE should be at least 300 ms, to capture 85% of the signal 
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decay. Because TR is much longer than TE, multi-echo MRI sequences can collect 

many TEs without any cost to overall imaging time. 

 Rician noise causes an alteration in the shape of the signal decay along with 

causing the signal to decay to a non-zero value. This Rician noise can be modeled to 

calculate more accurate T2 values. Rician noise occurs in the MR signal magnitude 

due to the Gaussian noise characteristics of the real and imaginary signals acquired to 

compute the magnitude image. The Rician probability distribution is given by 

𝑝𝑀
(𝑀) =

𝑀

𝜎2
𝑒
−

𝑀2+𝑆2

2𝜎2 𝐼0 (
𝑆 ∙ 𝑀

𝜎2 ) (2) 

where M is the measured signal intensity, S is the signal intensity without noise, s is 

the standard deviation of the Gaussian noise in the real and imaginary components, 

and I0 is the modified zeroth order Bessel function of the first kind [113]. A key 

characteristic of Rician distribution is that at high SNR it approximates a Gaussian 

distribution. However, when the SNR is low, the noise associated with the signal is no 

longer Gaussian because taking the magnitude of real and imaginary components is a 

nonlinear function. At the extreme of SNR=0 (no tissue signal, only noise signal) the 

measured MR signal takes on a non-zero mean value (Rayleigh distribution) that we 

call the noise floor (dashed line in Fig 3.2A) [109, 113]. This phenomenon was 

previously studied with simulation and articular cartilage samples using a noise 

corrected exponential (NCEXP) that fit the signal while incorporating the expected 

value of the Rician noise, thereby more accurately determining T2 [97]. The expected 

noise corrected signal intensity is given by 

𝑆𝑖𝑔𝑛𝑎𝑙 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦(𝑆, 𝜎) = √
𝜋𝜎2

2
𝑒−𝛼((1 + 2𝛼)𝐼0(𝛼) + 2𝛼𝐼1(𝛼)) (3) 
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where 𝛼 = (𝑆 2𝜎⁄ )
2
, and I1 is the modified first order Bessel function of the first kind. 

3.3 Methods and Results 

3.3.1 Simulation of Rician Noise and Dependence on SNR 

We first confirmed that simulated Rician noise recapitulated the noise floor 

observed in the disc (e.g., Fig 3.2A) and that we could model the signal intensity of 

the noise floor as a function of the SNR. Using MATLAB (MathWorks), an ideal 

mono-exponential decay was generated with an initial signal of 600 (S0) and T2 of 80 

ms. 

𝑆(𝑇𝐸) = 𝑆0 ∗ 𝑒
−𝑇𝐸

𝑇2⁄ (4) 

Rician noise was simulated by adding Gaussian noise to both the real and imaginary 

components of the ideal monoexponential decay. The resulting signal intensity, 

calculated as the magnitude of the real and imaginary components, was averaged for 

100 simulated voxels to mimic the size of an ROI in an in vivo measurement. The s of 

the Gaussian noise was given by S0/SNR, and this simulation was repeated for SNR 

ranging from 5 to 60. The resulting signal was plotted over time (every 10 ms out to 

1000 ms, i.e. TE=10 ms with 100 echoes) and compared qualitatively to the observed 

signal intensity decay and noise floor from an in vivo disc (e.g., Fig 3.2A). 

 The noise floor of the simulated signal was calculated as the average signal of 

the last 50 points for each simulated SNR (Fig 3.2B). These values were then plotted 

as a function of SNR for the 5 SNR values used (Fig 3.2C, circles). The expected 

relationship between noise floor and SNR (mean of Rayleigh distribution) is also 

plotted (Fig 3.2C, curve), based on the following equations 
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𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑁𝑜𝑖𝑠𝑒 𝐹𝑙𝑜𝑜𝑟 =  𝜎 ∗ √𝜋
2⁄ =

𝑆0

𝑆𝑁𝑅
∗ √𝜋

2⁄ (5) 

where the initial signal, S0, was equal to 600. 

Our simulation of Rician noise as a function of SNR confirms the noise floor 

observed in the disc (Fig 3.2A-B) and the expected noise floor as derived from MR 

physics (Fig 3.2C). The signal intensity with simulated Rician noise (Gaussian noise 

applied to the real and imaginary components) demonstrated a non-zero noise floor 

that depends on the SNR (Fig 3.2B) and is consistent with in vivo disc imaging data 

(Fig 3.2A). The signal intensity of the noise floor is greater with a low SNR of 5 and is 

negligible with a high SNR of 60 (Fig 3.2B). Moreover, when the noise floors of the 

simulated signal intensity values are compared to the curve of expected noise floor, a 

perfect overlap is observed that demonstrates the accuracy of our Rician noise 

simulation (Fig 3.2C). 
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Figure 3.2:  A) Signal intensity as a function of echo time for a representative disc, 

where each data point represents a signal intensity measured at a TE. It 

can be observed that the signal decays to a non-zero noise floor (dashed 

line). Note that the first echo (arrow) has lower signal because of the 

stimulated echo effect affecting all subsequent echoes. B) The effect of 

the amount of SNR on the noise floor for simulated Rician noise at 

varying SNR levels. Without noise (solid line) the signal intensity decays 

to 0, but as the SNR decreases, the noise floor level increases. C) The 

expected noise curve vs SNR. The noise floor for each SNR level in (B) 

is shown and matches the expected curve almost exactly. 

3.3.2 Simulation of T2 Sensitivity to Fitting Model and Number of Echoes 

Signal intensity data with simulated noise was used to demonstrate the 

sensitivity of the calculated T2 on 1) the degree of noise (low vs high SNR), 2) the 

model used to calculate T2 (monoexponential or noise corrected exponential), and 3) 

the effect of the number of echoes in the dataset (simulating the number of TE chosen 

for the MR sequence during data acquisition). Data were simulated using 

physiological T2 for an unhealthy disc (T2=80 ms) and TE=13.6 ms with 20 echoes out 

to 272 ms to reflect typical MR data acquisition. Low and high SNR data were both 

simulated (SNR=5 and 30) using the definition 𝑆𝑁𝑅 =
𝑆0

𝜎⁄ . For each SNR, 100 

voxels of signal intensity data were simulated, to represent an ROI, and these signal 

intensities were averaged and plotted against time to be used for curve fitting to 

calculate T2.  

T2 was then calculated using two different curve fits: typical monoexponential 

(MONO) and noise corrected exponential (NCEXP) [97]. As described previously, 

MONO represents the decay to zero which is typically used in the field, and NCEXP 

represents the corrected signal model that includes Rician noise and the resulting non-

zero noise floor. The MONO fit was calculated using MATLAB’s built in fit function 

under default options using a monoexponential curve (Equation 4). Two parameters, 
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S0 and T2, were allowed to vary and were unbounded in the fit. The parameters 

producing the lowest residual error between data and curve fit were used. The NCEXP 

fit was calculated using non-linear least squares methods using MATLAB’s fmincon 

function with a multi-start approach using 100 randomized initial guesses. The 

NCEXP curve fit has 3 parameters: T2, S0, and s. Their lower and upper bounds were 

set to: [0 300 ms], [100 1000], and [20 80], respectively. The fit with the lowest 

residual error was taken as the best fit, and its parameters reported.  

The curve fit procedure was repeated multiple times with different numbers of 

echoes in the dataset to simulate differing number of TEs chosen during data 

acquisition. Curve fitting started with just the first four echoes (acquisition to 54.4 ms) 

and was repeated, increasing the number of echoes by one each time, up twenty 

echoes (acquisition to 272 ms). Note that the first echo (TE=13.6 ms) was ignored in 

the fitting to mimic how real data should be handled. The calculated T2 and goodness 

of fit (mean squared error, MSE) were plotted versus the number of echoes used for 

both model types (MONO and NCEXP) and for both low and high SNR (5 and 30) to 

illustrate the impact of number of echoes, correction for noise, and SNR on the 

accuracy of calculated T2 and fit quality. 

The signal intensity data simulated with and without noise for a material with 

80 ms T2 (Fig 3.3A) demonstrates that a low SNR alters signal decay and generates a 

non-zero noise floor, while a larger SNR of 30 is close to the ideal signal decay. 

Indeed, for a large SNR of 30, both curve fitting methods produce a calculated T2 near 

the expected value of 80 ms and a goodness of fit (MSE) near the ideal value of 0 (Fig 

3.3B and 3.3C). Specifically, MONO T2 is within 3 ms for all echo train lengths (max 

MSE=18), and NCEXP T2 is within 2 ms for all echo train lengths (max MSE=3). 
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Therefore, high SNR does not require noise correction or long echo trains; however, 

this high SNR is not typically achievable in practice. With a more realistic SNR of 5, 

the effect of the model and number of echoes is large. For the low SNR of 5, when 

fewer than 6 echoes are used in the fit, the MONO fit overestimates T2 due to the 

impact of noise on the low number of data points in the fit. Importantly, for low SNR, 

the MONO fit never matches the expected T2 of 80 ms regardless of the number of 

echoes used because of the altered decay curve and noise floor (Fig 3.3.3B, red 

dashed). The MONO fit is closest to the expected 80 ms at 7 echoes (approximately 95 

ms), but thereafter increases with increasing number of echoes, reaching a maximum 

calculated T2 of 186 ms at 20 echoes or a >2x overestimation of the expected T2. 

Accordingly, MONO has the highest MSE at all echo train lengths and has a 

maximum of 1226 with 20 echoes in the echo train (Fig 3.3C, red dashed). In contrast, 

NCEXP is within 6 ms of the expected T2 for echo trains with 8 or more echoes (Fig 

3.3B, blue dashed) and has a much lower MSE than MONO at longer echo train 

lengths, with a maximum MSE of 143 with 16 echoes in the echo train (Fig 3.3C, blue 

dashed). Overall, the MONO fit has large errors that depend on the number of echoes, 

while NCEXP matches expected values and the number of echoes has less impact. 
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Figure 3.3: Simulation of the effect of SNR on the noise floor and the effect of the fit 

model on the calculated T2 for a high SNR of 30 and a low SNR of 5. (A) 

the high SNR disc follows the ideal decay closely out to 272 ms, but the 

low SNR disc hits a nonzero noise floor. For each curve fitting method, 

monoexponential (MONO) or noise corrected exponential (NCEXP), the 

calculated (B) T2 and (C) MSE are shown as a function of number of 

echoes in the fit. For a MONO fit, the high SNR disc maintains a near 

perfect 80 ms T2 and MSE below 20 across all echo train lengths, but the 

low SNR disc has inaccurate T2 values and worse fit at all number of 

echoes. For the NCEXP, T2 and MSE are closer to ideal than the 

monoexponential for the low SNR disc, but slightly inaccurate at low 

number of echoes. The high SNR disc is well fit with the NCEXP giving 

an accurate T2 across all number of echoes. 

3.3.3 Sensitivity of T2 to Fitting Model and Number of Echoes for In Vivo 

Human Disc Data 

To evaluate the sensitivity of T2 to the fitting model and number of acquired 

echoes, in vivo spine imaging was performed, and disc signal intensity was fit with 

two models and two different number of echoes. Lumbar spines from healthy 

volunteers with no history of back pain were scanned under IRB approved protocols 

after providing informed written consent (n=8, 24-31 years old). All lumbar discs from 

each spine were imaged and included in the analysis for a total sample size of 40 discs 

(n=35 Pfirrmann grade I-II, n=5 grade III-IV). To minimize variation, each scan was 
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acquired at 8 a.m. (after a full night’s sleep) with minimal activity prior to scanning 

and with the subject laying supine at the MRI facility for at least 45 minutes prior to 

scanning. A single sagittal slice CPMG sequence was used to collect T2 data on a 3T 

Siemens Magnetom Prisma scanner [103]. Sequence parameters included: 

FoV=165x220 mm, TR=3000 ms, TE=13.6, 27.2, … 272 ms (20 total echoes), voxel 

size 0.57 x 0.57 x 5.00mm. TR was selected to minimize the contribution of T1 in the 

measured signal (see Theory, [112]) and 20 echoes were acquired to obtain several 

data points for evaluating model fits. Scan time was 14:29 minutes. 

Image analysis was performed with an in-house code by first creating a 

circular ROI in the middle of the NP and calculating the average signal intensity in the 

ROI for each echo, analogous to simulations above. The ROI included 80-120 voxels, 

depending on disc size. Curve fits were then performed on these average intensities to 

find T2. The first echo was excluded for curve fitting [106].  

Signal intensity data were fit using two different models (monoexponential and 

noise corrected exponential) and two different number of echoes (6 and 20), resulting 

in the following four groups for comparison: MONO6, MONO20, NCEXP20, and 

NCEXP6 defined based on fit method and number of echoes collected. The cases with 

6 collected echoes are similar to the shorter sequences used in several published 

studies reporting disc T2, and the case with 20 collected echoes represents a larger 

number of data points in the fit that captures nearly the entire decay and likely extends 

into the noise floor. It is important to note that only one MRI sequence was acquired 

per subject to obtain the data. The same data is being analyzed for each fit case, with a 

different curve fit and number of echoes being considered. Unlike in simulation, 

where SNR could be specified, the SNR of in vivo scans cannot be easily controlled 
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but is the result of several factors including the subject, the disc characteristics, the 

MR system, and the selected sequence. Results were tested for normality using a 

Jarque-Bera test, and failed to reject the null hypothesis that the data was normally 

distributed [114]. To test for the effect of curve fit on the calculated T2, a 2-way 

ANOVA was run followed by post-hoc matched pair t-tests between all pairings with 

a significance level set at alpha=0.05.  

 Representative data for a Pfirrmann grade IV disc is plotted vs time 

with fits for MONO and NCEXP curves with 6 or 20 echoes and their respective T2 

(Fig 3.4A). The dashed vertical line represents the last echo in the fit for the MONO6 

and NCEXP6 curve fits (the first echo is not shown). As with the simulated data, the 

MONO20 curve fit overestimates T2 (124ms) and the fit is not very strong 

(MSE=521). NCEXP20 and MONO6 give very similar T2 (66 and 69ms, 

respectively). The goodness of fit for MONO6 is great when considering the first 6 

echoes (MSE=27), but when compared to the full data set the fit is much worse 

(MSE=1679) than the fit for NCEXP20 (MSE=20) meaning it does not accurately 

describe the full data. This is to be expected as the MONO6 fit only uses the first 6 

echoes and assumes that the signal will decay monoexponentially to zero. The 

NCEXP6 T2 is slightly lower than NCEXP20 and MONO6 (58ms), and while the 

NCEXP6 fit is good for 6 echoes (MSE=17), it does not fit the whole data set 

(MSE=208) as well as NCEXP20. 
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Figure 3.4: A) Representative dataset for a degenerated disc showing all four curve 

fitting methods. Vertical dashed line represents the last echo used for 

fitting for MONO6 and NCEXP6 fits (first echo is ignored and not 

shown) and the rest of the curve is extrapolated. NCEXP fits look better 

than MONO fits. NCEXP20 and MONO6 give very similar T2, but 

MONO6 is a bad fit. (B-D) Calculated T2 for (B) All Discs (n=40), (C) 

Healthy Discs (n=35), and (D) Degenerate Discs (n=5). MONO20 is 

higher than other measures and likely overestimated because of the noise 

floor. NCEXP6 is lower than others and likely underestimated because of 

insufficient data points to predict the noise floor. For all cases MONO6 

and NCEXP20 are not different from each other even though the fits for 

MONO6 are not as strong as those for NCEXP20. Boxes represent 

median, 25th, and 75th percentiles. Whiskers extend to most extreme 

data point that is not considered an outlier (+ symbol). 
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When comparing the 4 different calculation methods across all 40 discs (Fig 

3.4B), the same pattern emerges as with the representative disc (Fig 3.4A). 2-way 

ANOVA showed significant differences by both factors, echo and curve fit (p<.001). 

MONO6 and NCEXP20 give similar T2, 131.12 ± 27.86 ms and 133.66 ± 31.25 ms 

respectively, and are not different from one another, despite NCEXP20 fitting better 

than MONO6 (p>0.05). MONO20 gives T2 that are significantly higher than all other 

measures (154.4 ± 29.28 ms , p<0.001) and likely overestimates T2 due to sampling of 

the noise floor. NCEXP6 gives values that are significantly lower than all other 

measures (119.01 ± 28.85 ms, p<0.001) and likely underestimates T2 due to 

incorporation of an insufficient number of data points (Fig 3.4B). This finding is the 

same when the discs are separated into non-degenerate (n=35, Fig 3.4C) and 

degenerate (n=5, Fig 3.4D) discs. The error introduced by using the MONO20 fit in 

healthy discs is approximately 20 ms compared to NCEXP20, while in the degenerate 

discs the difference is much larger at approximately 40 ms. It should be noted that 

NCEXP20 predicted an average SNR of 10.07 (min 4.65, max 29.26) across all 40 

discs, as calculated from the fitting parameters using 𝑆𝑁𝑅 =
𝑆0

𝜎⁄ . 

3.3.4 Accuracy of MONO6 and NCEXP20 

To determine which fitting method was most accurate, simulations were 

performed to find the bias and uncertainty from MONO6 and NCEXP20 curve fitting 

methods. The MONO20 and NCEXP6 fitting methods were omitted from the bias and 

uncertainty analysis as they were found to be inferior to MONO6 and NCEXP20 

fitting methods in the preceding analysis (see Results). Signal data was simulated to 

find the bias and uncertainty of the MONO6 and NCEXP20 curve fits over the SNR 

range from 5 to 40 (steps by 5) and T2 range from 50 to 200 ms (steps by 10 ms), for 



 29 

128 combinations of SNR and T2. Each combination of SNR and T2 was simulated 

100 times (representing 100 voxels), and the MONO and NCEXP fits performed to 

find T2 for each simulated voxel. The percent error of each calculated T2 was then 

found as 
|𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑇2−𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑇2|

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑇2
× 100, and the percent errors were averaged across 

simulations for every combination of SNR and T2. The bias was defined as the average 

percent error of the 100 voxels for each combo of SNR and T2. The uncertainty was 

defined as the standard deviation of the percent error of the 100 voxels. Heatmaps 

were generated from bias and uncertainty data using MATLAB’s contourf function. 

Zero bias or uncertainty was mapped to white, while 50% error was mapped to red, 

meaning that areas of white indicated an accurate T2 calculation while areas of red 

indicated poor accuracy. 

Although true T2 values are not available in vivo so error cannot be 

determined, resultant T2 maps were calculated for each fitting method for the entire 

disc to compare the heterogeneity of the methods. To do this, the entire disc region 

was defined in MATLAB using the polygon tool, then signal data across echoes for 

every voxel inside the ROI was curve fit individually with the MONO6 and NCEXP20 

methods. From the resulting T2 values, maps were made such that each voxel was 

assigned a color based on a jet colormap with a range of T2 values from 0 ms to 250 

ms (black/dark blue indicated low T2 and red indicated high T2). These maps were 

overlaid on the black and white T2w MR images to visualize T2 and its heterogeneity 

from MONO6 and NCEXP20 fit methods. 

MONO6 has higher bias and uncertainty than NCEXP20, particularly at low 

SNR (Fig 3.5). The two methods are similar when SNR is greater than 40, but 

NCEXP20 is still superior. Considering typical disc values, SNR of 10 and T2 of 130 
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ms, MONO6 has a bias of 125% while NCEXP20 has a bias of 13.4%. NCEXP20 has 

a maximum bias of 24.8% at T2 of 50 ms. Further at SNR of 10, MONO6 bias is 

>50% error for all but three T2 values and >100% error for most T2. Even at SNR of 

20, MONO6 exhibits a bias >20% error in half of the T2, while NCEXP20 has a 

maximum of 10.1% error. Uncertainty follows the same pattern where MONO6 has 

much higher maximum uncertainty at low SNR (Fig 3.5). Overall, NCEXP20 is a 

more precise and accurate method. 

 

 

Figure 3.5: Heatmaps of bias (left) and uncertainty (right) in calculated T2 for 

MONO6 (top) and NCEXP20 (bottom) using simulated Rician Noise. 

NCEXP20 has lower bias and uncertainty compared to MONO6, making 

it a more robust calculation method for finding accurate T2. 
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T2 maps of full discs allowed visualization of variance of T2 across the disc 

(Fig 3.6). Fits obtained with NCEXP20 display less random variation than those 

obtained using MONO6. Fitting each voxel shows areas of overestimated T2, likely 

outliers, as can be seen by dark red voxels near the edges of the disc and in the NP, 

and these were more frequent in MONO6 fits. MONO6 is much more susceptible to 

voxels becoming very overestimated or biased, particularly in areas of low signal at 

the disc edge, but also in the NP. The overall T2 averaged for all voxels in the disc are 

impacted by fitting methods. In the healthy disc, where there are larger differences, 

MONO6 calculates a T2 of 3,547 ms versus 84 ms for NCEXP20. In the degenerate 

disc, MONO6 calculates a T2 of 53ms versus 52ms for NCEXP20. When using the 

ROI of the NP, the calculated T2 are more similar. In the healthy disc, MONO6 

calculates a T2 of 155 ms versus 147 ms with NCEXP20, and in the degenerate disc 

both curve fits calculate a T2 of 80ms. This is likely because the NP has higher SNR 

compared to the AF and disc edge regions, so there is less bias and fewer outliers. The 

higher bias in MONO6 at low SNR likely drives the differences between MONO6 and 

NCEXP20 and results in inaccurate overestimation of T2. 
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Figure 3.6: T2 maps of a healthy L34 disc and degenerate L51 disc with (A) MONO6 
and (B) NCEXP20 fits. NCEXP20 maps are more homogenous with less 
variation or outlier pixels. MONO6 is more susceptible to error due to 
noise in signal decay. 

3.3.5 Comparison of Average Intensity of ROI vs Voxel Calculation Methods 

We also determined if there is a difference between calculated T2 when first 

averaging the signal in the ROI and performing a single curve fit to obtain disc T2 

versus performing the curve fit to the signal in each voxel individually and then 

averaging the T2 of each within an ROI to obtain disc T2. ROI results using NCEXP20 

curve fitting were taken from the “In vivo sensitivity of T2 to fitting model and 

number of echoes” section and voxel-wise maps were generated as described in the 

previous section. The same circular ROI used in the ROI method in the NP was 

applied to the disc map from the previous section, and the average T2 of all voxels 

inside the ROI was calculated. The resulting distributions of T2 from all 40 discs were 

compared with a paired t-test, and a histogram of the differences between ROI 

calculation methods was generated as ROI T2 – voxel-wise T2. 
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The two methods give very similar results with an average absolute difference 

of 3.54 ms and average percent difference of 2.77% (p>0.05, Fig 3.7A). Of the 40 

discs investigated, only two discs exhibited a difference between methods of more 

than 10 ms (11.19 and 30.23, both Grade I, Fig 3.7B). The average absolute 

differences are within the range of standard deviations of reported T2. Although voxel 

methods require much more computation time and single voxels may create outliers 

(Fig 3.6), both methods should be assumed to be accurate when SNR is reasonable. 

However, care may need to be taken when the ROI has a small number of voxels or 

contains very low SNR regions that may create outliers that may skew the data. Of 

note, the voxel method required 60-300 seconds depending on ROI size, while a single 

fit takes less than 5 seconds.  
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Figure 3.7: Comparison of NCEXP20 for average ROI intensity (left) and Voxel 

(right) calculation methods for a circular ROI in the NP. Distributions are 

very similar between methods. (B) histogram of the differences between 

the two ROI methods. Differences are centered around 0 with one outlier 

that has much higher Voxel T2. Only 2 discs have T2 differences greater 

than 10 ms. Boxes represent median, 25th, and 75th percentiles. 

Whiskers extend to most extreme data point that is not considered an 

outlier (+ symbol). 

3.4 Discussion 

This study showed that using the noise corrected exponential (NCEXP) to fit 

data from 20 echoes out to ~300 ms is the best method for calculating T2 of discs 



 35 

because it is the least likely to be biased by low SNR. By acquiring data out to longer 

echo times and accounting for Rician noise, the curve fitting is more robust in 

calculating T2 despite the noise in the data. This is particularly important when 

considering degenerate discs or AF tissue because the SNR of these regions will be 

lower. Additionally, there is little difference between the calculated T2 from either 

averaged intensity fitting or voxel-wise T2 calculation, so either method is viable.  

NCEXP20 was more accurate at fitting simulated and in vivo data than other 

fitting methods and had smaller bias and uncertainty compared to MONO6 across all 

T2 and SNR combinations. Collecting data out to longer echo times and taking the 

Rician noise into account during curve fitting resulted in better fitting of signal decay 

data and more accurate calculation of T2. In simulated data, at high SNR, either 

MONO or NCEXP fitting worked reasonably well, as the signal decays to zero and not 

into the noise floor. But with low SNR, the signal decay is altered by noise and does 

not decay to zero, so MONO fitting overestimates the T2. As a result, the difference in 

fit quality is most noticeable in degenerate discs that have lost water content in the NP 

and therefore lost signal in T2w images and have a lowered SNR. Attempting to fit 

only the first several echoes (representing some studies that do not have sufficient 

number of echoes in their protocols) with NCEXP was also inaccurate because the 

data give little information about the eventual noise floor that the NCEXP curve is 

trying to fit. Thus, using a short TE with an acquisition time out to 2x the expected T2 

of the tissue (producing a high number of TE and ~85% signal decay) and a NCEXP 

curve fit is optimal for disc T2 measurement. 

The T2 values calculated were consistent with previous literature for both 

healthy and degenerate discs. The healthiest of discs feature NP T2 in the 150-200 ms 
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range, while degenerate grade IV discs were closer to 80 ms. Most literature reports T2 

for healthy discs near 150 ms, while very degenerate discs can be as low as 50 ms[16, 

94, 96]. Specifically, our data matches closest with literature that has sequence 

parameters with echoes out to 288 ms and TR of 3000 ms [94]. Based on MR physics 

and this observation, we recommend sequence parameters of TR=3000 ms (3x the 

expected T1 of the tissue) and TE out to at least 300 ms (2x the expected T2 of the 

tissue). A short TE should be utilized to maximize the number of echoes that can be 

curve fit and to capture quick decaying signal. Some published data report healthy disc 

T2 in the 75-100 ms range. This is surprisingly low for healthy discs and contrary to 

our data. These discrepancies could be explained by possible combinations of the low 

TR times leading to signal contamination with T1 signal, the inclusion of the first echo 

in the fit, or a low number of echoes in the fit; however, the source of the discrepancy 

cannot be determined without examining the studies’ raw data and curve fits. Old data 

can be reanalyzed by its owners to determine if systematic T2 calculation errors 

occurred, but in the absence of open data we cannot determine if reported T2 are 

accurate or proper calculation methods were used. Thus, values reported in the 

literature should be examined and cautiously used when the methods for calculation 

are not clear or when methods between papers are not similar.  

T2 can be used as a marker for disc health because of its relation to water 

content and matrix integrity. As the disc begins to degenerate, the NP loses 

proteoglycan content and water content. T2 measurement quantifies the biochemical 

state because T2 decreases as water content and water mobility decrease, and thus T2 

serves as a marker for disc degeneration. Further, changes in quantitative T2 are more 

robust than simple changes in T2 weighted signal intensity. It should be noted that it is 
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usually accepted that T2 does not change very much, if at all, with magnetic field 

strengths of 3.0T or lower [115], though the signal intensity of a disc can vary 

depending on the scanner, magnetic field strength, coils used, sequence used, 

temperature of the subject, and many other factors. T2 is more robust to these factors 

because it is a signal decay time constant. Lastly, unlike Pfirrmann grading, T2 is 

quantitative, continuous, and objective, all of which are important for a measurement 

scheme that is intended to be used across studies. Pfirrmann grading has been shown 

to correlate with T2 across grades, but T2 avoids the problem of subjective binning of 

discs into 5 grades [16, 90]. Even more importantly, T2 is easy to calculate, with 

sequences readily available on clinical scanners, so T2 measurements can be easily 

added to existing imaging protocols as a diagnostic tool or for evaluation of 

treatments.  

Our application of NCEXP in disc follows application of this approach in 

articular cartilage, which generally has a higher water content and higher SNR. The 

NCEXP fitting with long echo trains is more robust to noise and more accurate in 

finding T2 in phantoms and articular cartilage [97, 109]. We applied these methods to 

the disc in order to improve T2 calculation in the spine. This approach can be applied 

to other quantitative MRI methods that are based on fitting monoexponential signal 

decay (e.g., T1r) and to other fibrous tissues with low SNR (e.g., meniscus or tendon). 

T1r also follows a monoexponential signal decay over time and is also susceptible to 

Rician noise and the presence of a noise floor [116]. Our pilot studies with agar 

phantoms show that NCEXP curve fitting can be applied to T1r data for better T1r time 

calculation at low SNR. Meniscus has very low MR signal because the tightly packed 

collagen matrix leads to low water mobility and low water content (compared to disc 
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or cartilage), leading to low SNR in the tissue. NCEXP fitting may be an appropriate 

method to get accurate T2 or T1r for this tissue.  

Many previous reports calculated T2 on a voxel basis, but T2 is often reported 

for a specific ROI, e.g., the NP in the disc, and calculation of a ROI by averaging the 

signal intensity and only fitting the averaged data once is computationally faster and 

suppresses effects of noise. On the other hand, voxel-wise maps are useful for 

observing inhomogeneities in a region but require a curve fit for every voxel of 

interest. There appears to be no prior comparison of these two methods in the 

literature. Depending on the goal of the research, a voxel-wise method can be used to 

look at the heterogeneity of a region or for looking at the T2 of the disc across its 

width in either the anterior-posterior or lateral directions. There should be clear lower 

T2 regions at the edges of the disc while the NP region will have higher T2. The 

differences between the AF and NP may be smaller in less healthy discs. For simply 

calculating the T2 of a whole region, the average intensity of the ROI method 

measures T2 as robust as traditional voxel-wise measures and takes less computation 

time. 

In conclusion, NCEXP curve fitting of long echo trains with short TE should 

be adopted as the primary method for calculating T2 in the disc. Researchers should 

use TR times that are at least 3000 ms so that nearly full recovery of magnetization is 

achieved and signal is not contaminated by T1 weighting. The first echo should be 

ignored in multi-echo sequences because of the stimulated echo effect. Either the 

average ROI intensity method or voxel-wise method can be used to calculate T2 

depending on the goal of the research, but the average intensity ROI method will be 

computationally quicker. Moving forward, sequence parameters and calculation 
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methods need to be clearly defined in reports of T2 in disc and other tissues. If similar 

methods are adopted by the field, results can be compared more usefully, promoting 

faster scientific discovery. 
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MRI-BASED MEASUREMENT OF DISC MECHANICS IN A YOUNG 

POPULATION DUE TO FLEXION, EXTENSION, AND DIRUANL LOADING 

Based on published work: Kyle D. Meadows, John M. Peloquin, Harrah R Newman, 

Peter Cauchy, Edward J. Vresilovic, Dawn M. Elliott. “MRI-based Measurement of 

Disc Mechanics in a Young Population due to Flexion, Extension, and Diurnal 

Loading,” JOR Spine. 2023;e1243. https://doi.org/10.1002/jsp2.1243. 

4.1 Introduction 

Intervertebral disc degeneration is often implicated in low back pain, the 

leading cause of years lived with disability worldwide, however not all degenerate 

discs cause pain [1, 3]. Disc degeneration is currently assessed by magnetic resonance 

images (MRI) with qualitative and subjective grading schemes of signal intensity and 

structural morphology [10]. While interpretation of these grading schemes attempt to 

determine the source of pain in patients when multiple disc levels are degenerated, 

they have a low sensitivity and specificity for pain [4, 13–16, 22, 23]. An alternative 

indicator of disc health and pain may lie in the mechanical function of the disc which 

cannot be assessed via static MRI. In cadaveric testing the mechanical properties and 

composition are comprised of degenerated spine segments and disc tissues (e.g., with 

degeneration, segments have lower compressive modulus, the nucleus pulposus has 

less water, and the annulus fibrosus has lower tensile modulus) [42–54, 117]. Despite 

the sensitivity of these mechanical parameters, these measurements require the disc to 

be excised, which is destructive and alters the pre-strains, boundary conditions, and 

hydration compared to the in vivo condition. Discography is one of the few clinical 

Chapter 4 

https://doi.org/10.1002/jsp2.1243


 41 

methods to evaluate in vivo disc mechanical function, and it successfully identifies 

painful vs non-painful discs based on opening pressure (a measure of nucleus pulposus 

pressure which is when the injection pressure causes the dye to enter the disc), while 

morphological assessment could not do the same [22–24, 118]. Despite its success in 

identifying painful discs, discography is rarely used, as it is invasive and may injure 

the disc [4, 24, 25]. Therefore, developing in vivo assessment of disc mechanical 

function is critical to understanding the health of the disc and to creating a more 

specific and sensitive method to detect pain. 

MRI provides the ability to assess disc mechanical function non-invasively 

with the disc under physiologic conditions. Unlike lateral radiographs, MRI acquires a 

3D volume of the spine rather than a 2D projection. Computed Tomography (CT) also 

produces 3D volumes but is better suited for bone imaging, as it has very little signal 

in the disc. Specifically, by taking images in different postures or at different times of 

day, disc deformations can be quantified using image registration methods. We have 

previously applied image registration to MR images of cadaveric motion segments 

under compression to obtain internal strains [72, 73, 119]. Additionally, in vivo disc 

deformations measured from MRI have primarily focused on disc changes resulting 

from compressive loading [78–80, 120–122]. Since low back pain can be exacerbated 

or abated by certain postural bending positions, measurement of in vivo disc 

mechanics during flexion and extension may be particularly informative in identifying 

painful discs by detecting aberrant disc deformations. As there is a lack of in vivo 

evaluation of lumbar disc mechanics in bending in the literature, one goal of this study 

is to quantify in vivo disc mechanics in flexion and extension.  
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Disc degeneration and low back pain do not affect human populations or spinal 

levels homogenously. For example Low back pain and disc degeneration vary between 

male and females in older populations [123–126]. Additionally, disc degeneration and 

surgical intervention are more common at lower lumbar levels [127–130]. Thus, our 

study will explore the effects of sex and level on disc mechanical function. As we are 

developing novel measurement and analysis of disc mechanical function, we will 

assess if we are applying a measurable change to the discs for the loading conditions 

used and whether that change is influenced by sex or spinal level. This should be 

established in a young, healthy cohort to understand the baseline function of the disc 

in vivo. In the future, the same methods can be applied to a larger sample set to test for 

aberrant function of discs due to natural aging and then in discs that are sources of 

pain. 

Therefore, the objective of this study was 1) to establish methods and analyses 

to evaluate the mechanical function of the disc via non-invasive MRI in flexion and 

extension postures and during diurnal loading and 2) to measure baseline disc 

mechanics as a function of sex and level in a young, asymptomatic population. 

Measures of disc function included disc strain, changes in wedge angle, and disc 

anterior-posterior shear. These measures were compared across sexes and levels to test 

if these factors influence mechanics and were related to T2 relaxation time, a 

compositional biomarker for disc degeneration [16, 90, 131]. These data established 

mechanical function parameters, and we hypothesized that in vivo mechanical 

measures would depend on disc level, but not subject sex, in our young asymptomatic 

population.  
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4.2 Methods 

4.2.1 Subjects 

Healthy subjects with no history of back pain were recruited under IRB 

approved protocols (n=16, 23-31 years old, 8 male and 8 female). Average subject age 

was 25.9 ± 2.6 years old (Female: 24.8 ± 1.6 years old, Males: 27.0 ± 3.0 years old). 

Subjects had a mean BMI of 23.7 ± 2.3 (Female: 23.6 ± 1.8 years old, Males: 23.8 ± 

2.8 years old). The difference in BMI between males and females was <0.3, though 

the difference in weight was 31 pounds. Each subject filled out the Oswestry Low 

Back Pain Disability Questionnaire to determine their Oswestry Disability Index [132, 

133]. An Oswestry Disability Index under 20% indicates no to minimal disability from 

low back pain. All subject Oswestry Disability Indices were ≤ 4% (0.5% ± 1.2%). 

4.2.2 Loading Protocol 

We performed MRI to measure discs mechanics resulting from changes 

between the Reference (morning supine scan) and three conditions: flexion position, 

extension position, and diurnal loading. Five disc levels, L1-L2 through L5-S1, were 

imaged and included in the analysis for a total sample size of 80 discs. To minimize 

variation, MRI sessions were performed at the same time each day (with the morning 

scanning starting at 8:00 AM and the evening scanning at 7:00 PM), and subjects were 

asked to get at least 8 hours of sleep, so that they would have been laying down for at 

least 8 hours overnight, and to have minimal activity prior to arriving. Upon arrival 

they would lie supine for 45 minutes to unload the spine prior to starting MRI 

scanning on a padded gurney with a pillow under their head (Fig 4.1A) [54, 78, 79]. 

The morning MRI consisted of a Reference scan in the supine position followed by 

scans in Extension and Flexion postures. Bending postures were achieve using pads 
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and pillows and each subject had as much bending as could be achieved within the 

constraints of their height (constrained by MRI bore diameter) and their physiological 

flexibility.  The subject returned for a PM scan in the supine position to measure 

diurnal effects. Between morning and evening scans, each subject wore an activity 

monitor (Pro-Fit) to track steps taken and were instructed to go about their day 

normally. 

4.2.3 Scanning Protocol 

Three MRI sequences were used for this study (Table 4.1): 1) a T1w FLASH 

(Fast Low Angle Shot) sequence for disc strain and geometry, 2) a T2 CPMG (Carr-

Purcell Meiboom-Gil) for T2 relaxation time measurement, and 3) a T2w TSE (Turbo 

Spine Echo) for Pfirrmann grading. Images were taken in the sagittal plane. All three 

sequences were run during the Reference and PM conditions. Only the FLASH 

sequence was run in the Extension and Flexion positions because T2 time, which is 

water-dependent, does not change with these posture conditions over the duration of 

the scanning time [134]. 

Table 4.1 MRI sequence parameters 

Sequence TR TE Resolution Run Time 

T1 FLASH 9.6 ms 3.7 ms 0.52 x 0.52 x 3.0 mm 11 min 

T2 CPMG 3000 ms 13.6, 27.2, … 340 

ms 

0.6 x 0.6 x 5.0 mm 14.5 min 

T2 TSE 4540 ms 124 ms 0.49 x 0.49 x 5.0 mm 6 min 
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4.2.4 Data Analysis 

Several outcome measures were quantified as listed below and as described in 

detail in the following paragraphs (Table 2). Disc degeneration was evaluated using 

the Pfirrmann grading scale (from T2 TSE) and T2 relaxation time calculation (from T2 

CPMG) [10, 16, 90, 131]. Disc mechanical function was assessed from FLASH 

images, where axial strain, change in disc wedge angle, and anterior-posterior shear 

displacement were the primary measures. Axial strain was measured via image 

registration. Disc wedge angle and anterior-posterior (A-P) shear were assessed in the 

midsagittal plane from vertebral motions. In addition, for comparison to literature, 

discs were segmented, the height and volume calculated, and strains quantified from 

these data. Cobb angle was also measured to validate change in disc wedge angles. 

Pfirrmann grading was performed by three trained graders (KDM, JMP, EJV) 

who reached a consensus on each disc’s grade. A Pfirrmann grade of I indicates a 

healthy disc, while grade V indicates a completely collapsed (degenerate) disc [10]. T2 

time was calculated for a circular ROI in the center of the nucleus pulposus, as 

previously described, by fitting a noise corrected exponential to the 25 echoes of the 

T2 CPMG sequence [97, 135]. The noise corrected exponential fit is important because 

it has less bias and uncertainty when compared to traditional monoexponential fitting 

methods for tissues, such as the disc, that have low signal-to-noise ratio [135]. We 

chose T2 time rather than T1ρ time because, while they are highly correlated and both 

influenced by water content, T2 time is more widely available on MR scanners and 

does not require a special license [89, 96]. 
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Figure 4.1: (A) Schematic of experiment timing. (B) Representative L4–L5 disc 

regions for in vivo strain. (C, D) Reference and Loaded MRI showing 

vertebral body bony landmark point sets, which are used for wedge angle 

and A-P shear calculation. L1 and L2 boxes represent wedge angle 

calculation examples, while L4–L5 box represents A-P shear example. 

(E) Schematic of wedge angle calculation. Red circle represents vertebra 

centroid. R=rotation between reference (blue) and loaded (orange) point 

sets. Change in wedge angle=difference in rotations of inferior and 

superior vertebra for each disc. (F) Schematic of A-P shear calculation. 

Gray=disc. AP=anterior–posterior basis vector of the disc. C=vector 

between inferior and superior endplate point set centroids 

Axial disc strain was quantified using image registration between the 3D image 

volumes in the Reference MRI (supine morning scan) and the MRI acquired in the 

Flexion, Extension and PM conditions. First, discs were manually segmented.  Next, 

individual disc 3D volumes were created by cropping the region of each segmented 

disc plus a 5 mm margin from the full spine MRI dataset. The cropped image in each 
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loaded condition (Flexion, Extension, PM) was then registered to the Reference image 

(AM supine) using diffeomorphic deformable image registration with a σ = 2 pixels (1 

mm) smoothing filter as regularization (ANTs open-source software) [72, 73, 87, 119]. 

Image registration quality was evaluated for all 240 registrations using Dice similarity 

coefficient (where a Dice of 0 means there was zero overlap of the objects, while 1 

means perfect overlap of the objects), where the loaded image's manual disc 

segmentation was transformed to the Reference image via the calculated registration 

and then compared to the Reference image’s manual disc segmentation. Dice 

coefficient was high for this study, indicating strong registrations (0.92 ± 0.03), 

comparable to the best of prior literature [136, 137]. 

The anatomic disc coordinate system was defined for each disc with its left–

right axis the same as the left–right patient axis from the MRI scanner. Maintaining 

both this constraint and orthogonality, the anterior-posterior and axial (superior-

inferior) axes were set to align as closely as possible with the second and third 

principal axes of the segmented disc volume determined via principal component 

analysis. The displacement of each voxel from the Reference to loaded states was 

obtained from the image registration in this disc coordinate system. Axial strain (i.e., 

strain in the disc's axial direction) was calculated for each point in the disc’s axial 

plane.  Starting at each point, rays were cast in the superior and inferior directions and 

the resulting intersections with the disc’s superior and inferior boundaries (from the 

segmentation) were used as fiducial markers. Axial strain was thus calculated as 

(change in disc height) / (original disc height) for every point across the disc’s axial 

plane. To analyze average axial strain by disc region, each disc was divided into 5 

regions (anterior, posterior, central, left, right) (Fig 4.1B). This axial disc strain 
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calculated using image registration is defined as “in vivo disc strain” throughout this 

paper.   

In addition to in vivo disc strain, disc height and volume from segmentations 

were also measured to compare to previous work. Disc height was calculated from the 

mid sagittal slice of the FLASH image by dividing the area of the disc over the 

anterior to posterior width [138]. Volume was measured via manual segmentation of 

all slices of the FLASH image [139]. The Midsagittal Height Strain and Volume 

Strain were calculated as the percent change in the height or volume, respectively, 

compared to the Reference state for each loading condition. 

Change in disc wedge angle was calculated for each level using a custom 

program (MATLAB 2021a, MathWorks, Natick, MA). A point set comprised of bony 

landmarks on the vertebral endplates were selected in the midsagittal slice of the 

FLASH image in each of the four loading conditions (Reference, Flexion, Extension, 

PM) (Fig 4.1C-D). Each landmark was chosen consistently across all 4 conditions. 

The centroid of the point set was found for each vertebra in each loading condition and 

set to the origin (Fig 4.1E). Next, the rotation matrix defining the rigid rotation of each 

point set between the loaded condition and the Reference was calculated for each 

vertebrae using a least squares solution based on singular value decomposition (Fig 

4.1E). The angular rotation (R) was then found from this rotation matrix. The change 

in wedge angle ( W) of each disc was calculated as the difference in R between the 

inferior and superior vertebrae of the disc of interest, ∆𝑊 = 𝑅𝑖𝑛𝑓 – 𝑅𝑠𝑢𝑝 (Fig 4.1E). 

Additionally, Cobb angle was measured in the mid-sagittal plane as the angle between 

a line along the inferior endplate of the L1 vertebra and the superior endplate of the S1 

vertebra [140, 141]. Change in Cobb angle was then calculated by subtracting the 
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Cobb angle in the Reference condition from the loaded condition to measure the 

amount of bending induced. For validation, the change in Cobb angle was compared to 

the sum of the DW for of all the discs in the same spine. For both measures, the apex 

of the angle was posterior to the disc, such that a positive change indicates extension, 

and a negative change indicates flexion.  

A-P shear displacement of the superior vertebra relative to the inferior vertebra 

for each disc was also calculated using a custom program (MATLAB R2021a, 

MathWorks, Natick, MA). First, principal components analysis (PCA) was applied to 

the disc segmentation to determine the A-P basis vector (𝐴𝑃⃑⃑⃑⃑  ⃑) of each disc in each 

loading condition (Fig 4.1F). Next, the point set of vertebral endplate points described 

above for wedge angle calculation were split into superior and inferior endplates, and 

the centroid of each endplate was found (Fig 4.1F). The vector (𝐶 ) across the disc, 

from the centroid of the inferior to superior endplate, was then found. Next, the A-P 

distance between endplate centroids (d) was calculated as the dot product of the A-P 

basis vector and the vector across the disc: 𝛿 = 𝐴𝑃⃑⃑⃑⃑  ⃑ ∙ 𝐶 . Finally, the A-P shear 

displacement (DA-P) was calculated as the difference in d between the Reference and 

the loaded condition: ∆𝐴 − 𝑃 = 𝛿𝐿𝑜𝑎𝑑 − 𝛿𝑅𝑒𝑓 (Fig 4.1F). Anterior motion was 

defined as positive and posterior motion as negative. 
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Table 4.2: Outcome measures, sequence utilized for measurement, and method of 

measurements 

 Measure Method Sequence 

Disc 

Degeneration 

Pfirrmann Grade Graders [10] T2 TSE 

T2 Time* Noise Corrected Exponential Fit [135] T2 CPMG 

Disc 

Mechanical 

Function and 

Geometry 

In Vivo Strain* Image Registration [72, 73, 87, 119] 

T1 FLASH 

Disc Height Mid Sagittal Area / A-P Width [New] 

Disc Volume Manual Segmentation [139] 

Wedge Angle* Vertebral Motion [New] 

Cobb Angle Vertebral Motion [140, 141] 

A-P Shear Displacement* Vertebral Motion [New] 

Note: Asterisk indicates primary measures of the study 

4.2.5 Statistical Analysis 

All outcome measures were first checked for outliers, normality, equal 

variance, and for means different from zero when split by level and sex (5 lumbar 

levels x 2 sexes = 10 groups). Outliers were defined as data points outside of the first 

and third quartiles by more than 1.5 times the inter quartile range and removed from 

further analysis (average <2 out of 80 discs removed per outcome measure). 

Normality was checked via Shapiro-Wilke’s test, and all level and sex pairs were 

normal for all primary measures. The only non-normal group was the male L2-L3 in 

mid sagittal height strain under Diurnal loading, but it was not removed because 

statistical outcomes were not altered with removal. Equal variance was checked via 

Levene’s test. Only two measures had unequal variance. Both were then checked via 
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Friedman’s test which did not show significance. Additionally, model residuals were 

checked and were normally distributed, so model interpretation was accepted. To 

assess detectability of measurements, the changes from Reference to loaded conditions 

were compared to zero via t-test with the null hypothesis that the mean changes equal 

zero (difference from zero test). We found ample detectability of our primary 

measures with each having multiple level and sex pairs different from zero. 

Statistical analyses tested for the effect of lumbar level and sex on primary 

outcome measures and for associations between outcome measures. Outcome 

measures were evaluated using mixed-effect models with the following effects: level 

(fixed), sex (fixed), subject (random), level*sex, and subject*level where sex was 

nested in subject. When the effect of level or sex was significant, Tukey HSD test was 

used to assess differences between individual groups. For Diurnal loading, for in vivo 

strain, the effect of disc region as a fixed effect was also added to the model above. In 

Flexion and Extension, only the anterior and posterior regions were considered for in 

vivo strain for statistical analysis as the center, right, and left regions lie along the axis 

of bending. Associations between outcome measures and 1) disc degeneration, 2) disc 

functional measures, or 3) steps walked between Reference and PM sessions were 

explored using a linear model of the following design: Measure1 ~ Measure2 + Level. 

This allowed for associations between measures to be tested with the level effect being 

controlled for. Significance level for all tests was set at p<0.05. With a sample size of 

16 subjects, our study is powered to detect an effect size of 0.9 with a power of 0.80. 

4.3 Results 

Disc degeneration was characterized by Pfirrmann grade and T2 time. Of the 

80 discs in the study, 26 were Pfirrmann grade I, 40 grade II, 6 grade III, and 8 grade 
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IV. No grade V were present in this cohort. Higher Pfirrmann grades were more 

common at lower lumbar levels (Fig 4.2A). T2 time did not vary by level (Fig 4.2B). 

T2 and Pfirrmann grade correlated to one another (R2 = 0.61, p<0.0001) where higher 

grades had lower T2 (Fig 4.2C). There were no differences in disc degeneration by sex. 

Additionally, only one outcome measure was significantly impacted by sex (posterior 

strain in extension), so only level effect will be discussed in the rest of the results 

(Appendix, Table A.1). 

 

 

Figure 4.2: (A) Distribution of Pfirrmann grade by level. Lower levels have more 

degenerated discs. (B) T2 times in the AM by level for all discs. There 

was no level effect on T2 in the AM. (C) Correlation of T2to Pfirrmann. 

Higher Pfirrmann grade is related to lower T2. Blue=male, 

orange=female 

4.3.1 Flexion Loading 

4.3.1.1 In vivo Strain 

Flexion bending produced significant changes in anterior and posterior disc 

axial strain as described below (Fig 4.3A). Anterior strain was compressive and there 

was a significant effect of level (p=0.001, Fig 4.4A), where strains increased at lower 

lumbar levels, except for L5-S1. L1-L2 (-2.2% strain) was significantly less 
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compressive than L3-L4 (-6.2% strain) and L4-L5 (-7.5% strain). Posterior strain was 

tensile, trending toward significance with larger strains in lower lumbar levels 

(p=0.06, Fig 4.4B); posterior tensile axial strain increased between L1-L2 (4.2% 

strain) and L4-L5 (7.9%) and L5-S1 (7.8%). 

 

Figure 4.3: Representative axial strain maps of L4–L5 discs after (A) Flexion, (B) 

Extension, and (C) Diurnal loading. Flexion induces compression in the 

anterior of the disc and tension in the posterior. Extension induces the 

opposite. Diurnal loading causes compression across the full disc. 

4.3.1.2 Change in Wedge Angle (W) 

Flexion caused a decrease in wedge angle, where level has a significant effect 

(p=0.001, Fig 4.4C). Lower levels had a larger decrease in wedge angle than upper 

levels with significant differences between the bottom two levels (L4-L5 -5.7°) and 

each of the top three levels (L1-L2 -1.9°). We compared the change in Cobb angle to 

the sum of W for each level for each spine. The average difference between Cobb 

angle and the sum of W was only -0.19° ± 1.35° and not significantly different from 

each other. This agreement validates the measurement method for W. Cobb angle 

changed -19.58° ± 6.74° due to Flexion. There was also no correlation between 

Reference Cobb angle and change in Cobb angle with Flexion (p=0.56), indicating 

that the amount of flexion achieved is not related to their supine Reference curvature. 
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Change in wedge angle normalized by the total Cobb angle change can be found in 

Appendix, Table A.5. 

4.3.1.3 Anterior-Posterior Shear Displacement (A-P) 

Flexion caused A-P shear displacement which had a significant effect of level 

(p=0.0001, Fig 4.4D). Flexion caused a gradient of anterior to posterior motion of the 

superior vertebra relative to the inferior vertebra. L1-L2 (2.6 mm) was greater than 

from L3-L4 (1.0 mm), L4-L5 (-0.6 mm), L5-S1 (-1.8 mm). L2-L3 (1.8 mm) and L3-

L4 were greater than from L4-L5 and L5-S1. The direction of A-P shear shifted from 

anterior in upper levels to posterior in lower levels. 

4.3.1.4 Correlations with Disc Degeneration and within Disc Mechanical 

Function 

We ran correlations between the mechanical outcome measures and disc T2, a 

marker of disc degeneration, in the reference position (Fig 4.5A). For Flexion, all 

primary outcome measures correlated with T2 (p<0.05 for anterior and posterior strain, 

Wedge angle change, A-P shear displacement). Discs with lower T2 had more axial 

strain in the anterior or posterior regions. The two strongest correlations were between 

change in wedge angle (R2=0.38, lower T2 ~ higher W) and A-P shear displacement 

(R2=0.52, lower T2 ~ posterior A-P). There were significant correlations between the 

change in wedge angle and the strains in the anterior and posterior regions of the disc 

when controlled for level (p<0.05, R2 >0.36). There were no significant correlations 

between A-P shear displacement and disc strains or change in wedge angle when 

controlled for level (p>0.33). 
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Figure 4.4: Effects of flexion on A) disc strain in the anterior region, B) disc strain in 

the posterior region, C) change in wedge angle, and D) A-P shear. Mean 

and standard deviation shown by black lines. Outliers are removed. Blue 

= male, orange = female. Flexion caused compressive strain in the 

anterior region of the disc and tensile strain in the posterior. Wedge angle 

change increased with lower lumbar level. Superior vertebrae moved 

anteriorly at cranial levels and posteriorly at caudal levels. P-values 

indicate level effect. All outcome measures had significant effects with 

level, besides a trend in posterior strain. Levels not sharing a letter are 

significantly different from one another. 
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Figure 4.5: Correlation matrices for primary outcome measures in A) Flexion, B) 

Extension, and C) Diurnal Loading. Top number in each cell is R2, and 

bottom number in parentheses is p-value for association between 

measures after controlling for level effect. Green shading = p<0.05. 

Yellow shading = p<0.1. A) Flexion showed many statistically 

significant associations between outcomes measures, including all 

mechanical function measures relating to T2. B) Extension showed some 

relations between W and strain. C) Diurnal Loading did not show any 

associations between mechanical function outcome measures. 

4.3.2 Extension Loading 

4.3.2.1 In vivo Strain 

Extension caused large strains in the anterior and posterior regions of the disc 

(Fig 4.3B). Anterior strain was tensile and there was a significant effect of level, with 

larger strains in the upper lumbar levels (p=0.0001, Fig 4.6A). L1-L2 (7.6% strain) 

and L2-L3 (7.3% strain) were significantly higher than L4-L5 (4.1% strain) and L5-S1 

(2.3% strain). Posterior strain was compressive with an effect of level (p=0.008, Fig 

4.6B) though no levels were statistically different from one another in the post-hoc 

test. There were again larger strains in upper lumbar levels. Posterior strains in 

extension tended to decrease from upper levels, L1-L2 and L2-L3 (-3.1% and -5.3%, 
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respectively), to lower levels, L5-S1 (-0.8%). Posterior strain in extension was the 

only measure influenced by sex, where strain was higher for females (-3.7%) 

compared to males (-1.9%), (p=0.04). 

4.3.2.2 Change in Wedge Angle (W) 

Extension increased the wedge angle and was affected by level (p=0.003, Fig 

4.6C). The W was larger at upper lumbar levels, with L1-L2 (2.6°) and L2-L3 (3.2°) 

different from L5-S1 (0.9°). The average difference between Cobb angle and the sum 

of W was only -0.59° ± 2.12°; this showed good agreement between measures. Cobb 

angle changed 9.92° ± 2.71° due to extension. There was also no relationship between 

Reference Cobb angle and change in Cobb angle with Extension (p=0.24), indicating 

that the amount of extension achieved is not related to their supine Reference 

curvature. Change in wedge angle normalized by the total Cobb angle change can be 

found in Appendix, Table A.5. 

4.3.2.3 Anterior-Posterior Shear Displacement (A-P) 

Extension caused A-P shear displacement with a significant effect of level 

(p=0.0001, Fig 4.6D). From cranial to caudal, flexion caused a gradient of posterior to 

anterior motion of the superior vertebra. L1-L2 (-0.7 mm) and L2-L3 (-0.4 mm) were 

different from L3-L4 (0.8 mm), L4-L5 (1.8 mm), L5-S1 (1.3 mm). Also, L3-L4 was 

different from L4-L5. 
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Figure 4.6: Effects of extension on A) disc strain in the anterior region, B) disc strain 

in the posterior region, C) change in wedge angle, and D) A-P shear. 

Mean and standard deviation shown by black lines. Outliers are removed. 

Blue = male, orange = female. Extension caused tensile strain in the 

anterior region of the disc and compressive strain in the posterior. Wedge 

angle change was highest at upper lumbar levels. Superior vertebrae 

moved posteriorly at cranial levels and anteriorly at caudal levels. P-

values indicate level effect. All outcome measures had significant effects 

with level. Levels not sharing a letter are significantly different from one 

another. 
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4.3.2.4 Correlations with Disc Degeneration and within Disc Mechanical 

Function 

We ran correlations between the outcome measures and disc T2 in the reference 

position (Fig 4.5B). For Extension, no outcome measures correlated to T2 (p>0.49). 

There were significant correlations between W and strains in the anterior and 

posterior regions (p<0.05, R2 >0.36). There were no significant correlations between 

A-P shear displacement and disc strains or change in wedge angle (p>0.32). 

 

4.3.3 Diurnal Loading 

There was a wide range of steps walked by the subjects between the AM and 

PM scanning sessions (6084 ± 2234 steps, 1290-9410 steps). There were no 

correlations of any outcome measures for any loading condition to steps walked. T2 

decreased from the Reference value in the morning to the evening PM value by an 

average of 8.5 ± 18.4 ms, which was significantly different from 0 (p<0.0001). There 

was no effect of level (p=0.68) on change in T2 from Reference to PM (Fig 4.7A). 

4.3.3.1 In vivo Strain 

Diurnal loading caused a homogenous compressive strain across the disc, with 

no significant difference between regions (p=0.72, Fig 4.4C, Appendix, Table A.3) 

and no significant effect of level (p=0.79, Fig 4.7B). The mean Diurnal axial strain 

was -5.1% ± 1.9% (n=80) across all levels and sexes. 

We also measured strain based on change in height and change in volume in 

order to compare to previous studies (Appendix, Table A.2). We expect these 

measures to be less accurate than the in vivo strain based on image registration 

because the change in height is only at the mid-sagittal plan and the volume 
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measurement is less accurate at the lateral boundaries where scanning resolution is 

larger. Like in vivo strain, there was no effect of level on either measure (p=0.91 for 

midsagittal height strain and p=0.21 for volumetric strain). Midsagittal height strain 

across all levels was -7.03% ± 3.36%. Volumetric strain across all levels was -7.02% 

± 2.96%. In vivo strain from image registration was significantly correlated to both 

midsagittal height strain (p<0.0001, R2=0.26) and volumetric strain (p=0.037, 

R2=0.13), as expected since they are intended to represent the same effect. 

4.3.3.2 Change in Wedge Angle (W) and Anterior-Posterior Shear 

Displacement (A-P) 

Change in Wedge angle and A-P Shear Displacement were both very small in 

Diurnal loading, with only a few level and sex pairs different from zero (W Female 

L1-L2 and Male L2-L3, A-P Female L1-L2). W did not vary with Diurnal loading 

(average per level < 1°). Diurnal changes in wedge angle showed a trend by level 

(p=0.06, Fig 4.7C), where W tended to change from L1-L2 (-0.8°) to L5-S1 (0.0°). 

Cobb angle changed -0.28° ± 3.11°. A-P shear displacement was small after Diurnal 

loading (average per level < 0.5 mm). Diurnal changes in A-P varied by level 

(p=0.01, Fig 4.7D), but no levels were statistically different from others. More upper 

levels had anterior shear displacement (L1-L2 0.4 mm), while lower levels had 

posterior shear displacement (L5-S1 -0.3 mm). 
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Figure 4.7: Effects of diurnal loading on A) change in T2, B) average disc strain across 

all regions, C) change in wedge angle, and D) A-P shear. Mean and 

standard deviation shown by black lines. Outliers are removed. Blue = 

male, orange = female. Diurnal loading caused compressive strain across 

the disc. T2 time decreased throughout the day with loading. There were 

little changes in wedge angle or A-P translation with diurnal loading, but 

both measures were affected by level. P-values indicate level effect. 

Levels not sharing a letter are significantly different from one another. 
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4.3.3.3 Correlations with Disc Degeneration and within Disc Mechanical 

Function 

We ran correlations between the outcome measures and the Reference T2 (Fig 4.5C). 

No outcome measures were correlated to T2 from the Reference scan in the morning. 

However, there was a significant correlation between diurnal strain and diurnal change 

in T2 (p=0.04, R2=0.08). There were no correlations between disc mechanical 

measures: disc strain, change in wedge angle, and A-P shear displacement (p>0.05). 

 

4.4 Discussion 

In this study, we measured in vivo disc axial strain, wedging, and A-P shear 

due to Flexion, Extension, and Diurnal loading using MRI in a young asymptomatic 

population. Our loading methods were sufficient to create measurable disc changes, 

and we are the first to report in vivo strains in bending posture in the lumbar spine. 

Flexion and Extension produced large anterior and posterior disc strains, changes in 

wedge angle, and A-P shear displacement that depended on of spinal level. It is 

interesting that Flexion and Extension caused a gradient across levels, where the 

direction of the gradients was opposite between Flexion and Extension. For example, 

Flexion caused higher strains in the lower lumbar levels (both tensile and 

compressive), while Extension caused higher strains in the upper lumbar. 

Additionally, Flexion caused higher magnitudes of changes in all three measures 

(strain, change in wedge angle, and A-P shear displacement) compared to Extension. 

We found that level often influenced disc mechanical function, particularly in bending, 

but sex almost never did. This influence of level on disc mechanics is likely due to the 

effects of disc geometry and the center of rotation across the levels. 
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Experimentally, subjects can achieve greater levels of Flexion than Extension, 

therefore, Flexion may be the most informative loading condition to study disc 

mechanics and the effect of degeneration. We observed that Flexion produced the 

highest magnitude of mechanical outcome measures, and there were stronger 

correlations between these mechanics and nucleus pulposus T2. This larger 

contribution to joint mechanics of Flexion compared to Extension or Diurnal loading 

is likely due to the spine and disc anatomy, the relative contribution of the facet joints, 

and the line of action of loads relative to the disc center of rotation. Functional spinal 

unit motion involves the interplay of the disc and the facets. It is likely that the disc 

plays a more prominent role in Flexion, whereas the facets have a greater relative 

contribution in Extension. In Extension, the contact of the facet joints limits the range 

of motion that can be applied, resulting in smaller changes than in Flexion where the 

facets have less impact. Similarly, facet joint contact also supports axial compression 

in Diurnal loading, reducing potential disc strains. Moreover, in Diurnal loading, the 

compressive loading is along the spine center of rotation, with little off-axis loading, 

resulting in small changes in wedge angle and A-P shear displacement. Not only were 

mechanical changes largest in Flexion, T2, a measure of disc degeneration, correlated 

with all mechanical measurements in Flexion but very few in Extension or Diurnal 

loading. Additionally, herniation and low back pain are often associated with Flexion 

bending, and in our study, we saw that Flexion caused very large tensile strains in the 

posterior of the disc where many herniations and annulus fibrosus failures occur. It 

should be noted that the reference condition is not “an unloaded, zero strain“ 

condition, because in the reference condition the disc in under an unknown magnitude 

of pre-strain due to muscle force, body weight, and internal pressure. Therefore, while 
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our results report that some disc regions are in tension relative to the reference loaded 

condition, it is most likely that these disc regions are rather in less compression 

relative to the actual disc strain. Overall, these observations suggest that Flexion is the 

more important loading condition to study in vivo disc mechanical function. It is 

important to note that our bending measures were made in the AM, and it has been 

reported that spine flexibility, intradiscal pressure, and facet joint contact are all 

altered by diurnal variation [142]. 

Diurnal loading caused homogeneous compressive strains across the disc that 

were not level dependent and were not correlated with the Reference T2 time. Our 

strains (-4.8% to -5.5% mean strain) and lack of level-dependence generally agree 

with Martin et. al. (-6% to -8% mean strain), although our strains were slightly smaller 

[79]. This strain difference is likely not a meaningful one and could be related to 

difference in subject populations. In contrast, our strains were homogenous, with no 

regional difference, whereas in Martin et. al., strains were higher in the posterior outer 

AF region [79]. There are a few possible explanations for this difference. First, since 

the posterior outer AF has a small disc height, a higher strain could occur due to 

L/L0, where initial L0 is small. Alternatively, the large number of regions and 

therefore statistical comparisons could lead to a false positive or the large in plane 

voxel size (1 x 1 mm in [79] vs. 0.5 x 0.5 mm in current study) could contribute to 

measurement error. Therefore, although our strain maps and statistical analyses 

suggest homogenous strains in Diurnal loading, it remains to be determined whether 

the posterior outer AF has a larger axial strain than the rest of the disc. Strain 

measurements based on changes in volume also agreed between studies (-6.1% to -

8.1% in current study compared to -5.4% to -8.5% [79]). Overall, it is interesting to 
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know the in vivo compressive strain due to Diurnal loading, because physiological 

compression strains alone are unlikely to initiate failure (e.g., herniation), and because 

small changes in W and A-P were observed, and no correlation with level or T2 

(e.g., degeneration) were observed, consistent with other studies [79, 120]. We 

conclude that Diurnal loading is less informative to assess disc mechanical function 

than Flexion or Extension. 

We explored the effects of sex, body mass index (BMI), and steps walked on 

disc mechanics. There were no sex-related differences in disc mechanics in the young 

population in this study, except for the posterior strain in extension. While in vivo disc 

mechanics in an older population remain unknown, there are sex differences in both 

degenerative grade and low back pain for older populations compared to younger 

ones, where older populations exhibit a larger difference between males and females 

than younger ones [123–126]. Therefore, future work will continue to explore the 

potential of sex differences in disc mechanics with age. BMI was not related to any 

outcome measures, although our subjects did not span a large range of BMIs. The 

difference in weight between males and females in our study was 31 pounds, but the 

BMI difference was <0.3, so while the males were heavier overall, the ratio of height 

to weight was similar. Steps walked between the morning Reference and PM scans 

had large variability but did not impact mechanics in Diurnal loading. This suggests, 

consistent with other studies [78, 79, 120], that steps walked does not cause important 

disc compression above that experienced during normal activities of daily living such 

as sitting and standing. 

There are some limitations to this study. First, wedge angle and A-P shear 

displacement were calculated in the mid sagittal plane and not using the full vertebral 
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volume. Since the vertebrae are rigid and healthy discs are expected to have lateral 

symmetry in geometry and mechanics, we expect midsagittal plane measurements to 

capture the overall behavior of the spine, however, if a disc were asymmetric, then the 

midsagittal measurement would not account for this. Second, the amount of Flexion 

and Extension bending was variable and limited by the individual’s flexibility and 

limited space inside the MRI bore. It was found, however, that there was no 

correlation between the change in Cobb angle (in Flexion or Extension) and subject 

height or BMI, suggesting that an individual’s ability to fit inside the MRI bore was 

not the defining factor in the amount of induced Flexion or Extension. This study 

focuses on static loading and does not explore changes with cyclic loading. Finally, 

although we did not calculate accuracy of the measures, similar methods in prior work 

have shown that the accuracy is approximately 10% of voxel size [78]. 

In conclusion, this study established novel methods to measure disc strains and 

deformations resulting from Flexion, Extension, and Diurnal loading using non-

invasive MRI of a young, healthy population. We recommend Flexion as the more 

important loading condition, as disc mechanics measured during Flexion were larger 

and more strongly related to degeneration than measures from Extension or Diurnal 

loading. Importantly, spinal level had a significant effect on many mechanical 

measures, but sex and number of steps walked did not. These results provide critical 

baseline data to compare in future work with disc mechanical function in older 

populations and low back pain patients. 
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ACUTE REPAIR OF MENISCUS ROOT TEAR PARTIALLY RESTORES 

JOINT DISPLACEMENTS AS MEASURED WITH MRI AND LOADING IN A 

PORCINE KNEE 

Based on published work: Kyle D. Meadows, John M. Peloquin, Milad I. Markhali, 

Miltiadis H Zgonis, Thomas P. Schaer, Robert L. Mauck, Dawn M. Elliott. “Acute 

Repair of Meniscus Root Tear Partially Restores Joint Displacement as Measured 

with MRI and Loading in a Porcine Knee,” BioRxiv. 2023. In Review at JBME. 

https://doi.org/10.1101/2023.02.01.526670. 

5.1 Introduction 

The meniscus serves important load-bearing functions at the knee and protects 

the underlying articular cartilage. Unfortunately, meniscus tears are a common 

condition that impairs the ability of the meniscus to distribute loads and, without 

surgical treatment, greatly increases the risk for developing osteoarthritis (OA) [5, 6, 

28–30, 32, 62–64, 143, 144]. Surgical meniscus repair is chondro-protective and can 

delay OA but does not halt degeneration for many patients [7, 145]. It is often 

hypothesized that this is due to altered joint loading post injury and repair, where the 

functional deficit of the meniscus prevents it from performing its role of distributing 

forces in the knee. Previous work has shown that there is a relation between greater 

meniscal extrusion and joint degeneration [146–148]. Some studies have shown, using 

pressure sensors (e.g., Tek-Scan) inserted into the joint space, that meniscus injury 

leads to larger peak forces and smaller contact areas on the tibial plateau; however, 

these studies required transecting the joint capsule and sometimes the LCL or MCL to 

make the measurement [62–64, 149, 150]. Therefore, developing non-invasive 

Chapter 5 
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measurement of joint and meniscus kinematics is critical to understanding the impact 

of meniscus injury and repair on joint loading and chondroprotection.  

MRI acquired under different loading conditions allows for non-invasive 

measurement of joint kinematics without disrupting any joint tissues. While forces 

cannot be measured via MRI, kinematics, including displacements and rotations of the 

meniscus and femur, can be measured in the intact joint. This is important as the 

collateral ligaments and joint capsule contribute meaningfully to joint kinematics. Two 

studies have utilized MRI to measure meniscus protrusion/extrusion at various flexion 

angles in healthy, uninjured subjects or in patients with OA, but not following a 

diagnosed meniscus injury [81, 82]. Other work used MRI to measure 3D strains in 

the meniscus at various degeneration levels, but either did not report femur or 

meniscus displacements or only studied healthy joints [55, 68, 83]. Additional work 

has measured cartilage deformations under loading using MRI-compatible loading 

devices or exercise, but meniscus findings were not reported [84–86]. Evaluation of 

meniscus repair methods would benefit from measurement of joint kinematics after 

surgery in an intact joint. Likewise, application of novel imaging protocols, for 

example T1 VIBE MRI, that allow for better imaging of the menisci than traditional 

clinical MRI used in other studies, would improve our understanding of meniscus 

function under load. Thus, the objective of this work was to measure changes in 

meniscus and femur displacements in an intact joint, following a meniscus root tear, 

and following suture repair at an acute time point using novel MRI methods to image 

the joint under axial load. We hypothesized that a root tear would cause meniscus 

extrusion and medial displacements of the femur, and that a suture anchor repair 

would restore the meniscus to its near intact position and kinematics. This in vitro 
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work used a Yucatan minipig stifle joint model, similar to our established animal 

model [62, 63]. 

5.2 Methods 

To measure the effect of injury and repair on meniscus and femur 

displacements with loading, each joint was loaded and imaged in three experimental 

states: Intact, Tear, and Repair. 

5.2.1  Sample Preparation 

Seven fresh-frozen Yucatan minipig hindlimbs, harvested from 12–18 month-

old castrated males, were obtained (Sierra Medical for Sciences, Whittier, CA, sierra-

medical.com). We chose this age range because the animals are skeletally mature and 

it matches the age of pigs that we have previously used in our live animal model [62, 

63].  After thawing, all skin and musculature were removed from the stifle joint, with 

special care taken to preserve the joint capsule, lateral collateral ligament, and medial 

collateral ligament. The femur and tibia were then cut approximately 4 inches from the 

joint line to obtain an intact joint. From this point forward, the joint was maintained in 

PBS-soaked gauze to avoid dehydration. 

The femur and tibia were potted in Ortho-Jet acrylic resin (Polymethyl 

Methacrylate, PMMA, from Lang Dental, Wheeling, Illinois) using Delrin molds for 

gripping in an MRI-compatible custom-built loading frame (Fig 5.1A). The embedded 

tibia is secured via set screws in a cup attached to the bottom of the frame, and the 

embedded femur is secured in a cup attached to a threaded rod that slides freely 

through a hole in the top of the frame. The displacement of the rod and hence the 

femur can be fixed in place via lock nuts. For this study, the tibia cup was angled to 
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produce 30 joint flexion to match previous studies and because this is approximately 

maximum extension in the pig, representing 0° flexion in a standing human [68, 151].  

Fluoroscopy was used to adjust and confirm joint alignment, including parallel 

alignment of the tibia and femur with the molds. 

The Intact case was an intact joint, where the joint capsule and lateral and 

medial collateral ligaments were preserved and the musculature removed, prepared as 

described above. In the Tear case, a medial meniscus root tear was created by 

transection of the anterior attachment (destabilization of the medial meniscus, DMM, a 

frequently used model) using a minimally invasive anterior approach to limit the size 

of the incision in the joint capsule [32, 62, 63]. The attachment was severed via a 

horizontal cut along the bone insertion. Repair was done by an experienced veterinary 

surgeon (TS) using a SwivelLock suture anchor (Arthrex) placed into the bone such 

that the meniscus was restored to its original Intact position via sutures running from 

the anchor through the anterior attachment. This is a technique used for root tear 

surgical repair in humans [152–154]. 
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Figure 5.1: A) MRI compatible loading frame in the mechanical testing instrument 

(TA ElectroForce). T1 VIBE MRI of knee in (B) axial plane with 3D 

segmentation of medial meniscus overlayed, and (C) mid-coronal plane 

with outlines of meniscus (yellow) and tibial plateau (blue) overlayed. 

5.2.2 Joint Loading and MRI 

To non-invasively measure joint kinematics, MR images were acquired at two 

loading states. For this experiment, we used a preload (Low Load) of 44.5 N (10 lbf) 

and a High Load of 850 N or approximately 1.5× body weight (15-month-old male 

Yucatan weighs ~60 kg). The Low Load ensured the joint was in contact and was 

applied by placing a mass on the upper nut on the threaded rod, then locking in the 

displacement using the bottom nut. For High Load, the joint was loaded using a 

mechanical test instrument (TA ElectroForce 3510, TA Instruments, New Castle, DE) 

pressing on the threaded rod. Load was applied by manually moving crosshead at 

approximately 0.05 mm/s until the target 850 N load was reached, holding 
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displacement for 10 s to allow the joint to relax, and reapplying the target load. The 

nuts on the threaded rod were then tightened until zero load was read by the test 

instrument’s load cell, transferring all load to the loading frame and locking in the 

applied displacement. Note the load can relax further even with the lock nuts tightened 

due to viscoelasticity, potentially producing motion within the joint articulation or 

within tissues. Thus, load was consistently applied 30 min prior to MRI scanning to 

avoid motion during scanning. 

MRI was performed on each joint after Low Load and High Load using the 

same protocol. Two 4-channel surface coils were wrapped around the joint using 

Velcro, and a T1 VIBE sequence was run to image the joint at high resolution (TR = 

10 ms, TE = 3.45 ms, voxel size = 0.2 mm x 0.2 mm x 0.2 mm, runtime = 18 min, Fig 

5.1B-C). This sequence was adapted from bone MRI, and new parameters used here 

were developed in pilot studies by optimizing the sequence for meniscus signal 

intensity [155, 156]. After High Load imaging, residual (unrelaxed) load was 

measured by remounting the loading frame in the TA ElectroForce 3510 and releasing 

the lock nuts. Residual loads were 295N ± 41N at 68 min ± 4 min after the load was 

initially locked into the frame (~65% relaxation from initial load to the end of 

imaging).  These values were not different between treatment groups (p=0.68, 

ANOVA, n=4). 

Each joint was loaded and imaged in three different experimental states: Intact, 

Tear, and Repair. After initial loading and MRI in the Intact state, joints were 

refrigerated at 4C overnight to equilibrate under zero applied load. The next day, the 

Tear case was created via release of the anterior attachment 30 minutes before loading, 

and loading and MRI were repeated using the same protocol as above. Joints were 
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frozen after Tear MRI so that Repairs could be done as a batch. Loading and MRI 

protocols were repeated on the Repaired joints either on the same day as the repair 

procedure or the following day after overnight refrigeration. 

5.2.3 MRI Image Analysis  

Displacements of the medial meniscus and femoral condyles in the Intact, 

Tear, and Repair conditions were measured from the MRI images relative to the Intact 

Low Load position. First the Intact Low Load image was resliced into the scanner 

RAS+ (Right, Anterior, and Superior positive) coordinate system, with 0.2 mm 

isotropic voxels. Next, a tibia-aligned coordinate system was defined. Then, a partial 

segmentation of the tibia was made using ITK-SNAP’s active contour semi-automatic 

segmentation tool [157]. The tibia coordinate system and segmentation were created in 

the Intact Low Load image, and the five other images (Intact High Load, Tear Low 

and High Load, and Repair Low and High Load) were aligned to this coordinate 

system by rigid registration of the tibia, using the segmentation as a registration mask 

[55, 68, 158]. All registrations were visually checked to confirm alignment of the tibia 

across all 6 conditions. All meniscus and femur displacements were calculated in tibia-

aligned coordinates with medial, anterior, and inferior assigned as the positive 

directions. 

To measure meniscus displacement, the outer edge of the medial meniscus was 

traced in 3D following a line on the outer surface halfway between the superior and 

inferior rims. This labeling was done for all conditions, in the tibia aligned coordinate 

system. Displacements were measured from Intact Low Load to each High Load 

condition by matching points at the same % arc length along the traced outer edge 

lines and subtracting their positions. To measure the change in starting position due to 
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treatment, displacements were also measured in the same way for Tear and Repair 

Low Load relative to Intact Low Load. For regional analysis, the points comprising 

the outer edge line and their associated displacement values were grouped into equal 

thirds: the anterior region (AR), mid-body region (MR), and the posterior region (PR). 

Displacements of the medial and lateral femoral condyles were measured at the 

points where the condyles contacted the tibial plateau in the Intact Low Load image. 

These contact points were labeled using 3D Slicer in the aforementioned tibia-aligned 

coordinate system [159].  The femur was then automatically segmented, and the 

segmentation used as a mask for rigid registration of the femur between the Intact Low 

Load condition and the other five conditions.  The resulting rigid transform matrices 

were applied to the Intact Low Load positions of the two condylar contact points to 

calculate their displaced positions. Displacements were then calculated by subtracting 

the positions from Intact Low Load to each other condition. 

Statistical analyses used a repeated measures ANOVA to test for the effect of 

treatment (Intact, Tear, Repair) on the meniscus and femoral condyle displacements 

using JMP 16 (JMP, Cary, NC). If significance was met, a post-hoc Tukey test was 

carried out to test for differences between treatment groups. Pearson’s correlations 

were performed to test for relationships of the displacements between regions and 

between the meniscus and femoral condyle. Significance was set at p<0.05. 

5.3 Results 

5.3.1 Meniscus Displacements 

Qualitatively, the midcoronal outline (Fig 5.2A) and outer boundary (Fig 5.2B) 

of the meniscus under loading revealed that the meniscus was extruded outside of the 
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joint space following Tear. Repair partially restored the original position of the 

meniscus within the joint space. In all treatment groups, High Load caused the 

meniscus to partially extrude from the joint space, consistent with uninjured human 

studies (Fig 5.2A,B) [81, 82]. The mid-coronal slice was defined in the Intact Low 

Load case, then the same slice was traced for all other conditions. The largest Intact 

Low Load → Treatment High Load displacements occurred in the anterior meniscus, 

which moved medially out of the joint space, whereas the posterior meniscus showed 

little displacement, probably due to the still-intact posterior attachment (Fig 5.2B). 

Based on this, the meniscus displacements were averaged within three regions of 

interest: anterior region (AR), mid-body region (MR), and posterior region (PR) (Fig 

5.2C). Quantitative analyses supported these observations, as shown by the 

displacement vectors from Intact Low Load to Intact High Load (Fig 5.2C), Tear High 

Load (Fig 5.2D), and Repair High Load (Fig 5.2E) for a representative sample. For the 

AR, at Intact High Load, displacements were small and mostly uniform (Fig 5.2C).  

However, following Tear and Repair there were large medial displacements at this 

location (Fig 5.2D,E). In addition, small anterior displacements in the Intact case 

changed direction for Tear and Repair and were posterior in both the AR and MR 

regions. In contrast, the PR had small displacements in all conditions (Fig 5.2C-E). 
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Figure 5.2: Representative example of meniscus displacements at High Load with 

each treatment. (A) Mid-coronal outlines show that the Tear allowed the 

meniscus to be pushed out of the joint space, while the Repair partially 

restored the meniscus position towards the Intact case. (B) Axial plane 

outlines show the same, while also illustrating that the anterior part of the 

meniscus displaced more than the posterior. (C) Region labels (AR = 

Anterior Region, MR = Mid-Body Region, PR = Posterior Region) for a 

representative sample of displacements from Intact Low Load to 

Treatment High Load for (C) Intact, (D) Tear and (E) Repair treatment. 

The anterior region of the meniscus had large medial displacements 

following Tear that were reduced with Repair. The MR had moderate 

displacements that increase with Tear and moved posteriorly, while the 

PR had small displacements. 

Displacement vectors of the outer meniscus boundary in each region were 

quantified under High Load relative to the Intact Low Load (Fig 5.3A-C). For 

statistical analyses, we isolated each vector component (anterior and medial 

directions) (Fig 5.3D-I). The AR and MR had significant effects of treatment in both 

directions (p<0.05), but the PR only had a significant effect of treatment in the anterior 

direction (p=0.02 for anterior direction and p=0.06 for medial direction), post-hoc 

statistics are described below. 
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Figure 5.3: Meniscus position at High Load (arrow head) and Low Load (arrow 

origin) in the (A) Anterior Region (AR), (B) Mid-Body Region (MR), 

and (C) Posterior Region (PR). The dashed lines in A-C show 

displacement from the Intact Low Load position to the Tear and Repair 

Low Load initial positions (additional information provided in 

supplemental data). The total displacement vector for each case, Intact 

Low Load to Intact/Tear/Repair High Load, is decomposed into (D-F) 

anterior displacement components and (G-I) medial displacement 

components. All meniscus regions displaced posteriorly after the Tear 

(D-F) and the AR and MR displaced medially (G-I). The Repair 

generally reduced the large displacements induced by the Tear but did 

not completely restore the Intact displacements. 

For the Intact case, the AR moved 0.97 mm anteriorly and 0.43 mm medially 

(Fig 5.3D,G). With a Tear, the AR moved 0.85 mm posteriorly (similar magnitude but 

in the opposite direction compared to Intact, p<0.05) and 4.96 mm medially out of the 

joint space (11.5× Intact, p<0.05, Fig 5.3D,G). With Repair, the AR displacements 

were smaller, moving only 0.19 mm posteriorly (p<0.05) and 3.19 mm medially (7.4× 

Intact, p<0.05). While the Repair reduced the meniscus displacement, it did not return 

to Intact levels. The vector visualization shows that in the AR the Tear caused large 

medial displacements and small posterior displacements, and that the medial 

displacements were partially restored with Repair (Fig 5.3A). 

The meniscus displacement changes were similar in the MR compared to the 

AR, but with lower magnitudes overall (Fig 5.3E,H). For the Intact case, the MR 

displaced 1.19 mm anteriorly and 0.54 mm medially, and with the Tear the MR 

displaced 1.66 mm posteriorly (opposite direction from Intact, p<0.05) along with 

1.89 mm of medial displacement (3.5× Intact, p<0.05). With Repair the displacement 

again decreased compared to Tear, but the MR still displaced 0.72 mm posteriorly 

(opposite of Intact, p<0.05) and 1.34 mm medially (2.5× Intact, p<0.05). The MR 
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moved more posteriorly and less medially than the AR. The vector visualization 

demonstrates that in the MR, the Tear caused large posterior displacements that were 

partially restored with Repair, and that the medial displacements were overall smaller 

than in the AR region (Fig 5.3B). 

The PR had the smallest displacement in both directions, with statistical 

significance between treatments only in the anterior direction (p=0.02 for anterior 

direction and p=0.06 for medial direction). The Intact PR only displaced 0.99 mm 

anteriorly and 0.76 mm medially (Fig 5.3F,I). With a Tear, the PR displaced 0.88 mm 

posteriorly (opposite direction from Intact, p<0.05), but little medially (0.16 mm, 0.2× 

Intact). With the Repair the displacements were more similar to Intact, with 0.36 mm 

posteriorly (opposite direction from Intact, p<0.05) and 0.48 mm medially (0.6× 

Intact). The vector visualization demonstrates that, in the Intact case, the PR 

displacements are similar to the AR and MR, but with both Tear and Repair, PR 

displacements were much smaller (Fig 5.3C). 

We next evaluated correlations between anterior and medial displacements and 

between regions. Anterior and medial displacement components were strongly 

correlated in the AR (R2= 0.85, p<0.05, Fig 5.4A) and the MR (R2=0.52, p<0.05) but 

not in the PR (R2= 0.11, p=0.15). With high medial displacements, the meniscus 

moved posteriorly. In contrast, low medial displacements, as in the Intact case, caused 

anterior meniscus displacements. In terms of comparison between regions, the anterior 

displacement component was strongly correlated between all regions: AR and MR 

(R2=0.88, p<0.05, Fig 5.4B), AR and PR (R2=0.75, p<0.05), MR and PR (R2=0.90, 

p<0.05). For the medial displacement component, there was a significant relationship 

only between AR and MR (R2=0.70, p<0.05, Fig 5.4C), while the AR to PR (R2=0.08, 
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p=0.22) and MR to PR (R2=0.00, p=0.94) had no relation, likely due to the small 

displacement magnitudes in the PR. 

 

 

Figure 5.4: (A) Relationship between AR anterior and medial displacement. Greater 

medial displacement caused posterior displacement. (B) Relationship 

between AR and MR anterior displacement. (C) Relationship between 

AR and MR medial displacement. 

5.3.2 Meniscus Initial Positions at Low Load 

While the displacements from Intact Low Load to Treatment High Load’s final 

positions are informative for overall joint kinematics, the shift in initial position 

between Intact Low Load and Tear/Repair Low Load is also potentially significant. 

Releasing the anterior attachment and repairing it alters the natural joint position of the 

meniscus, even at very low loads. The initial position of all three meniscus regions 

(AR, MR, and PR) at Low Load was measured for the Tear and Repair cases, the same 

way as their final positions at High Load were measured, and used to calculate the 

displacement from Intact Low Load to Tear/Repair Low Load (Fig 5.5). This shift in 

Low Load position primarily occurred in the AR where the Tear caused a 0.46 mm 

posterior and 2.69 mm medial shift in initial position. The Repair again limited this 
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shift to 0.56 mm posteriorly and 1.33 mm in the medial direction. Both were 

significantly different from Intact in the medial direction, but only Repair was 

different in the anterior direction. The MR had significant shifts in initial position in 

both anterior and medial directions for both Tear and Repair where Tear shifted 1.25 

mm posteriorly and 0.53 mm medially and Repair shifted 0.81 mm posteriorly and 

0.25 mm medially (p<0.05). The PR had a significant shift in the anterior direction, 

but not in the medial direction, for both Tear and Repair. Tear shifted 0.71 mm 

posteriorly and 0.37 mm laterally and Repair shifted 0.56 mm posteriorly and 0.03 

mm medially (p<0.05). Across the board, the Repair limited the change in initial 

position compared to Tear but failed to restore Intact positions. 
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Figure 5.5: Meniscus Position at Low Load. (A,D) Anterior Region (AR), (B,E) Mid-

Body Region (MR), and (C,F) Posterior Region (PR). All meniscus 

regions displaced posteriorly after the Tear (A-C) and the AR and MR 

displaced medially (D-E). The Repair generally reduced the large 

displacements induced by the Tear but did not completely restore the 

Intact positions. 
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5.3.3 Femoral Condyle Displacements 

In addition to meniscus displacements, we also evaluated the 3D displacements 

of the medial and lateral femoral condyles at their contact point with the tibial plateau 

(Fig 5.6). For the medial condyle (Fig 5.6A), Intact Low Load → Treatment High 

Load displacements were in the anterior, medial, and inferior directions for all 

treatments. Differences between treatment groups were non-significant, but barely so 

(p=0.06 anterior direction, p=0.08 medial direction, and p=0.11 inferior direction). 

Anterior displacement of the medial condyle was 2.76 mm for the Intact case. This 

was reduced to 2.03 mm with Tear but returned to 2.53 mm with Repair, nearly the 

Intact value. Medial displacement in the Intact case was 0.42 mm, which was 3.5× 

larger with Tear (1.54 mm).  With Repair, medial displacement was partially restored 

(1.23 mm), but was still 3× larger than Intact. In the inferior direction, the medial 

condyle displacement was 1.26 mm for Intact. In the Tear case, the inferior 

displacement was slightly larger (1.40 mm) and was even larger following Repair 

(1.51mm). The lateral condyle, similar to the medial condyle, displaced in the anterior, 

medial, and inferior directions for all treatments, and there were no significant 

differences with treatment (p=0.08 anterior direction, p=0.08 medial direction, and 

p=0.09 inferior direction). Overall, despite lack of significance, these results suggest 

that severing the anterior medial meniscus attachment (Tear group) altered the 

displacement of the femur relative to the tibia, and Repair partially restored the 

kinematics towards that of the Intact condition. 
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Figure 5.6: (A) Medial condyle positions at Low Load (arrow origin) and at High 

Load (arrowhead). Intact joints move anteriorly about 2.76 mm and 

medially < 0.5mm. The Tear case allowed the contact points to shift only 

2.03 mm anteriorly but 1.54 mm medially. Repair made motion more 

similar to Intact with 2.53 mm anterior and 1.23 mm medial 

displacement. (B) Relationship between Medial Condyle Anterior and 

Medial Positions. As the condyle moves further medially, it moves less 

anteriorly. (C) Medial vs Lateral condyle displacement in the medial 

direction. The relation is nearly perfectly 1:1 (dashed line). 

There was a strong correlation between the medial condyle’s anterior and 

medial displacement components (R2=0.80, p<0.05, Fig 5.6B), similar to the 

meniscus. While there was a low correlation between the anterior and inferior 

displacement (R2=0.27, p<0.05), there was a moderate correlation between the medial 

and inferior displacement (R2=0.47, p<0.05), likely related to the slope of the tibial 

plateau. The lateral condyle exhibited similar correlations between displacement 

components. As expected for a rigid body, displacements of the medial and lateral 

condyle were significantly correlated in all directions, including anterior (R2=0.41, 

p<0.05), medial (R2=0.99, p<0.05, Fig 5.6C), and inferior (R2=0.60, p<0.05). 

Lateral condyle displacements reported here are from Intact Low Load to 

Intact/Tear/Repair High Load. In the anterior direction, the Intact displacement was 
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2.60 mm. The anterior displacement was larger with Tear and Repair (2.96 mm and 

3.02 mm respectively). In the medial direction, the Intact displacement was 0.42 mm. 

With Tear, the condyle displaced 3.8× Intact (1.60 mm). With Repair, the condyle 

displaced only 3.0× Intact (1.25mm). Finally, in the inferior direction, for the Intact 

case the condyle displaced 1.62 mm. With Tear, the lateral condyle displaced only 

1.49 mm, but with Repair, the lateral condyle displaced 1.72 mm. 

5.3.4 Femoral Condyle Initial Positions at Low Load 

The initial positions of the femoral condyles at Low Load were significantly 

shifted, relative to the original Intact Low Load position, for the Tear case but not for 

the Repair case. The Tear case caused the initial position of both condyles to shift 

anteriorly (medial: 0.40mm – p=0.06, lateral: 0.69mm – p<0.05) and inferiorly 

(medial: 0.46mm – p<0.05, lateral: 0.42mm – p<0.05) relative to the intact case. The 

condyles also shifted approximately 0.2mm medially but this was not significantly 

different from intact. The Repair case resulted in much smaller shifts in the initial 

position of the condyles that were not significant. The largest shift was the medial 

condyle moving 0.22mm posteriorly. The medial shift was <0.13mm. 

5.3.5 Correlations between Meniscus and Femur Displacements 

Finally, we evaluated correlations between the meniscus regions and the 

medial femoral condyle displacements. Considering the meniscus AR, the anterior 

displacement components of the AR and femoral condyle were correlated (R2 = 0.57, 

p<0.05, Fig 5.7A). In the Tear and Repair groups, the meniscus moved posteriorly 

while the medial condyle moved anteriorly. In the Intact case, however, the meniscus 

moved anteriorly, and the medial condyle moved anteriorly to a greater degree. The 
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medial displacement components of the AR and the medial condyle were also highly 

correlated (R2 = 0.65, p<0.05, Fig 5.7B). In the Tear and Repair groups, the meniscus 

moved much further medially than the condyle (up to 7.4 mm vs up to 3.0 mm, 

respectively), however, the Intact group lies mostly along the 1:1 line where meniscus 

and condyle motion were equal. 

Considering the meniscus MR, the anterior displacement components of the 

MR and medial condyle were significantly correlated (R2=0.38, p<0.05, Fig 5.7C). 

Menisci in the Intact group moved anteriorly, but in the Tear and Repair groups, the 

MR moved posteriorly. The medial displacement components of the MR and the 

femoral condyle were not correlated as strongly as in the AR, but in contrast to the AR 

region their relationship followed the 1:1 line very closely, with only slightly more 

meniscus displacement than contact point displacement (R2 = 0.54, p<0.05, Fig 5.7D). 

There were no significant relationships between PR meniscus displacement and 

femoral condyle displacement. 
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Figure 5.7: Displacement relationships between the medial condyle contact point and 

the meniscus AR (A, B) and MR (C, D), considering anterior (A, C) and 

medial (B, D) displacement components. The condyle moves further 

anteriorly than the meniscus (A, B), while medial displacements (B, D) 

are closer to a 1:1 relationship (dashed line) between the tissues. This 1:1 

relationship is lost in the AR with Tear and Repair conditions because 

with the anterior medial meniscus attachment released, the meniscus AR 

displaces far outside of the joint space with loading. 
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5.4 Discussion 

In this study, we measured joint kinematics in an intact porcine knee, after 

anterior root tear, and after repair using non-invasive MRI to maintain an intact joint 

capsule and surrounding ligaments. We found that transection of the medial meniscus 

attachment (Tear) allows for large amounts of medial extrusion of the medial 

meniscus, particularly in the anterior region.  A suture anchor repair partially restores 

the meniscus in the joint space and limits femur displacement but does not fully 

restore kinematics to match the Intact case. This study was performed using an MRI-

compatible loading device and a newly adapted MRI sequence allowing us to capture 

the joint structure at multiple loading conditions and with much higher meniscus 

signal and resolution than previously reported. 

When comparing the regions of the meniscus, the AR had the most 

displacement, while the PR had the least displacement. The combined effect in the 

Tear and Repair cases was to rotate the meniscus in the axial plane; the AR and MR 

move medially, while the PR remains mostly static due to its posterior attachment (Fig 

5.2B, 3). The posterior attachment behaves like a hinge about which the meniscus 

rotates. This effect also explains the differences between displacement of the meniscus 

and of the femur. Though the femur moves anteriorly in all cases due to the 30° 

flexion angle, it moves less anteriorly and more medially after Tear and Repair, 

pushing the meniscus AR out of the joint space (Fig 5.6). With extrusion, the 

meniscus pivots about the posterior attachment, and the AR and MR regions of the 

meniscus move slightly posteriorly. Similar work found that the meniscus of an intact 

joint instead moved posteriorly with load [68]. The likely causes of this difference in 

findings is that our study applied load along the femoral axis, pushing the femur 
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forward over the tibia, while the other study applied load along the axial direction of 

the tibia, pushing the femur backward over the tibia. 

Our findings for the femur displacements agree with previous studies of joint 

kinematics. Studies using pressure sensors placed into the joint space showed that the 

femoral contact point shifts medially after meniscus injury [62–64, 149], similar to our 

meniscus and femur results. Contact pressure tracking primarily finds that the contact 

area decreases, indicating that the meniscus is not carrying load due to extrusion by 

the femur. This matches what we find when we track both the femur and meniscus in 

our study. After Tear, the femur moves medially and anteriorly, pushing the meniscus, 

especially the anterior region, out of the joint, so that the meniscus is no longer 

carrying load or distributing forces to protect the cartilage. This is likely linked to the 

higher rates of OA seen in many patients with high meniscus extrusion or after 

meniscus root tear [146–148]. 

The large displacements in the Repair case, particularly in the AR, suggest that 

a better surgical treatment might be required to restore joint kinematics to the Intact 

state. The suture anchor repair returns the anterior aspect of the meniscus back to its 

natural position by suturing through the cut anterior attachment. Due to the highly 

aligned fiber structure of the attachment, it is possible that the anchor did not 

adequately hold the meniscus in place due to the sutures pulling though the weaker 

inter-fiber matrix when load was applied. However, the present study explored the 

effectiveness of Repair treatment at acute time points, whereas in vivo, there would be 

time for healing, remodeling, and potentially unloaded post-operative care. Thus, 

further in vivo studies are needed to explore if the suture anchor repair aids in healing 

to increase the strength of the anchor/anterior attachment complex and to reduce 



 90 

medial extrusion of the meniscus under load. Another solution to reduce medial 

extrusion may be to add sutures on the outside of the joint for meniscus centralization, 

especially in the anterior half, similar to studies by the Sekiya group [148, 149]. The 

methods used in the present study are valuable to test other repair strategies to restore 

joint kinematics and meniscus load distribution to protect the underlying cartilage. 

Our novel T1 VIBE MRI sequence for joint imaging allowed for excellent 

meniscus signal intensity and resolution. Due to the meniscus’ densely packed fiber 

network, MRI signal in most clinical studies and cartilage-focused studies is quite low, 

such that in most clinical and pre-clinical research using MRI, the meniscus is a black 

object between the femur and tibia. With our MRI sequence, we could observe 

meniscus structure for segmentation and calculation of displacements. T1 VIBE has 

traditionally been utilized in abdominal, breast, and brain imaging, but has recently 

been recommended for use in musculoskeletal applications as a replacement for CT 

due to its ability to provide high resolution bone imaging [155, 156]. Prior to this 

study, in preliminary work, we optimized the T1 VIBE sequence parameters for 

meniscus imaging. To our knowledge, we are the first to utilize T1 VIBE in the knee 

specifically for meniscus imaging. There is a clear improvement in our images and 

images from similar studies to achieve more signal from the meniscus while 

maintaining higher resolution and/or shorter scan times [55, 68, 83, 146, 147]. 

This study is not without limitations. First, though we kept the joint capsule 

and surrounding ligaments as intact as possible, a small incision was required for 

creation of the tear and for the repair procedure. This was an approximately 3.0 cm 

vertical incision in the joint capsule to the medial side of the patellar tendon, which is 

considerably smaller than the incisions or dissections used in other studies using 
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pressure sensors [62–64, 149, 150]. Secondly, due to the aligned nature of the 

meniscus attachment, there is the possibility of suture slippage or pull-out in the 

Repair group. Despite this possibility, after testing, the repair was inspected to confirm 

that the meniscus was still anchored to the bone as intended. The repairs remained in 

place, with at least 30 N of tensile load-bearing capacity. 

In conclusion, this study found that anterior root tears resulted in large 

meniscus and femur displacements with loading, and that suture anchor repair reduced 

these displacements, but did not restore intact joint kinematics. The femur moved 

anteriorly after Tear and Repair. Under load, the anterior region of the meniscus 

moved posteriorly and medially as it was forced out of the joint space, while the 

posterior region had small displacements due to the restraint of the posterior 

attachment, which acted as a hinge about which the meniscus rotated in the axial 

plane. The experimental techniques used here can be applied to evaluate the effect of 

knee injuries and to develop improved repair strategies to restore joint kinematics after 

injury. 
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SIX WEEKS POST-OP PORCINE MODEL OF MENISCUS ROOT TEAR 

REPAIR PREVENTS OSTEOARTHRITIS DEVELOPMENT DESPITE 

ALTERED JOINT DISPLACEMENTS AS MEASURED WITH MRI AND 

LOADING 

6.1 Introduction 

The menisci are integral parts of the knee due to their ability to carry and 

distribute load, maintain low friction, and protect the articular cartilage. Meniscus root 

tears or full thickness radial tears allow for meniscus extrusion from the joint space, 

unload the meniscus fibers, and prevent it from maintaining healthy joint function 

leading to initiation and progression of OA [5, 6, 28–30, 61].  While it is well 

established that meniscus tears are linked to higher rates of OA, OA is often not 

diagnosed until later stages with pain develops. Additionally, study of early OA in 

humans is difficult as many outcome measures require destruction of the tissues. 

Animal models, however, are a viable solution for exploration of the progression of 

OA development. The Yucatan minipig model is particularly good due to its similarity 

to human physiology and joint loading [32, 160]. Specifically, destabilization of the 

medial meniscus, or DMM, is a proven model to induce OA in animal joints so that 

the progression of OA can be studied [62, 63, 161]. 

Our team has recently developed a porcine model of OA using a DMM where 

we sought to link non-invasive MRI measures to destructive tissue measures so that 

findings could be translated to human OA development [62, 63]. We found joint and 

tissue level changes in the knee as early as 1 month post-op and an extending to 6 

Chapter 6 
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months pot-op. At the joint level, we saw stress concentrations on the cartilage after 

DMM at 1 month that resolved at later time points, and India Ink revealed abrasions 

and fractures in the cartilage beginning at 1 month and worsening out to 6 months. 

The cartilage had an increased T2 time at 1 month, indicative of degeneration and 

potentially related to the stress concentration, that resolved at later time points, 

however, histology revealed tissue breakdown at all time points. The meniscus also 

had an increased T2 in the anterior horn after 1 month that resolved, but histology 

again showed tissue degeneration at all time points. The DMM endogenously repaired 

in our model which is likely not physiologically relevant in human, but the implication 

that some load reestablishment in the meniscus can prevent stress concentrations on 

the cartilage and prevent long term catastrophic damage underlines the importance of 

early repair post -injury.  

While our large animal model of medial meniscus injury developed similar 

cartilage pathology as OA in humans, it remains unknown whether the combination of 

endogenous and surgical repair in these models can restore joint kinematics and 

prevent cartilage OA. Therefore, the objective of this study was to evaluate joint 

kinematics and cartilage degeneration following tear and repair in a large animal 

surgical model. Based on our findings in the cadaver joint study at the acute time 

point, we hypothesized that the repair may provide some protection to the joint, but 

that it would not prevent the development of OA in our large animal model due to its 

inability to restore intact joint kinematics.  



 94 

6.2 Methods 

6.2.1 Animal Study 

Twelve 1-year-old Yucatan minipigs underwent unilateral surgery of the stifle 

joint and received either an en bloc removal of ~5 mm of the anterior root attachment 

(n=8 Tear) or an acute injury and suture anchor repair of a complete root tear (n=4 

Repair). En bloc removal was done to try to limit the endogenous repair that was seen 

in previous work [161]. Contralateral legs were left intact and undisturbed (n=12 

Intact). Pigs were then allowed to go about their normal lives for 6 weeks prior to 

euthanasia. Pigs were walking within a day of surgery, and healthy gait was observed 

from the surgical date until euthanasia.  

6.2.2 Joint Loading and MRI 

On the day of euthanasia, hind limbs were harvested, muscle and skin 

removed, and MRI scanning completed, including a T2 CPMG sequence so that tissue 

T2 could be measured using noise corrected exponential decay as a measure of 

degeneration [97]. A T1 VIBE image was also taken to view the extend of scar 

formation. After MRI, joint were vacuum sealed and frozen until further testing. 

The joint loading preparation and experimental design was the exact same as 

the cadaver model in Chapter 5, except the target High Load was set to ~1x body 

weight, or 510 N. In short, legs were carefully dissected, preserving the joint capsule 

and all ligaments, then potted in PMMA for gripping in the MRI compatible loading 

device at 30 degrees of flexion. The joint was scanned at a Low and High Load, ~50N 

and 510N respectively, 30 minutes after the application of load.  
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6.2.3 MRI Analysis 

The MRI analysis protocol was the same as Chapter 5 for the day of loading. 

Meniscus motion (kinematics) was calculated from MRI between Low Load and High 

Load by aligning the tibia, labeling the meniscus boundary, and then calculating its 

displacement between loads. Meniscus motion was again calculated for three regions: 

anterior region (AR), mid-body region (MR), and posterior region (PR). Unlike in the 

cadaver model, each knee could not receive serial treatments, thus the initial meniscus 

position was calculated at Low Load relative to the medial intercondylar tubercle. 

After MRI, joints were vacuum sealed and frozen until dissection. 

6.2.4 Osteoarthritis Assessment 

After MRI, knee joints were dissected, and tibial plateaus were assessed for 

cartilage wear using India Ink. India Ink was painted onto the cartilage surface and 

then wiped away with a dry cloth so that any remaining ink revealed any cartilage 

abrasions. The following day, cartilage indentation testing was performed using a 

2mm spherical indenter at four locations, two each on cartilage regions previously 

covered by the meniscus or on more central uncovered regions. These are denoted as 

the cartilage-meniscus (C-M) and cartilage-cartilage (C-C) contact regions, 

respectively. Fifteen-minute duration creep tests at a 0.1N load were fitted to a model 

of Hertzian biphasic creep, and values for compressive modulus, tensile modulus, and 

permeability were determined [162]. Values for the C-M and C-C contact regions 

were averaged. Decalcified osteochondral sections were stained with Safranin O/Fast 

Green for histological grading. n=4 joints per group have been completed for all 

destructive measures. 
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6.2.5 Statistical Analysis 

All outcome measures were compared with a one-way ANOVA to test for 

effect of treatment followed by a post-hoc Tukey HSD if significance was reached. 

Significance was set at p<0.05. 

6.3 Results 

6.3.1 Meniscus Displacements with Load 

Meniscus displacements were calculated between Low and High Load cases 

for each knee. In the Intact knees, the AR moved 0.56 mm anteriorly and 0.32 mm 

medially. In the Tear group, the AR displaced 0.94 mm anteriorly (almost 2× the 

Intact case, Fig 6.1A) and 0.20 mm medially (about the same as the Intact, Fig 6.1D). 

In Repair knees, the AR displaced 1.25 mm anteriorly (>2× the Intact case, Fig 6.1A) 

and 0.07 mm medially (less than 1/3 of the Intact case, Fig 6.1D). The AR displaced 

the most medially in the Intact case but the least anteriorly, but there were no 

significant differences in displacement with loading in the AR (p>0.05). 

The MR showed similar results to the AR, with the Intact case having the most 

medial and least anterior displacement. In the Intact case, the MR displaced 0.77 mm 

anteriorly (p>0.05, Fig 6.1B) and 0.51 mm medially (p<0.05 with Intact greater than 

both Tear and Repair, Fig 6.1E). In the Tear knees, the MR moved 1.02 mm anteriorly 

and 0.08 mm medially. In the Repair knees, the MR displaced 1.15 mm anteriorly and 

0.17 mm laterally (the opposite direction from Intact).  

The PR followed the same pattern as the other regions with the Intact menisci 

moving the furthest medially and least anteriorly, though there were no significant 

differences (p>0.05, Fig 6.1C,F). The PR in the Intact knees moved 0.54 mm 

anteriorly and 0.67 mm medially. In the Tear knees, the anterior displacement 
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increased to 0.61 mm and the medial displacement was only 0.24 mm. In the Repaired 

knees, the PR displaced 0.78 mm anteriorly and 0.11 laterally (opposite of Intact). 

 

 

Figure 6.1: Displacement with load of meniscus regions. The AR shifts the least 

anteriorly and most medially in the Intact group. The MR follows the 

same pattern. The PR does the same as well. 
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6.3.2 Meniscus Initial Positions at Low Load 

Meniscus initial positions were measured from the medial intercondylar 

tubercle at Low Load. In Intact knees, the AR started 11.26 mm anterior and 12.50 

mm medial of the intercondylar tubercle. In Tear knees, the AR was initially 12.50 

mm anterior (>1.0 mm further anterior than the Intact AR, p<0.05, Fig 6.2A) and 

14.94 mm medial of the intercondylar tubercle (>3.0 mm further medial than the Intact 

AR, p<0.05, Fig 6.2D). For Repaired knees, the AR started 11.41 mm anterior 

(approximately the same as the Intact, p>0.05, Fig 6.2A) and 15.10 mm medial of the 

intercondylar tubercle (>3.0 mm further medial than the Intact AR, p<0.05, Fig 6.2D). 

Overall, the AR in both Tear and Repair knees started further medially (>3.0 mm) than 

in Intact knees. 

The MR had similar results to the AR in the medial direction, but no 

differences in the anterior direction. In the Intact case, the MR started 0.24 mm 

anterior and 17.61 mm medial of the tubercle. In Tear knees, the MR was initially 

even with the tubercle in the anterior-posterior direction (Fig 6.2B), but 20.23 mm 

medial of the tubercle (>2.5 mm further medial than the Intact MR, p<0.05, Fig 6.2E). 

In Repaired knees, the MR was initially 0.66 mm posterior (opposite direction from 

the Intact) and 19.96 mm medial of the tubercle (>2.0 mm further medial than the 

Intact MR, p<0.05, Fig 6.2E). Again, both the Tear and Repaired knees started with 

the meniscus further medial prior to loading.  

The PR had the smallest differences between groups. In Intact knees, the PR 

was initially 9.85 mm posterior and 11.94 mm medial of the tubercle. In Tear knees, 

the PR started 11.07 mm posterior (>1.2 mm posterior of the Intact PR, p<0.05, Fig 

6.2C) and 12.72 mm medial of the tubercle (less than 1.0 mm further medial than 

Intact p>0.05, Fig 6.2F). In Repaired knees, the PR started 11.05 mm posterior (1.2 



 99 

mm posterior of the Intact PR, p>0.05, Fig 6.2C) and 12.40 mm medial of the tubercle 

(less than 0.5 mm further medial than Intact p>0.05, Fig 6.2F). Overall, the PR was in 

a similar position medially between groups, but the Tear knees had the meniscus 

further posterior prior to loading. 
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Figure 6.2 Initial positions of meniscus regions at Low Load. The AR and MR in Tear 

and Repair knees started further medially than in Intact knees. The PR 

started further posteriorly in the Tear group compared to the Intact group.   

6.3.3 Meniscus Combined Displacement from Intact Low Load 

Total displacement from Intact Low Load to Treatment High Load was 

measured by adding the displacement with load to the difference in initial position at 

Low Load from the Intact case. Plots for each meniscus region are given in Fig 6.3, 

where the dots represent the initial position relative to Intact Low Load, and the 

arrowheads represent the final position at High Load. The following results reported in 

the text are the averages of all three regions to convey overall meniscus displacement. 

In the Intact case, the meniscus displaced 0.62 mm anteriorly and 0.50 mm medially at 

High Load. In the Tear knees, the meniscus displaced 0.79 mm anteriorly and 2.12 

mm medially (4× the Intact displacement, p<0.05). In the Repaired knees, the 

meniscus displaced 0.41 mm anteriorly and 1.73 mm medially (3× the Intact 

displacement, p<0.05). Unlike the cadaver model, initial positions contributed more to 

the overall displacement than the displacement from Low Load to High Load 6 weeks 

post-op in our porcine animal model. 
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Figure 6.3: Positions of meniscus regions at Low Load (dots) and at High Load (arrow 

heads). Dashed lines represent difference in initial position. The AR and 

MR start further medially in the Tear and Repair cases than in the Intact 

joints. Motion with loading is primarily in the anterior direction in the 

Tear and Repair cases. The final position of the AR in the Tear and 

Repair is further medial and anterior relative to the Intact. In the MR, the 

final position is further medially for Tear and Repair compared to the 

Intact. The PR has the least difference.  

6.3.4 Femoral Condyle Displacements with Load 

Displacement of the femoral condyle contact points were found between Low 

Load and High Load. Starting with the medial condyle, in Intact knees, the condyle 

displaced 1.65 mm anteriorly, 0.46 mm medially, and 0.98 mm inferiorly. In the Tear 

knees, the condyle shifted 2.44 mm anteriorly (p<0.05), 0.27 mm laterally (the 

opposite direction from Intact, p<0.05), and 0.94 mm inferiorly. The Repair knees 

displaced 2.83 mm anteriorly (p<0.05), 0.46 mm laterally (the opposite direction from 

Intact, p<0.05), and 0.92 mm inferiorly. Thus, the Tear and Repair behaved similarly 

and were different from Intact knees in the anterior and medial displacements. 

For the lateral condyle, in Intact knees, the condyle displaced 2.55 mm 

anteriorly, 0.43 mm medially, and 1.09 mm inferiorly. In the Tear knees, the condyle 
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shifted 1.86 mm anteriorly (p<0.05), 0.27 mm laterally (the opposite direction from 

Intact, p<0.05), and 1.19 mm inferiorly. The Repair knees displaced 1.98 mm 

anteriorly (p<0.05), 0.49 mm laterally (the opposite direction from Intact, p<0.05), and 

1.31 mm inferiorly.  

In Intact knees, the medial condyle moved less anteriorly than the Tear and 

Repair knees, but the lateral condyle moved further anteriorly. This indicates the Intact 

knees are rotating internally while the Tear and Repair knees are rotating externally. It 

is also interesting that the condyles of Intact knees move medially with load, while the 

Tear and Repair knees move laterally. 

6.3.5 Cartilage T2 

Cartilage T2 was calculated in n=4 joints per treatment in the cartilage-

cartilage and cartilage-meniscus contact regions where a higher T2 represents tissue 

degeneration (Fig 6.4). In the cartilage-cartilage contact region, the T2 for Intact, Tear, 

and Repair knees was 50.28 ± 7.87 ms, 91.60 ± 25.27 ms, and 67.79 ± 27.75 ms, 

respectively, with Tear trending towards significantly higher than the Intact. In the 

cartilage-meniscus cartilage region, T2 was 84.46 ± 36.70 ms, 108.87 ± 43.18 ms, and 

123.66 ± 50.38 ms, but significance was not achieved due to high variance. 



 103 

 

Figure 6.4: T2 of the cartilage-cartilage contact region. A) representative MRI of the 

contact region with T2 maps overlayed on the cartilage. B) T2 for each 

treatment group. 

6.3.6 Osteoarthritis Assessment 

First, joints were assessed qualitatively. Intact joints appeared to have no 

damage, while the Tear group did have wear on the tibial cartilage. The Repair group 

only displayed wear in one joint. The cartilage structure was assessed via India Ink 

staining and OASRI histological grading. The percent area of India Ink staining of 

cartilage abrasion on the tibial plateau was measured via image thresholding (Fig 

6.5A). The Tear knees had 6.97% India Ink staining which was higher than either 

Intact or Repair (0.30% , p<0.05 and 1.45%, p=0.05, respectively). The cartilage 

structure was further assessed using histology and the OARSI grading system’s 

structure subscore (Fig 6.5B). The Intact group had an average score of 0.833. The 

Tear group was higher with a significant trend resulting from an average score of 2.29. 

The Repair group had an average score of 1.29.  
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Figure 6.5: Cartilage structure assessments. A) India ink staining of cartilage abrasions 

showed higher percent area stained in the Tear group. B) Histology 

revealed more degenerative findings in the Tear group than Intact or 

Repair. 

Cartilage mechanics were assessed in the cartilage-cartilage and cartilage-

meniscus contact regions via indentation testing to measure compressive modulus, 

tensile modulus, and permeability (Fig 6.6). In the cartilage-cartilage contact region, 

Intact knees had the highest compressive modulus (1.68 MPa), but there were no 

statistical differences to Tear (1.16 MPa) or Repair (1.23 MPa). The Intact also had the 

highest tensile modulus (4.47 MPa), but again there were no statistical differences to 

Tear (2.94 MPa) or Repair (3.47 MPa) potentially due to sample size. In permeability 

the Intact joints had the lowest permeability (0.0071 mm4/Ns). The Tear group 

cartilage had the highest permeability (0.203 mm4/Ns, p<0.1), and the cartilage of 

Repaired knees had a permeability closer to that of the Intact joints (0.0108 mm4/Ns). 

Cartilage in the cartilage-meniscus contact region had similar results to those seen in 

the cartilage-cartilage contact region. Cartilage in the Intact knees had a compressive 

modulus of 1.14 MPa which was higher than the Tear and Repair groups (0.90 MPa 
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for both groups, p>0.05). Intact knee cartilage also had higher tensile modulus of 7.95 

compared to the Tear and Repair groups (4.06 MPa and 4.37 MPa, respectively, 

p<0.05). The permeability of the cartilage from Intact knees was the lowest (0.0022 

mm4/Ns). Repair knees had similar cartilage permeability (0.0068 mm4/Ns), while the 

Tear knees had the highest permeability (0.0478 mm4/Ns, p>0.05).  

 

 

Figure 6.6: Cartilage indentation outcome measures in the cartilage-cartilage contact 

area. A) Compressive and (B) tensile moduli were highest in the Intact 

group with little difference between Tear and Repair groups. C) 

Permeability was highest in the Tear group.  

6.3.7 Correlations between MRI Measures and Destructive Cartilage Measures 

Last, correlations between non-invasive MRI measures and destructive 

measures of cartilage health were checked and summarized in Fig 6.7. T2, initial 

meniscus positions at Low Load, and final position after loading were compared to 

cartilage wear via India Ink, cartilage OARSI, and cartilage moduli. T2 of the 

cartilage-cartilage contact region correlated with India Ink staining (r2=0.82, p<0.05). 

The initial medial position of the meniscus correlated with cartilage-meniscus contact 

region OARSI (r2=0.48, p<0.05), compressive modulus (r2=0.37, p<0.05), and tensile 
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modulus (r2=0.60, p<0.05). The displacement at High Load correlated with India Ink 

staining (r2=0.48, p<0.05), cartilage-meniscus region OARSI (r2=0.61, p<0.05), and 

cartilage-cartilage region compressive modulus (r2=0.43, p<0.05). Overall, joint 

kinematics correlated with more structural and functional degenerative measures of 

cartilage than T2.  

 

 

Figure 6.7: Summary of correlations between non-invasive MRI measures and 

destructive cartilage measures.  

6.4 Discussion 

This study evaluated changes in meniscus kinematics and cartilage changes in 

a porcine animal model of meniscus injury and repair. Overall, our data support that 

surgical repair provides some restoration of meniscus kinematics and cartilage 

protection at 6 weeks. 6 weeks after surgical injury and repair, the meniscus position 

at Low Load was displaced medially, and displacements during loading were 

predominately anterior in Tear and Repair while the Intact saw approximately the 

same anterior and medial displacement. Despite not restoring Intact kinematics, the 
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Repair was protective of the cartilage, based on T2 times, gross morphology, 

histology, and mechanical testing. 

When comparing regions of the meniscus, we find that the AR and MR move 

much more than the PR, likely due to the intact posterior attachment. Similar to the 

cadaver study, it appears that the posterior attachment acts as a hinge and the meniscus 

is rotating out of the joint, with high medial displacements it the AR and MR in the 

Tear and Repair groups. Contrary to the cadaver study, the initial position of the 

meniscus at Low Load contributes more heavily to the final position at High Load 

than the loading itself. During the 6 weeks post-op, the meniscus has displaced to a 

new position further medial in the Tear and Repair groups compared to the Intact case. 

This is likely due to the repetitive loading experienced during walking. Unlike the 

cadaver study, the joints undergo many cycles of loading as opposed to a single 

loading post Tear or Repair. There is also the opportunity for scar formation and 

remodeling in the animal model that does not occur in the cadaver model. Despite the 

additional opportunity for robust repair via the suture anchor and endogenous scar 

formation, the Repair does not restore Intact kinematics.  

Measures of cartilage health and T2 revealed that the Repair was 

chondroprotective despite the lack of restoration of Intact kinematics. India Ink and 

histology showed much less cartilage breakdown in the Repair group, similar to the 

Intact group, compared to the Tear group. Cartilage mechanics on the other hand 

revealed that the Tear and Repair joints had very similar cartilage compressive and 

tensile moduli. The permeability was highest in the Tear group, however, with Repair 

only slightly elevated relative to Intact. These findings are similar to those in our 
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previous animal model where a tear type with less meniscus unloading did not cause 

as much cartilage degeneration as the DMM model [62, 63]. 

The large displacements in the Repair case, particularly in the AR, suggest that 

a better surgical treatment might be required to restore joint kinematics to the Intact 

state. The suture anchor repair returns the anterior aspect of the meniscus back to its 

natural position by suturing through the cut anterior attachment. Due to the highly 

aligned fiber structure of the attachment, it is possible that the anchor did not 

adequately hold the meniscus in place due to the sutures pulling though the weaker 

inter-fiber matrix when load was applied. One solution to reduce medial extrusion may 

be to add sutures on the outside of the joint for meniscus centralization, especially in 

the anterior half, similar to studies by the Sekiya group [148, 149]. The methods used 

in the present study are valuable to test other repair strategies to restore joint 

kinematics and meniscus load distribution to protect the underlying cartilage. 

It is interesting that the Repair did not return the joint to Intact kinematics, and 

in fact appeared to be closer to the Tear group, yet other measures of cartilage 

degeneration displayed that the Repair group was more similar to the Intact group than 

the Tear group (T2, India Ink, histology). This could be due to factors besides the 

kinematics of the joint, for example, the Repair process releases blood into the joint as 

the anchor is set into the bone, potentially activating different cell pathways that are 

not experienced in the Tear group. This should be studied in future work.  

Cartilage mechanics were the only destructive measure in which Repair was 

closer to the Tear group than the Intact group. This could indicate that mechanical 

degeneration precedes structural degeneration and may be a good target for detection 

of early OA. Additionally, joint kinematics had more correlations to structural and 
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functional measures of cartilage degeneration than did T2. Together, this indicates that 

function may be a better predictor of joint degeneration than structural changes as 

suggested by other research [28, 30, 31, 71].  

This study is not without limitation. The environment in the joint capsule is not 

consistent across groups, for example, blood is released into the joints of the Repair 

group during surgery. This could impact the overall biologic response in the knee and 

alter degenerative outcomes. This should be studied in future work. Also, the joints 

were harvested 6 weeks post-op, and OA is a long-term disease. Thus, longer time 

points should be studied to determine if the Repair is successfully protecting the 

cartilage despite the meniscus’ position out of the joint space. 

In conclusion, Repair did not restore Intact joint kinematics 6 weeks post-op in 

our large animal model of meniscus injury, but it did successfully provide 

chondroprotection to the joint based on structural measures compared to the Tear 

group. These findings are interesting and bring into mind two potential explanations: 

1) the blood released into the joint during Repair surgery aided in protection of the 

joint, and/or 2) that cartilage mechanics are the first sign of cartilage degeneration and 

the degeneration in the Repair group is delayed relative to the Tear group. Further 

study and longer time points should be studied to potentially explain these findings.  
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SUMMARY AND FUTURE DIRECTIONS 

7.1 Summary 

Low back pain and osteoarthritis lead to millions of years lived with disability. 

Disc and meniscus degeneration and injury are linked to higher rates of incidence of 

these disabilities, yet structural changes of these tissues alone do not directly link to 

pain. There is evidence that mechanical function is better linked to pain, but there is a 

lack of in vivo methods to measure disc and meniscus mechanical function. 

Development of in vivo assessment of tissue mechanical function may provide better 

context as to why degeneration or injury leads to pain, and what therapies and repairs 

should be targeting to remedy the situation. 

The objective of this thesis was to develop and apply methods for non-invasive 

measurement of mechanical function of the intervertebral disc and meniscus that could 

be used to inform and direct clinical decisions related to degeneration and injury. In 

Chapter 3, pulse sequence parameters and analysis methods were developed to 

manage signal loss and to minimize bias and uncertainty in T2 measurements of the 

disc. The study concluded that long echo trains, short TE’s, removal of the first data 

point, and fitting with a noise corrected exponential model yielded the most robustly 

accurate results. Utilizing these sequence parameters and fitting methods will allow 

for better translation of data between studies and increased clinical value and 

confidence. 

Chapter 7 
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In Chapter 4, in vivo mechanical function of the disc was evaluated in a young 

asymptomatic cohort during flexion, extension, and diurnal loading. This work 

established both experimental and analytical methods to measure disc axial strain, 

wedging, and A-P shear while also establishing a baseline for function of the disc, 

particularly in flexion and extension where function had not been previously 

measured. There were significant level effects in both flexion and extension. Bending 

induced large anterior and posterior region strains, changes in wedge angle, and A-P 

shear displacements. We found that level often influenced disc mechanical function, 

particularly in bending, but sex almost never did. Diurnal loading, on the other hand, 

caused homogenous axial strain with very small changes in wedge angle and A-P 

shear. T2 correlated with all mechanical measures in flexion, but very few in extension 

and diurnal loading. Additionally, herniation and low back pain are often associated 

with Flexion bending, and in our study, we saw that Flexion caused very large tensile 

strains in the posterior of the disc where many herniations and annulus fibrosus 

failures occur. Overall, these observations suggest that Flexion is the more important 

loading condition to study in vivo disc mechanical function, particularly in relation to 

degeneration. These results provided critical baseline data for comparison to disc 

function in future work in older populations and low back pain patients. 

In Chapter 5, joint kinematics were assessed in a porcine model of meniscus 

root tear and repair at the acute time point. Transection of the anterior root attachment 

to destabilize the medial meniscus is a common model of OA, but previous efforts to 

measure altered joint loading often required disrupting the joint capsule to measure 

peak forces and force locations. This study kept the joint space intact while non-

invasively measuring joint kinematics via high resolution MRI. In the intact joint, 
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loading of the joint induced about 1.0 mm of translation of the meniscus anteriorly and 

0.5 mm medially. After the tear was induced, the injured knees had the meniscus move 

posteriorly and much further medially, with the anterior region translating the most. 

The anterior region moved 5.00 mm medially, while the mid-body region displaced 

about 2.0 mm medially. Overall, the posterior attachment of the meniscus acted as a 

hinge as the meniscus rotated out of the joint space medially. The repair reduced the 

displacement of the meniscus, particularly in the medial direction, but it did not return 

the joint to the intact state. The anterior region still displaced 3.0 mm medially, while 

the mid-body translated 1.5 mm. Overall after repair, the meniscus displacement was 

similar to the injured knee, but at a lower magnitude. These results suggested that the 

repair provided some improvement compared to the injury case, but it did not return 

the joint to the intact loading condition. These methods could be applied to evaluate 

the effect of knee injuries on joint kinematics and to develop improved repair 

strategies to restore joint function after injury. 

In Chapter 6, joint kinematics were again assessed in a porcine model of 

meniscus root tear and repair at six-weeks post-operation. Suture anchor repair did not 

restore intact joint kinematics 6 weeks post-op, but it did successfully provide 

chondroprotection to the joint based on structural measures compared to the Tear 

group. Like the cadaver model, the anterior and mid-body regions of the meniscus 

were pushed medially out of the joint space. Unlike the cadaver model, their initial 

position was out of the joint space before loading. It is likely that 6 weeks of walking 

post-op had caused the menisci to shift medially due to the repetitive loading. Again, 

the posterior attachment acted as a hinge about which the meniscus rotated. 

Interestingly, the repair did prevent degeneration as measured by India Ink and 
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histology while the root tear caused structural damage to the cartilage. However, the 

indentation testing of the cartilage revealed that the repair and tear groups were similar 

and inferior to the intact joints. This may point toward mechanical degeneration 

proceeding structural degeneration of the cartilage, and a potential target for early 

detection of OA. Further study is needed at longer time points to determine if the 

repair is chondroprotective long term. These methods are clinically useful for 

evaluation of injury and repair on knee kinematics and the progression of OA. 

7.2 Future Directions 

7.2.1 Disc 

7.2.1.1 Assess the feasibility of 3-Dimensional strain measurement 

Our current work only measures strain in the axial direction, but in theory, 

strains in all three directions could be measured. We avoided anterior-posterior and 

left-right strains due to the slice thickness used in the study (3.0 mm) and the unknown 

accuracy of such measurements with large slice thickness. Future work could explore 

the limits of accuracy with regard to slice thickness. Further, future work could use 

two other approaches to collect 3D strains, or a combination of the two. First, a 

smaller slice thickness could be used, but in order to decrease slice thickness, to say 

1.0 mm, the sequence would either need to be much longer (not ideal for human study) 

or the in-plane resolution would have to be decreased (from say 0.5 mm to 1.0 mm). 

This could negatively impact axial strain measurement accuracy. Secondly, while we 

currently collect images in the sagittal plane, coronal plane images could also be 

collected to better image the left and right edges of the disc. A combined segmentation 

could be made from the sagittal and coronal images with better disc boundaries. The 
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limitation for this is that coronal imaging takes much more time than sagittal imaging 

due to the need for more oversampling to avoid image artifacts such as wrap around. 

Thus, the study scan time would likely need to increase to accommodate this.  

7.2.1.2 Study an older population then a symptomatic population 

The immediate next step that should be taken with the in vivo measurement of 

disc function is to expand the data set to an older population of non-painful 

participants in order to understand the full range of disc mechanics from young to old 

and healthy to degenerate discs. The baseline is critical to establish before the study is 

expanded to LBP patients. From ex vivo test, we know that the disc has altered 

mechanics with higher degenerative grades, both at the joint level and at the tissue 

level. In cadaveric testing the mechanical properties and composition are comprised of 

degenerated spine segments and disc tissues (e.g., with degeneration, segments have 

lower compressive modulus, the nucleus pulposus has less water, and the annulus 

fibrosus has lower tensile modulus) [42–54, 117]. Since degenerate discs have less 

water in the NP, loss of fluid load support leads less capability to withstand 

compressive loads due to bending or diurnal loads. Thus, it is highly likely that a 

difference in mechanical function will be observed with higher degenerative grade.  

The clinically important questions are why are many degenerate discs not 

painful and how do we identify the painful discs. Further, why is discography so good 

at detecting painful vs non-painful degenerate discs [4, 24, 118]. The overarching 

hypothesis is that disc that produce pain function differently than those that do not. 

Therefore, LBP patients will then need to be studied and compared to the baseline 

cohort to explore if this hypothesis is true. It may be that LBP patients have extreme 

strains in their discs or pinching of nerves at the periphery. They could exhibit extreme 
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anterior-posterior motion of the vertebrae relative to adjacent vertebrae, a 

spondylolisthesis or spinal stenosis like finding. These are important factors to study 

so that we can identify the source of LBP and better plan treatments for it. 

7.2.1.3 Study treatment techniques to compare joint space function to healthy 

disc 

Once we have identified the source of LBP, the next step is to eliminate the 

pain. Already there are surgeries that patients receive to remedy their pain, including 

spinal fusion or nucleotomy. Other therapies in the research field have focused on 

implantable hydrogels or engineered disc replacements. While many of these have 

seen promising results in human or animal studies, the in vivo mechanics of the joint 

are rarely evaluated after treatment in vivo. It is known that spinal fusion often leads 

to injury of adjacent level discs, and meanwhile, many implants fail by slipping out of 

the joint space despite performing similar to the disc in bench testing. It would be 

beneficial to evaluate how these implants perform in vivo since lab bench tests have 

been shown to fail to mimic the in vivo condition. Further, restoring healthy function 

of the joint space is likely to abate pain while also protecting surrounding tissue. In 

vivo evaluation could be a key step in the approval of new treatments and repairs.  

7.2.1.4 Study muscles along with disc function 

Another hypothesized source of pain and potential target for treatment are the 

muscles surrounding the spine and in the core of the trunk. In physical therapy, people 

with LBP are often coached to strengthen their core to relieve their LBP. The atrophy 

or fat content of muscles around the spine can be measured via axial MRI, which 

would be easy to add to our current MRI experiments. In addition, the function of the 

discs may be impacted by the muscles surrounding the spine.  
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7.2.2 Knee  

7.2.2.1 Develop image registration for strains from the knee loading 

The first thing that should be done with the knee loading projects is to adapt 

image registration to the analysis pipeline so that tissue strains may be measured. This 

was done in the in vivo disc loading experiments to measure disc strains, and in the 

knee, it could be used to measure meniscus and cartilage strains. I specifically 

designed the T1 VIBE sequence with this in mind. The goal was to build a sequence 

that can image the substructures of the meniscus such that image registration could 

then pick up on these signal differences in order to accurately calculate displacements. 

From these displacements the 3D strains could be measured. This idea has been 

applied in prior literature, but they utilized more traditional knee imaging sequences 

that failed to pull signal from the meniscus [55, 68]. Thus, their image registration is 

largely dominated by edge detection, producing overall edge to edge strains as 

opposed to internal strains within the matrix. 

7.2.2.2  Test other repair methods 

While I successfully measured joint kinematics in the knee, we found that the 

suture anchor repair that we used only restored a small amount of the difference from 

intact to injured loading conditions. I hypothesize that this could be due to a few 

different reasons: 1) the anchor position and suture connection left the meniscus in the 

non-intact position, 2) the sutures failed to properly grip the remaining root attachment 

due to its highly aligned structure, or 3) the sutures were not strong enough to hold the 

meniscus in place under loading. It may also be a combination of these three reasons.  

The first is addressed by the MRI images to determine the low load position, 

where the cadaver model mostly restored the original meniscus position, but not 
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perfectly. In the animal model the anchor certainly failed to maintain the meniscus in 

the intact position at low load. The second and third can be tested by mechanically 

loading the attachment/repair in tension to determine its strength under load. This 

work is already under way. These tests may yield that the repair method can be 

improved to return better results, but other repair methods should also be considered. 

A different suture method, such as going into the anterior horn as opposed to just the 

attachment, may be more robust as the fibers will be less aligned than in the 

attachment. Use of additional anchors such as those used in centralization may be 

helpful as has been suggested by other literature [148–150]. This prior work used 

pressure sensitive films to measure joint loading which required cutting of the joint 

capsule and MCL, but non-invasive MRI should also be used to evaluate the method 

in our animal model. Novel repair methods should also be considered to restore 

meniscus position and joint kinematics. 

7.2.2.3 Test other injury types, meniscectomy, and combinations with ACL or 

MCL tears 

These methods should also be translated to human studies of joint kinematics 

at various health stages and also post injury and repair, e.g. meniscectomy or ACL 

reconstruction. These methods could be employed to study what level of tears require 

surgical intervention as opposed to conservative treatments. They could also be used 

to evaluate how different repair strategies compare in terms of restoring joint 

kinematics, for example different ACL reconstruction procedures. These levels of 

studies would help evaluate the consequence of injuries, inform who needs surgery, 

and what treatments are better than others in restoring joint function and delaying 

onset of OA. There is already an MRI compatible human knee loading device that is 
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being used in research, but the analysis techniques in this dissertation could bring even 

more information out of these studies [64, 84]. This level of translation to the clinical 

outcomes of patients is what gets me excited about my research and why I wanted to 

be a biomedical engineer. This is the ultimate goal, helping people live longer 

healthier lives. We cannot fully prevent injuries, but we can better treat them so that 

people do not need to live with pain and disability. 

7.2.2.4 Exercise the pigs to varying degrees to study differences in osteoarthritis 

based on loading amount 

While, our animal model is a strong model for OA development in a testbed 

that is more physiological relevant to humans, but it can be improved. The main way 

is inspired by rodent literature by controlling activity levels in our pigs. I believe that 

if we were to give the same injury treatment to pigs then run half of them on a 

treadmill for 6 weeks, they would come back with much more degenerated joints than 

those that did not exercise and load their joints repetitively. Similar research has been 

done with rodents in treadmill running studies, and there is anecdotal evidence in 

humans as well that high cycle loading exacerbates OA (though sedentary life styles 

are also linked OA risk) [163]. The repairs that work for a low cycle loading may be 

very different than those with high cycles, and if the ultimate goal is to one day 

translate this knowledge to the human condition, it is likely people who get sports 

injuries will want to return to sport, or at least an active lifestyle post-surgery. Thus, 

we should be sure that the repairs that we suggest based on our animal model are 

sound in aiding these people. 
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7.2.2.5 Apply methods to human knees and combine with study of cartilage 

rehydration for meniscectomy and ACL reconstruction patients 

The last is a combination of this thesis work and work that I have done with 

Dr. Axel Moore. Our preliminary work has shown that walking can be a cartilage 

thickness recovery mechanism, not just a cartilage thinning process via water 

exudation. We found that the action of articulating our joints under load can help drive 

water back into the cartilage after stationary standing in healthy humans. Is this still 

true in patients with early-stage OA? What about in those with a meniscectomy 

leading to higher stress concentrations on the cartilage during standing and walking? 

Additionally, patients of ACL reconstruction are known to have much higher rates of 

OA, so do they fail to see cartilage thickness recovery with walking? These are all 

questions that I want to know and adding the methods from this dissertation and an 

MRI-compatible human knee loading device to the study that we have done could help 

answer some of these questions. With these methods, we could look at how the 

meniscus either is or is not carrying load, its impact on the cartilage thickness, and the 

relation of surgical treatment on meniscus and cartilage interactions. 

7.3 Final Conclusions 

Overall, this work shows disc and meniscus function can be measured with 

non-invasive MRI. These new experimental and analytical methods can be used to 

assess the link between tissue function and debilitating LBP and OA and to evaluate 

potential treatments and therapies to avoid these painful outcomes. Methods and 

analyses have been developed and presented that can measure disc and knee 

mechanics and biochemical content non-invasively via MRI. Baseline function of a 

young healthy cohort has been established in the disc for the first time in the lumbar 

spine in flexion and extension. Knee kinematics have been explored in a porcine 
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model of meniscus root tear and repair and related to degenerative measures of 

cartilage in the short-term post injury. Results showed that the root repair was 

successful in preventing structural cartilage breakdown despite not restoring intact 

joint kinematics. I sincerely hope that these experimental and analytical methods are 

utilized in the future for more translational research. 
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Table A.1: Means and Standard Deviations for Primary Outcome Measures by Level 

 Measure L1-L2 L2-L3 L3-L4 L4-L5 L5-S1 

Baseline T2 130 ± 32 131 ± 27 144 ± 20 133 ± 32 119 ± 32 

Flexion 

Anterior 
Strain 

-2.2 ± 4.1% -4.9 ± 2.5% -6.2 ± 3.3% -7.5 ± 2.9% -5.1 ± 3.7% 

Posterior 
Strain 

4.2 ± 3.5% 5.4 ± 3.2% 6.4 ± 2.8% 7.9 ± 3.9% 7.8 ± 6.2% 

Wedge Angle -1.9 ± 1.2° -3.1 ± 1.4° -3.2 ± 1.4° -5.7 ± 2.8° -5.5 ± 3.4° 

A-P shear 
displacement 

2.6 ± 1.3 
mm 

1.8 ± 1.7 
mm 

1.0 ± 1.6 
mm 

-0.6 ± 2.0 
mm 

-1.8 ± 1.7 
mm 

Extension 

Anterior 
Strain 

7.6 ± 3.5% 7.3 ± 3.6% 4.8 ± 2.6% 4.1 ± 2.1% 2.3 ± 1.6% 

Posterior 
Strain 

-3.1 ± 3.5% -5.3 ± 3.3% -2.4 ± 2.7% -2.1 ± 2.6% -0.8 ± 2.7% 

Wedge Angle 2.6 ± 1.6° 3.2 ± 1.3° 2.0 ± 1.2° 1.8 ± 1.8° 0.9 ± 1.9° 

A-P shear 
displacement 

-0.7 ± 0.7 
mm 

-0.4 ± 0.8 
mm 

0.8 ± 1.1 
mm 

1.8 ± 1.1 
mm 

1.3 ± 1.4 
mm 

Diurnal 

Disc Strain -5.5 ± 1.7% -5.2 ± 2.1% -5.2 ± 2.1% -5.1 ± 2.1% -4.8 ± 2.0% 

Change in T2 
-11 ± 14 

ms 
-12 ± 23 

ms 
-9 ± 23 ms -2 ± 17 ms -8 ± 12 ms 

Wedge Angle -0.8 ± 1.0° -0.3 ± 1.0° 0.5 ± 1.0° -0.3 ± 1.1° 0.0 ± 1.9° 

A-P shear 
displacement 

0.4 ± 0.6 
mm 

0.2 ± 0.4 
mm 

0.1 ± 0.5 
mm 

-0.2 ± 0.7 
mm 

-0.3 ± 0.7 
mm 
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Table A.2: Means and Standard Deviations for Outcome Measures by Level 

 Measure L1-L2 L2-L3 L3-L4 L4-L5 L5-S1 

Baseline 

Midsagittal 
Height 

7.6 ± 1.1 
mm 

8.6 ± 1.1 
mm 

9.5 ± 1.2 
mm 

10.2 ± 1.1 
mm 

9.9 ± 1.5 
mm 

Volume 
10147 ± 

2486 mm3 
12301 ± 

2793 mm3 
13569 ± 

3445 mm3 
14094 ± 

3129 mm3 
11627 ± 

2906 mm3 

Flexion 

Midsagittal 
Height Strain 

1.5 ± 3.7% -0.1 ± 3.4% -2.4 ± 2.4% -2.4 ± 3.2% -3.7 ± 4.7% 

Volume Strain 0.9 ± 2.8% 1.8 ± 3.8% 1.9 ± 2.8% 5.8 ± 1.8% -0.6 ± 3.3% 

Extension 

Midsagittal 
Height Strain 

6.3 ± 5.0% 6.3 ± 4.5% 2.3 ± 3.4% 2.7 ± 2.4% 2.6 ± 5.7% 

Volume Strain 2.2 ± 2.4% 1.3 ± 1.6% 0.3 ± 3.0% 0.8 ± 1.9% 0.8 ± 1.6% 

Diurnal 

Midsagittal 
Height Strain 

-7.6 ± 3.7% -6.6 ± 3.1% -6.9 ± 2.5% -7.0 ± 3.1% -7.1 ± 4.5% 

Volume Strain -8.1 ± 2.1% -6.5 ± 4.5% -6.1 ± 2.9% -6.7 ± 2.2% -7.7 ± 2.7% 

 

 

Table A.3: Diurnal Strains by Region 

Center Anterior Posterior Left Right 

-5.5 ± 2.3% 
-5.1 ± 
2.3% 

-5.3 ± 
4.4% 

-5.0 ± 2.8% -4.7 ± 2.8% 

 

Table A.4: Subject Level Measures 

Age Steps BMI 
Reference 

Cobb 

Cobb 
Change 
Flexion 

Cobb 
Change 

Extension 

Cobb 
Change 
Diurnal 

25.9 ± 2.6 
years 

6084 ± 
2293 
steps 

23.7 ± 2.3 
51.4 ± 
11.2° 

-19.6 ± 
6.7° 

9.9 ± 2.7° -0.3 ± 3.1° 

Cobb angle calculated in the Sagittal plane 
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Table A.5: Change in Wedge Angle Normalized by Change in Cobb by Level 

 L1-L2 L2-L3 L3-L4 L4-L5 L5-S1 

Flexion 8.9 ± 5.7% 15.7 ± 5.7% 16.2 ± 6.7% 29.2 ± 7.1% 30.0 ± 12.5% 

Extension 
25.4 ± 
15.6% 

31.4 ± 11.3% 
19.9 ± 
12.4% 

16.2 ± 17.2% 7.0 ± 20.4% 
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