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ABSTRACT 

 
 

MENISCAL ROOT TEARS AND REPAIRS 

 
 

Meniscal root tears are defined as radial tears of the meniscal insertions and lead to an 

inability for the menisci to transmit compressive loads into circumferential hoop stresses. These 

are common among the posterior meniscal insertions due to acute or chronic conditions. Anterior 

root tears have also been shown to occur from iatrogenic injury during anterior cruciate ligament 

reconstructions; however, the relationship between anterior insertions and the anterior cruciate 

ligament are understudied. Root tears of the posterior insertions lead to measurable osteoarthritis 

within a year if left untreated. Despite this, changes to tissue characteristics due to anterior root 

tears are unknown. If untreated anterior roots result in tissue degeneration, then it is important for 

both anterior and posterior root tears to be repaired to prevent, or at least delay, the onset of 

osteoarthritis. 

Meniscal root repair techniques have been developed to prevent joint degeneration following 

meniscal root tears; however, clinical studies of root repairs show that meniscal extrusion and joint 

degeneration are not completely prevented. This limited repair success may be due to inaccurate 

placement of repairs during surgery or from repair loosening postoperatively as early as during 

rehabilitation. The goals of this work are to better understand anterior root tears and to investigate 

potential causes for insufficient meniscal root repairs. Thus, the aims are to: 

1) Quantify the overlap between the anterior cruciate ligament and the anterolateral meniscal 

insertion in the coronal and sagittal planes. 

2) Assess early in vivo degeneration after untreated anterior meniscal root tears. 
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3) Determine the extent of repair loosening and recovery due to short-term rehabilitation. 

4) Develop finite element knee models to determine the effect of repair placement and 

loosening on knee mechanics. 

The completion of this project will improve clinical practice and basic scientific knowledge of 

current issues facing meniscal root tears and repairs. 
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CHAPTER 1: 

INTRODUCTION 

 
 
1.1 Menisci Anatomy and Physiology 

 Menisci are crescent-shaped, fibrocartilaginous wedges between the femoral and tibial 

condyles that are important for proper knee function.14,44 The medial meniscus is located between 

the medial femoral and medial tibial condyles where the meniscus covers about 50% of the medial 

articular cartilage surface of the tibia.7,16 Much of the midportion of the meniscus body attaches to 

the deep part of the medial collateral ligament as part of the joint capsule with meniscofemoral 

and meniscotibial components.34 These connections prevent the medial menisci from being as 

mobile as the lateral meniscus during flexion and extension.17 The lateral meniscus is located 

between the lateral femoral and lateral tibial condyles and covers approximately 60% of the 

articular cartilage surface of the lateral tibia.7,16 A ligamentous connection between the anterior 

roots of the medial and lateral meniscus may be present called the anterior intermeniscal, or 

transverse, ligament.39 Near the posterior root of the lateral meniscus, the meniscus body may also 

attach to the fibula and femur.20,38 

 The menisci are primarily composed of water, with about 20-25% collagen and 5% non-

collagenous proteins such as proteoglycans and elastin.4 With the large composition of interstitial 

fluid, the menisci are considered viscoelastic materials.9,23 The viscoelasticity of meniscal tissue 

allows the accommodation of a wide range of compressive loads at different strain rates to prevent 

traumatic damage to the menisci and the underlying articular cartilage.9 The collagen is formed as 

fiber bundles within the bulk of menisci and is oriented in the circumferential direction.42 The 

orientation of collagen facilitates the transmission of compressive loads away from the articular 
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cartilage and into circumferential hoop stresses.5,42 The size, shape, and mobility of menisci also 

helps to increase the congruency within the tibiofemoral joint which is important for efficient 

transmission tibiofemoral loads.5,14,44,45,47 

 

1.2 Meniscal Insertion Anatomy and Physiology 

 The meniscal insertions, also referred to as meniscal attachments or entheses, are the main 

ligamentous structures that secure the menisci to the tibial plateau.22,25,28 In humans, both medial 

and lateral menisci primarily attach to the tibial plateau by anterior and posterior insertions. The 

anterior root of the medial meniscus typically inserts near the anterior slope of the tibial 

plateau.25,28 The posterior root of the medial meniscus typically inserts posterior from the medial 

tibial eminence apex and anteromedial from the tibial insertion of the posterior cruciate 

ligament.22,25 The anterior insertion of the lateral meniscus has an intricate relationship with the 

anterior cruciate ligament. A portion of the anterolateral meniscal insertion inserts underneath the 

anterior cruciate ligament leading to a risk of damage during reconstruction;25,28,48 however, the 

details of this relationship are unknown in the coronal and sagittal planes. The posterior portion of 

the lateral meniscus is where it begins to attach to the femur and fibula, but the main attachment 

is with the tibial plateau.20,25,38 The posterior insertion of the lateral meniscus typically inserts 

within the intercondylar region posteromedial from the lateral tibial eminence apex and anterior 

from the posterior cruciate ligament.22,25 

The meniscal insertions consist mostly of collagen that is a continuation from the meniscal 

body.36 Although studies suggest that meniscal insertions may be subjected to compressive loads 

at times, their primary functions are to secure menisci to the tibial plateau and withstand tensile 

loads during load transmission of the menisci.19,46 The meniscal insertions transition from ligament 
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structures to uncalcified fibrocartilage, calcified fibrocartilage, then subchondral bone to reduce 

stress concentrations from tibiofemoral loading.6 Their integrity is important to maintain proper 

meniscal function.3 

 

1.3 Meniscal Root Tears 

 In general, meniscal root tears are defined as partial or complete tears of the meniscal 

insertions from the tibial plateau.30 These tears are a subset of meniscus injuries that disrupt the 

collagen fibers of the meniscal insertions resulting in an inability to transmit tibiofemoral loads. 

This inability to transmit tibiofemoral compression into circumferential hoop stresses results in 

loading patterns on the articular cartilage surface similar to total meniscectomies.3 Biomechanical 

studies have reported significantly decreased tibiofemoral contact area and increased peak contact 

pressure resulting from both posteromedial and posterolateral meniscal root tears.3,32,40 

Additionally, previous studies demonstrate that meniscal root tears, which correspond to greater 

than 3 mm of extrusion from the tibial plateau and altered loading, are associated with the 

progression of joint degeneration.3,35 Most studies have previously evaluated posterior meniscal 

root tears, as they are more common, but there is less information on anterior meniscal root tears 

and what happens to knee tissues when left untreated. This is important to understand as iatrogenic 

injury occurs from anterior cruciate ligament reconstruction to both anterior insertions.31,48 

Untreated meniscal root tears are becoming increasingly recognized to progressively increase 

meniscal extrusion and worsening arthritis within a year;26,27 therefore, proper treatment is 

essential to prevent or at least delay the onset of joint degeneration. 
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1.4 Meniscal Root Repairs 

In the past, partial or total meniscectomies have generally been the treatment of choice for 

meniscal tears; however, the amount of meniscus removed during the meniscectomy is correlated 

with progression of osteoarthritis.21 Therefore, meniscal root repairs techniques have been 

developed to restore proper meniscal function.1,2,10,13 Arthroscopic surgical repairs of these injuries 

are more desirable because they significantly improve clinical and radiologic outcomes when 

compared to meniscectomies.12 For all repairs, sutures are arthroscopically passed through the 

injured meniscal root.24,37,41 Some of these techniques have been developed using a suture anchor 

to secure the sutured meniscal root to the tibial plateau.10,13 Additionally, other techniques have 

been developed to instead pass the sutures through transtibial tunnels and securely fasten them to 

the tibial diaphysis periphery.1,2 The transtibial tunnel technique is the more common technique as 

it is less technically challenging and creates a tunnel to help promote repair healing to the tibial 

plateau.1,2 

Repairs often result in better patient-reported outcomes, improved activity levels, and 

slower progression of osteoarthritis in comparison to meniscectomies;49 however, meniscal root 

repairs still face challenges that limit their efficacy. Cadaveric studies demonstrate that cartilage 

contact mechanics are nearly restored to the intact condition after repair;3,32,40 however, repairs do 

not always reduce meniscal extrusion or prevent joint degeneration.11,12,15 One potential 

explanation for limited success is that these repairs are technically challenging and can result in 

misplacement of repairs 3 to 5 mm away from the anatomic center of the injured meniscal 

insertion.18 An experimental study demonstrated that nonanatomic meniscal root repairs were 

unable to restore tibiofemoral contact mechanics; however, only one extreme location away from 
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anatomic was assessed.29 Therefore, the necessary repair accuracy to properly restore knee 

mechanics is currently unknown. 

Another explanation for limited success of repairs is that cyclic loading causes repairs to 

loosen from their intended location. Previous studies evaluating repair displacement have only 

been loaded for 1,000 cycles, which may not adequately challenge the repair.8,33 Additionally, 

none of these studies have allowed the repairs to recover to determine if this displacement is a 

result of permanent loosening or due to the inherent viscoelastic nature of the meniscus. If a portion 

of the displacement is unrecoverable, repairs are at risk for loosening into a less-restorative 

position. Therefore, the extent of repair displacement and potential recoverability of repairs should 

be evaluated. Once the extent of repair displacement is better understood, there is still a lack of 

information about how this displacement or unrecoverable loosening affects knee mechanics and 

the efficacy of repairs. This is because previous studies evaluating repair displacement are 

destructive to the meniscus; therefore, they are unable to measure changes in knee mechanics.8,33 

A previous biomechanical experiment confirmed that cartilage deformation after meniscal root 

repairs increases compared to the intact condition from compression.43 These results are limited to 

only deformation of cartilage at a single location; however, this study shows that repair loosening 

may have a significant effect on knee mechanics and needs to be studied further. 

 

1.5 Specific Aims 

 The following specific aims will investigate current issues facing meniscal root tears and 

repairs to improve basic scientific knowledge and clinical practice. With limited information on 

anterior meniscal root tears and repairs, the initial work will assess early outcomes of untreated 

tears and establish an in vivo model. Further microscopic analysis between the anterolateral 
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meniscal insertion and the anterior cruciate ligament will be conducted to improve clinical 

understanding of the overlapping relationship to help prevent iatrogenic injury during anterior 

cruciate ligament reconstructions. There are also still general challenges facing repairs of each 

meniscal root that the posteromedial meniscal root repair will specifically be used to address. A 

finite element approach will be used to assess changes in knee mechanics for repair tunnel 

placement around the anatomic center of the meniscal insertion. This will help to understand the 

dependence of tunnel accuracy for posteromedial meniscal root repairs to restore knee mechanics. 

The extent of repair loosening will also be assessed by loading repairs to a greater number of cycles 

than has previously been evaluated and to determine if repairs recover with rest. Repair loosening 

will also be assessed using a finite element approach to determine how knee mechanics change as 

meniscal root repairs loosen due to rehabilitative loading. 

 

Specific Aim 1: Quantify the microstructural overlap between the anterior cruciate ligament and 

the anterolateral meniscal insertion in the coronal and sagittal plane. It is hypothesized that a 

significant portion of the anterior cruciate ligament would overlap the anterolateral meniscal 

insertion in both the coronal and sagittal planes. Approach 1:  Cadaveric human knees will be 

dissected to isolate the insertions of the anterior cruciate ligament and anterolateral meniscus. 

Specimens will then be sectioned into either coronal or sagittal sections and prepped for scanning 

electron microscopy. After confirming fiber directions of the insertions in each section plane, the 

percentage of the anterior cruciate ligament that overlaps with the anterolateral meniscal insertion 

instead of inserting into bone will be calculated. 
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Specific Aim 2: Evaluate early in vivo degeneration after untreated anterior meniscal root tears. It 

is hypothesized that if anterior meniscal root tears of either the medial or lateral menisci are left 

untreated after injury, early degenerative changes will occur within major tissues of the knee. 

Approach 2: Anterolateral and anteromedial meniscal root tears will be created in one knee of 

adult Flemish Giant rabbits. The contralateral limbs will be used as unoperated controls. After the 

animals are euthanized 8 weeks postoperatively, synovial fluid will be aspirated from the joint then 

tissue samples of menisci and tibial articular cartilage will be collected. The amount and type of 

inflammatory cells present in the synovial fluid, the compressive material properties of the menisci 

and tibial articular cartilage, the subchondral bone morphology of the tibial plateau, the coverage 

and content of glycosaminoglycans of menisci and tibial articular cartilage, the total content of 

intact DNA, and the relative gene expression of matrix-degrading enzymes will be measured after 

the anterior meniscal root tears to assess early joint degeneration. 

 

Specific Aim 3: Determine the extent of loosening due to short-term rehabilitation following 

transtibial pull-out meniscal root repairs. It is hypothesized that a significant amount of 

displacement due to early rehabilitative loading is unrecoverable. Additionally, it was 

hypothesized that single- and double-tunnel repairs would not be significantly different for repair 

displacement and recoverability measurements. Approach 3: Transtibial pull-out repairs will be 

performed on the posteromedial meniscal root of ovine cadaveric knees. The repairs will be loaded 

in tension to simulate typical rehabilitative loading, allowed to recover, and then loaded in tension 

for another session of rehabilitative loading. The amount of displacement after cycles of interest 

and the amount of displacement recovered after rest will be assessed and compared for single- and 

double-tunnel repair techniques. 



8 

Specific Aim 4: Develop a sample population of finite element knee models to assess current 

challenges of meniscal root repair, including tunnel placement and repair loosening. To address 

these challenges, Specific Aim 4 will be divided into two sub-aims.  

 

Sub-Aim 4A: Determine how accurate surgeons need to be with repair placement to restore intact 

knee mechanics relating to the injured meniscus and tibial articular cartilage. It is hypothesized 

that further posterior placement, both medially and laterally, for a posteromedial meniscal root tear 

would decrease the ability for the meniscus to transmit tibiofemoral loads and increase the loading 

on the articular cartilage. Additionally, it was hypothesized that further anterior placement, both 

medially and laterally, would best restore meniscal load transmission and cartilage contact 

mechanics. Approach 4A: The unrecoverable repair loosening calculated in Specific Aim 3 will 

be implemented into the three finite element knee models. Knee mechanics of the tibial articular 

cartilage, medial menisci, and anteromedial meniscal insertions will be assessed with tibiofemoral 

compression to simulate rehabilitation and return-to-activity loading at different flexion angles. 

Anatomic repairs and nonanatomic repairs around the anatomic center of the injured meniscal 

insertion will be evaluated for these changes in knee mechanics with respect to the intact condition. 

 

Sub-Aim 4B: Determine the effect of loosening on cartilage contact and meniscus mechanics for 

anatomic and nonanatomic repairs. It is hypothesized that loosened anatomic repairs will result in 

significant changes to cartilage contact or meniscus mechanics with respect to the intact condition. 

Additionally, it is hypothesized that none of the nonanatomic repairs will completely restore knee 

mechanics, but nonanatomic repairs placed further anterior will be the most restorative. Based on 

the findings of Specific Aim 3, the finite element knee models developed in Sub-Aim 4A will be 
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used to simulate compression with loosened meniscal root repairs. Approach 4B: The 

unrecoverable repair loosening calculated in Specific Aim 3 will be implemented into the three 

finite element knee models. Knee mechanics of the tibial articular cartilage, medial menisci, and 

anteromedial meniscal insertions will be assessed with tibiofemoral compression to simulate 

rehabilitation and return-to-activity loading at different flexion angles. Loosened anatomic repairs 

and loosened nonanatomic repairs will be evaluated for these changes in knee mechanics with 

respect to the intact condition. 
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CHAPTER 2: 

OVERLAP BETWEEN ANTERIOR CRUCIATE LIGAMENT AND 

ANTEROLATERAL MENISCAL ROOT INSERTIONS: A SCANNING ELECTRON 

MICROSCOPY STUDY┼ 

 
 
2.1 Introduction 

 Over the past decade, there has been an increasing emphasis on anatomic anterior cruciate 

ligament (ACL) reconstruction to best restore knee kinematics after an ACL tear. Although studies 

have shown that the position,20 size,15 and shape11 of the ACL insertion site are variable, anatomic 

single- and double-bundle ACL reconstructions have both shown improved outcomes, especially 

when performed using an individualized technique.13 However, recent investigations of anatomic 

ACL reconstruction have highlighted concern over iatrogenic injuries of anterior meniscal root 

insertions caused by reaming of tibial bone tunnels, specifically the anterolateral meniscal root 

(ALMR) insertion.17,22 

While many studies have investigated the significance of the ACL and potential 

reconstruction techniques,1,5,12,14,25 the complex relationship between the tibial ACL and the lateral 

meniscus has become a recent area of focus.6,9,16-19,22 The ALMR insertion has been described to 

attach underneath the lateral portion of the ACL insertion with a disorganized fiber network 

connecting the 2 insertions.9,18 An investigation of ACL reconstruction tunnel reaming 

demonstrated that iatro-genic injuries of the ALMR insertion area occurred in two-thirds of sample 

groups and that the average area of injuries was at least 25% of the original ALMR insertion area, 

┼This chapter has been accepted as a Research Paper in the American Journal of Sports 
Medicine (Volume 45, Issue 2, 2017). All content has been adapted with permission from 
SAGE Publishing. 
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likely because of this intricate relationship.22 More importantly, damage to the ALMR insertion 

caused by tunnel reaming was found to significantly decrease its ultimate failureload.17 Although 

variability in tibial ACL tunnel placement has been reported to be relatively consistent between 

surgeons, with 90% of tibial tunnels within applied literature-based guidelines, these studies of 

iatrogenic injuries suggest that even well-placed anatomic tunnels may disrupt the ALMR 

insertion.23 Because the lateral meniscus has been reported to be an important secondary stabilizer 

of the knee, particularly during pivot-shift loading,19 the demonstrated risk of iatrogenic injuries 

to the ALMR insertion during ACL reconstruction may pose a threat to overall knee integrity after 

this procedure. 

While these studies begin to describe the complex relation-ship and the risk of ACL 

reconstruction on the ALMR insertion, further investigation of how the 2 insertions interact is 

necessary to understand and define the 3-dimensional relationship between these 2 structures. To 

further understand the quantitative anatomy of the insertion relationship, LaPrade et al.16 reported 

that, on average, 41% of the ACL insertion area and 63% of the ALMR insertion area overlapped 

with one another. Microscopic studies of the tibial insertion site have been previously conducted 

to investigate quantities of fibrocartilaginous zones to relate biomechanical properties of the 

insertion2,3,7,8; however, the authors are unaware of any study that has microscopically evaluated 

the fibrocartilaginous insertion of the tibial insertion with respect to the ALMR insertion, 

particularly in the sagittal and coronal planes. 

Therefore, the purpose of this study was to investigate the microstructural relationship 

between the tibial ACL and ALMR insertions using scanning electron microscopy (SEM) in the 

coronal and sagittal planes. It was hypothesized that a significant portion of the ACL would overlap 

the ALMR insertion in both the coronal and sagittal planes. 
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2.2 Methods 

2.2.1 Specimen Preparation 

 Institutional review board approval was obtained for this study (Colorado State University 

14-5240H). A total of 10 fresh-frozen human cadaveric knees from 5 male and 5 female specimens 

were used with a mean age of 52.7 years (range, 33-63 years) and mean body mass index of 22.4 

kg/m2 (range, 15-34 kg/m2), and knees that displayed macroscopic degenerative changes or 

evidence of trauma, such as osteoarthritis, meniscal tears, or ligament injuries, were excluded. 

Specimens were dissected to remove all soft tissues around the knee, including the collateral 

ligaments and the posterior cruciate ligament. Care was taken to isolate and preserve the entire 

ACL and ALMR insertions throughout dissection. The midsubstance of the ACL was then 

transected to separate the femoral and tibial insertions. Once separated, the proximal tibias were 

transected 20 mm from the articular cartilage surface using an oscillating saw. A bone saw was 

then used to remove the excess tibial plateau and create a 30 × 30 × 20–mm rectangular block 

encompassing the tibial ACL and ALMR insertions (Figure 2.1). 

Samples were prepared for SEM similar to previously presented methods.21,24 Briefly, the 

samples were placed in fixative (2.5% glutaraldehyde) for 48 hours at room temperature. The 

samples were then submerged in 10% formic acid to decalcify at room temperature. After 

decalcification, the samples were immersed in a 1% tannic acid solution buffered with 0.05 M 

cacodylate (pH 7.2) for 4 hours and then rinsed in distilled water for 24 hours. Samples were then 

dehydrated in ascending concentrations of ethanol (30%, 50%, 70%, 80%, 90%, and 100%) for 10 

minutes each and cut into 2-mm sections. The number of sections ranged from 5 to 7 sections per 

specimen. Samples from 5 specimens were cut into coronal sections with the ALMR insertion 

fibers running approximately parallel to the section plane, and samples from the remaining 5 
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specimens were cut into sagittal sections with the ACL fibers running approximately parallel to 

the section plane. Once sectioned, the samples were placed in ascending concentrations of 

hexamethyldisilazane for 10 minutes each. The samples were then dried and stored in a vacuum 

desiccator. 

 

Figure 2.1 – Sample photograph of the rectangular bone block cut to include the tibial anterior 
cruciate ligament (ACL) and anterolateral meniscal root (ALMR) insertions. 
 

2.2.2 Imaging 

 Samples were mounted onto a stub with conductive double-sided tape and copper tape with 

the surface of interest facing up toward the electron beam. The samples were then coated with 10 

nm gold and scanned with a scanning electron microscope (JEOL USA Inc.) in the secondary 

electron emission mode with an accelerating voltage of 15 kV. 

To evaluate the relationship between the tibial ACL insertion and the ALMR insertion in 

the coronal plane, a section from each specimen was taken from the middle of the ALMR insertion 
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to image. A section from each specimen used for viewing the sagittal plane was taken closer to the 

lateral side of the ACL insertion to incorporate the ALMR insertion. Section locations were chosen 

to evaluate the maximum overlap of the ACL and ALMR insertions.  Each section was assessed 

at high magnification (up to 1500×) to view individual insertion fibers. SEM allowed real-time 

imaging of sections with the availability to maneuver around the sections at high magnifications; 

thus, these high-resolution images were used to identify the entirety of both insertions and observe 

where they overlap. The 4-phase fibers of the tibial ACL insertion were evaluated with respect to 

the ALMR insertion fibers. Fibrocartilaginous  entheses  have  been  previously described as 4 

distinct zones: zone 1 consists of dense, fibrous connective tissue; zone 2 consists of uncalcified 

fibrocartilage; zone 3 consists of calcified fibrocartilage; and zone 4 consists of subchondral 

bone.2,4,24 Approximately 15 to 20 lower magnification (15×) images were then taken using the 

built-in SEM camera across the entirety of each sample and stitched together for quantitative 

analysis of the insertion relationship using ImageJ software (National Institutes of Health). 

 

2.2.3 Data Analysis 

 The percentage of the tibial ACL insertion that overlapped with the ALMR insertion 

instead of inserting into subchondral bone was determined in each plane to further understand the 

relationship between the 2 insertions. For each sample, the length of the ACL insertion that visibly 

inserted into subchondral bone was initially determined by measuring the boundary between the 

ligament-bone interface of the 2-phase insertion fibers and tidemark of the 4-phase insertion fibers 

described in previous literature.2,4,24 The length of the ACL insertion that overlapped with the 

ALMR insertion was determined using the high-magnification images. The percentage of the ACL 

insertion that overlapped with the ALMR insertion fibers instead of inserting into subchondral 
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bone was then calculated for each sample. Measurements were taken by 2 raters from the stitched 

SEM images using ImageJ software. 

A 2-sample, equal-variance Student t test was performed on the percentages of insertion 

interaction between the coronal and sagittal sections. Statistical significance was determined to be 

present for p < 0.05. Additionally, interrater intraclass correlation coefficients (ICCs) were 

calculated to test the reliability of measurements between the 2 raters. Measurements were also 

taken again after 2 weeks to calculate the intrarater ICCs and determine the reliability between 

measurements repeated by a single rater. 

 

2.3 Results 

2.3.1 Macroscopic Appearance 

 The ACL tibial insertion had a fan-like appearance macroscopically and was located 

posteromedial to the ALMR insertion. In all 10 specimens, the ALMR inserted underneath the 

lateral portion of the ACL. The relationship of the ACL tibial insertion and the ALMR insertion 

was visible upon forming the coronal and sagittal sections. On the coronal sections, the ALMR 

insertion fibers clearly coursed under the lateral portion of the tibial ACL insertion. On the sagittal 

sections, the ALMR insertion fibers were visible inferior to the ACL insertion fibers on sections 

from the lateral portion of the ACL tibial insertion but were not visible or present on sections from 

the central or medial portion. 

 

2.3.2 Microscopic Appearance 

 The tibial ACL insertion displayed an intimate relationship with the ALMR insertion as 

both structures transitioned into bone in both the sagittal and coronal sections. The ALMR 
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insertion fibers were distinguished from the ACL fibers in the SEM images by the difference in 

orientation at high magnification. Initially, at low magnification, each section was viewed, and the 

region of overlap in the coronal (Figure 2.2) and sagittal (Figure 2.3) planes was identified to 

investigate further at higher magnification. With increasing magnification, the individual fibers 

became more easily distinguishable, and the orientations of individual fibers of the ACL and 

ALMR insertions were identified. For all coronal sections, the ACL insertion fibers appeared to 

run vertically in and out of the image (Figure 2.4A). The ALMR insertion fibers ran in a diagonal 

orientation along the plane of view as they approached the bone interface (Figure 2.4B). For all 

sagittal sections, the appearance of the fibers in SEM images was reversed. The ACL insertion 

fibers ran diagonally along the plane of view, while the ALMR insertion fibers appeared to run 

vertically in and out of the image (Figure 2.5). Once the separate insertions were identified, the 

overlap was mapped across each image (Figure 2.3). Additionally, 4-phase fibers of the tibial ACL 

were found medially adjacent to the ALMR insertion in the coronal plane (Figure 2.2). The 4-

phase insertion fibers of the ACL were not clearly visible or not present in the sagittal sections 

imaged. 

 

Figure 2.2 – Scanning electron microscopy image of the intricate relationship between the 2 
insertions in the coronal plane. Note the 4-phase insertion fibers of the anterior cruciate ligament 
(ACL) with the tidemark (solid line) separating the uncalcified fibrocartilage layer from the 
calcified fibrocartilage layer directly adjacent to the anterolateral meniscal root (ALMR) insertion. 
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The dashed line represents the interaction between the ACL and ALMR. (Close-up image: 15×; 
working distance = 25 mm; scale bar = 1 mm). 
 

 

Figure 2.3 – Scanning electron microscopy image of the intricate relationship between the 2 
insertions in the sagittal plane. The solid line represents where the anterior cruciate ligament (ACL) 
insertion overlaps the anterolateral meniscal root (ALMR) insertion within the plane of view. 153; 
working distance = 25 mm. (Close-up image: 75×; working distance = 10 mm; scale bar = 100 
μm). 
 

 

Figure 2.4 – Scanning electron microscopy images of the (A) tibial anterior cruciate ligament 
(ACL) insertion fibers and the (B) anterolateral meniscal root (ALMR) insertion fibers taken of 
a coronal section. Note that the ACL fibers appear to run vertically in and out of the image while 
the ALMR fibers run along the image plane. 1500×; working distance = 10 mm; scale 
bars = 10 μm. 
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Figure 2.5 – Scanning electron microscopy images of the (A) tibial anterior cruciate ligament 
(ACL) insertion fibers and the (B) anterolateral meniscal root (ALMR) insertion fibers taken of 
a sagittal section. Note that the ACL fibers appear to run along the image plane while the ALMR 
fibers run vertically in and out of the image. 1500×; working distance = 10 mm; scale bars = 
10 μm. 
 

After the insertions of the tibial ACL and ALMR were identified, the percentage of the 

ACL insertion overlapping the ALMR insertion was calculated for each section in both planes. 

The combined interrater ICC was 0.81 for all measurement values, with interrater ICCs of 0.78 

and 0.84 for measurements of coronal and sagittal sections, respectively. The intrarater ICC was 

0.98 for all measurements, with intrarater ICCs of 0.98 and 0.95 for measurements of coronal and 

sagittal sections, respectively. For the coronal sections, the tibial ACL insertion overlapped the 

ALMR insertion with a mean percentage of 41.0% ± 8.9% (Table 2.1). The mean length of the 

measured overlap between the 2 insertions in the coronal plane was 6.5 ± 1.9 mm, while the mean 

length of the measured interaction between the ACL insertion and subchondral bone was 9.2 ± 1.4 

mm (Table 2.1). For the sagittal sections, the tibial ACL insertion overlapped the ALMR insertion 

with a mean percentage of 53.9% ± 4.3% (Table 2.2). The mean length of the measured overlap 

between the 2 insertions in the sagittal plane was 9.5 ± 2.0 mm, while the mean length of the 

measured interaction between the ACL insertion and subchondral bone was 8.3 ± 2.8 mm (Table 
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2.2). The percentage of insertion overlap in the sagittal plane was significantly higher than in the 

coronal plane (p = .02). 

Table 1. Average measurement values between two raters for each specimen used to calculate the 
overlap of the ACL and ALMR insertions within the coronal plane with the mean and 95% 
confidence intervals of the five specimens together. 
 

Coronal Sections (Superior-Inferior and Medial-Lateral Plane) 

 ACL-ALMR [mm] ACL-Bone [mm] 
ACL-ALMR 
Overlap [%] 

Specimen 1 8.2 9.0 47.7 
Specimen 2 3.6 10.3 25.9 
Specimen 3 7.5 10.9 40.8 
Specimen 4 7.4 8.4 46.8 
Specimen 5 5.7 7.3 43.8 

Mean [95% CI] 6.5 [4.2, 8.8] 9.2 [7.4, 11.0] 41.0 [30.0, 52.0] 
 

Table 2.2 – Average measurement values between two raters for each specimen used to calculate 
the overlap of the ACL and ALMR insertions within the sagittal plane with the mean and 95% 
confidence intervals of the five specimens together. 
 

Sagittal Sections (Superior-Inferior and Anterior-Posterior Plane) 

 ACL-ALMR [mm] ACL-Bone [mm] 
ACL-ALMR 
Overlap [%] 

Specimen 6 8.3 8.0 51.0 
Specimen 7 7.7 6.5 54.2 
Specimen 8 8.0 5.2 60.6 
Specimen 9 11.1 9.4 54.1 

Specimen 10 12.2 12.5 49.4 
Mean [95% CI] 9.5 [6.9, 12.0] 8.3 [4.8, 11.8] 53.9 [48.6, 59.2] 

 

2.4 Discussion 

 The purpose of this study was to microscopically investigate and quantify the overlap 

between the tibial ACL and ALMR insertions using SEM in the coronal and sagittal planes. The 

results of the investigation support our hypothesis that a significant portion of the tibial ACL 

insertion overlaps the ALMR insertion in both the coronal and sagittal planes. Our investigation 

showed that, on average, 41.0% of the ACL insertion overlaps the ALMR insertion in the coronal 
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plane and 53.9% in the sagittal plane. Although only a single section was viewed for each 

specimen, the imaged sections were selected to represent the maximum overlap of the tibial ACL 

insertion in the 2 planes of interest. Previously, a measurement of ACL-ALMR overlap in the 

transverse plane, described as insertion areas on the tibial plateau, was conducted.16 That study 

measured the entire area of both the tibial ACL and ALMR insertions on the tibial plateau using a 

coordinate measuring device and demonstrated that an average of 41% of the ACL insertion area 

overlapped the ALMR insertion. The present study supplements previous knowledge of the 

overlap by providing information of the additional 2 anatomic planes. In com-bination, the 2 

studies show that the tibial ACL overlaps the ALMR insertion by at least 40%, on average, in all 

3 anatomic planes with the greatest overlap found in the sagittal plane. 

The additional information regarding the anterior horn of the lateral meniscus and its 

intimate relationship with the tibial ACL insertion may have important clinical implications. 

Although there are no case reports of ALMR avulsions due to bone tunnel drilling, previous studies 

have demonstrated a clinical risk of iatrogenic injuries to the ALMR insertion.17,22 Most notably, 

anatomically placed tibial tunnels for ACL reconstruction have been reported to lead to damage of 

a significant portion of the ALMR insertion area and to significantly decrease the insertion 

failureload.17 This study utilized an 11 mm–diameter reamer, which is larger than the 9 mm–

diameter reamer commonly used during hamstring ACL reconstruction techniques; however, an 

11 mm–diameter reamer is often used for bone-tendon-bone grafts and reconstructions in young 

and active populations. Therefore, the previous study may not represent the results of all ACL 

reconstruction procedures, but it does represent a larger diameter reamer used in some ACL 

reconstructions. Additionally, this study reported that all failures of the ALMR insertion were 

caused by bony avulsions. The authors also mentioned that the bony avulsions in their study were 
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not necessarily consistent clinically, so the bony avulsion failures may have been an intrinsic result 

of their testing procedure. Although this study did not demonstrate complete tears from the tibial 

plateau as failures, it did find that failure was caused by ALMR insertion disruption by tunnel 

reaming. 

Another study utilized a 10 mm–diameter reamer to create anatomically placed tibial 

tunnels using a tibial aiming device set at 2 different angles of 40°and 60°.22 That study reported 

iatrogenic damage to 29% and 26% of the ALMR insertion area for the 40°and 60° groups, 

respectively. This study utilized a 10 mm–diameter reamer, which as previously stated is larger 

than the9 mm–diameter reamer used for some ACL reconstructions; however, a 10 mm–diameter 

reamer is in the range of common clinically used reamers. Additionally, this study demonstrated 

significant anterior translation of the reamed tunnel center from the native ACL insertion area. 

Although this translation may have contributed to an increase in iatrogenic injuries to the ALMR 

insertion, the authors utilized a precise measurement technique to determine appropriate tunnel 

locations. Because the cadaveric joints were open and the femur removed, the tunnel site was 

accurately located. Therefore, the authors believed that this translation might be an intrinsic risk 

for reaming the tibial tunnels during ACL reconstruction. The significance of the amount of ALMR 

insertion damage caused by tunnel reaming has not yet been quantified; however, these studies 

have demonstrated the clinical risk of iatrogenic injuries to the ALMR insertion involved with 

even properly placed tibial tunnels. 

The results from the present study supplement previous knowledge of insertion overlap 

and the risk of iatrogenic injuries. Primarily, this study was the first to quantify the ACL insertion 

overlap of the ALMR insertion in the coronal and sagittal planes. Overlap of the insertion a reason 

the tibial plateau has been previously reported; how-ever, the results of this study demonstrate 
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significant overlap of the insertions superior to the insertion sites on the tibial plateau as well. The 

results of the present study in addition to the iatrogenic injury studies may suggest that the angle 

of the guide contributes to the amount of ALMR insertion fibers that are disrupted. Although these 

studies have used the insertion area as an outcome variable, the guide angle may cause damage to 

the further superior fibers of the insertion even if the insertion area is not disrupted because of this 

significant overlap in the coronal and sagittal planes. Again, the clinically significant amount of 

disruption in the ALMR insertion, whether of the insertion area or the insertion fibers superior to 

the tibial plateau surface, has yet to be defined. Future studies should be conducted to determine 

how much damage to the ALMR insertion is acceptable to properly restore ACL function without 

increasing the risk for tears of the ALMR. 

Additionally, 4-phase insertion fibers consisting of dense, fibrous connective tissue; 

uncalcified fibrocartilage; calcified fibrocartilage; and subchondral bone zones were identified in 

the ACL insertion medially adjacent to ALMR insertion fibers in the central coronal plane.2,24 The 

4-phase insertion fibers were not present or identifiable in images where the ACL overlapped the 

ALMR insertion in the sagittal plane because these sections were taken from the furthest lateral 

side of the ACL and these superficial portions are frequently more fibrous.4 While it has been 

believed that a main goal during ACL reconstruction should be to place a tunnel within the center 

of the 4-phase insertion fibers, described as the most structurally important insertion fibers,10 this 

study found that 4-phase insertion fibers of the tibial ACL were found medial to the overlap with 

the ALMR. This intricate relationship and overlap theoretically complicate the placement of a 

tibial tunnel for ACL reconstruction. These structurally important fibers that insert adjacent to the 

ALMR insertion need to be accounted for during ACL reconstruction. The risk of iatrogenic 

injuries to the ALMR fibers has previously been discussed; however, the clinically significant 
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amount of ALMR insertion disruption has yet to be defined. Therefore, further investigation of the 

tibial ACL4-phase insertion fibers with respect to the location of the ALMR insertion fibers is 

warranted to determine how much damage to the ALMR insertion is clinically acceptable during 

ACL reconstruction. 

We also recognize that this study has limitations. The analysis was limited to 10 total 

specimens. Although the shape of the insertions varied among specimens, overlap between the 

tibial ACL and ALMR insertions was present in all 10 specimens. Additionally, the shape of the 

tibial insertion site has been shown to vary among 3 common patterns, and this study did not 

identify the shapes of the insertion sites for the specimens.11 How the tibial insertion site pattern 

affects the overlap of the ALMR insertion is unknown; therefore, the tibial insertion pattern may 

have caused variability in the overlap measured. The overlapping relationship with respect to the 

different tibial insertion sites should be investigated to further understand this relationship and how 

it affects ACL reconstruction. 

 

2.5 Conclusion 

 This study demonstrated significant overlap of the ALMR insertion by the tibial ACL 

insertion in the coronal and sagittal planes and supplements a previous study’s evaluation of the 

overlapping relationship insertion areas. As the ACL inserted into tibial subchondral bone, the 

lateral portion of the ACL overlapped the ALMR insertion in both the coronal and sagittal planes, 

on average, by 41.0% and 53.9%, respectively. Previous studies showing iatrogenic damage to the 

ALMR insertion and the results of this study illustrate the intricacy of this relationship, and further 

studies should determine what amount of ALMR insertion disruption is acceptable for a clinically 

successful ACL reconstruction procedure.  
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CHAPTER 3: 

EARLY OSTEOARTHRITIS AFTER UNTREATED ANTERIOR MENISCAL ROOT 

TEARS: AN IN VIVO ANIMAL STUDY┼ 

 
 
3.1 Introduction 

 Menisci are crescent-shaped, fibrocartilaginous wedges that play an important role in 

complex knee mechanics and func-tion.3,39 The menisci are primarily responsible for distributing 

loads through the tibiofemoral joint, joint stabilization, and congruency.1,20,27,30,49,55 The 

circumferential collagen fibers in the meniscus body continue into the anterior and posterior root 

insertional ligaments that attach to the tibialplateau.5,7,18,22,45 Continuity of the circumferential 

fibers between the meniscus body and its insertions enables proper fixation into bone and 

facilitates the distribution of axial tibiofemoral stresses to circumferential hoop stresses.13,5 

 Meniscal root tears (MRTs) are complete radial tears or avulsion injuries of the meniscal 

root insertions from the tibial plateau and are a subset of injuries that cause the meniscus to 

inadequately distribute loads and protect the underlying articular cartilage.26,32,48 Untreated MRTs 

are becoming increasingly recognized to induce articular cartilage degradation over time2,24; 

therefore, proper understanding of injury and progression of degeneration is essential. 

Previously, studies on meniscal release, or destabilization of the medial meniscus (DMM), 

have been used to induce and analyze degeneration of knee joint tissues in murine, lapine, canine, 

and ovine models over time.10,11,21-23,29,36 These models all demonstrate measurable degeneration 

within the knee joint tissues. Despite the wide use of these models for osteoarthritis research, 

┼This chapter has been accepted as a Research Paper in the Orthopaedic Journal of Sports 
Medicine (Volume 5, Issue 4, 2017). All content has been adapted with permission from SAGE 
Publishing. 
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however, the authors are not aware of any, studies assessing the degeneration of several tissues 

within the knee joint after release of the anterior insertions for both the lateral and medial menisci. 

Cadavers have also been used to investigate MRTs; however, these studies primarily focus on 

changes in knee biomechanics to the posteromedial and posterolateral meniscal insertions.2,6,34 

Although tears of the anterior meniscal root insertions may be less common than posterior 

tears, a recent study reported that iatrogenic injury occurs at the anterior insertions of the lateral 

and medial menisci while reaming tibial tunnels for anterior cruciate ligament (ACL) reconstruc-

tion.56 Currently, literature on anterior MRTs is limited to reports of case studies and anatomic 

analysis of the relationship between the ACL and anterior meniscal root inser-tions.15,31,33,40,54 

Since the anterior meniscal insertions are susceptible to damage during ACL reconstructions, 

increasing the risk for MRTs, it is important to understand how these injuries affect the joint 

tissues. Additionally, since clinical samples of articular cartilage and menisci are usually salvaged 

from advanced stages of osteoarthritis after total knee reconstructions, animal models are 

commonly used to experimentally induce injury and assess early degeneration. 

Therefore, the purpose of this study was to measure characteristics of early degeneration 

in the rabbit knee after untreated anterior MRTs for major sites of earliest discernible joint 

involvement seen in osteoarthritis.38 The amount and type of inflammatory cells present in the 

synovial fluid, the compressive material properties of the menisci and tibial articular cartilage, the 

subchondral bone morphology of the tibial plateau, the coverage and content of 

glycosaminoglycans (GAGs) of menisci and tibial articular cartilage, the total content of intact 

DNA, and the relative gene expression of matrix-degrading enzymes were measured after 

anterolateral MRTs (ALMRTs) and anteromedial MRTs (AMMRTs). It was hypothesized that if 
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anterior MRTs of either the medial or lateral menisci were left untreated after injury, early 

osteoarthritic change would occur within the joint tissues. 

 

3.2 Methods 

 Institutional Animal Care and Use Committee (IACUC) approval was obtained prior to 

performing the study. Nine skeletally mature Flemish Giant rabbits (5.2 ± 0.2 kg) were housed in 

individual cages and given 3 weeks to acclimate to the housing facility. During housing, animals 

were monitored daily for health status, and no adverse events were observed. Before surgery, the 

animals were given 0.2 mg/kg butorphanol, 0.05 mg acepromazine, and 0.005 mg glycopyrrolate 

and then anesthetized with 5% isoflurane. A small-joint arthroscope was used to confirm the 

absence of preexisting arthritis or meniscal injury. Under arthroscopic visualization, a scalpel was 

used to create ALMRTs in 1 knee joint of 5 rabbits and AMMRTs were created in the remaining 

4. After sectioning with a scalpel, the meniscal roots were probed to verify they were completely 

sectioned off their root attachments. A top view of the dissected proximal tibia with the menisci 

intact is presented for visualization of the rabbit knee anatomy in Figure 3.1. To minimize the 

effects of subjective bias, the animals were randomly assigned to an MRT group and surgeries 

were alternated between left and right limbs. The contralateral knees were left intact with no sham 

incision and used as nonoperative controls. The animals were monitored postoperatively and 

returned to normal activity in individual cages before euthanasia 8 weeks post-surgery. 
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Figure 3.1 – A dissected, proximal tibia with menisci intact for visualization of the rabbit knee 
anatomy from a left, control limb. 
 

3.2.1 Cytologic Joint Evaluation 

 Immediately after euthanasia, 1.5 mL of sterile saline was injected into both injured and 

control knee joints just medial to the patellar tendon. The knee was flexed and extended 3 to 5 

times, and diluted synovial fluid was re-aspirated from the joint using the initial delivery syringe 

by a veterinary technician. The volume acquired from each joint was recorded to determine 

whether joint effusion was present. After collection, approximately 20mL of joint fluid was placed 

onto a microscope slide and spread using a separate slide to make a standard “push smear” for 

cytologic evaluation. Duplicate smears for each joint were blinded and viewed by a board-certified 

veterinary clinical pathologist. Joint fluid was then subjectively interpreted and objectively scored 

for overall cellularity, individual cell types observed, evidence of synovial hyperplasia, and 

presence of osteoclasts (Table 3.1). 
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Table 3.1 – Objective scoring scheme to grade cytologic findings present in synovial fluid smears.a  
 

Cytology Score Grading Scheme 

Measure 
Score 

0 1 2 3 

Number of cells observed Normal Mild increase 
Moderate 
increase 

Marked 
increase 

Cell types observed 
>95% large 

mononuclear 
cells present 

>95% large 
mononuclear 

cells present, but 
activated cells 

seen 

Mixed 
inflammation 

Neutrophilic 
inflammation 

Synovial hyperplasia (Aggregates 
of spindle-shaped fibroblasts) 

Absent Present   

Osteoclast (Evidence for 
bone remodeling) 

Absent Present   

aThis system, which allows increments from 0 to 8, provides an interpretation of inflammation, 
synovial hyperplasia, and bone remodeling that may occur in a joint. 
 

3.2.2 Mechanical Testing 

 Indentation-relaxation testing was performed on menisci and tibial cartilage similar to 

previous studies within 12 hours of sacrifice and dissection.16,17,35,52 The menisci and proximal 

tibias were wrapped separately in gauze, saturated with 1× phosphate-buffered saline, and stored 

at 4°C until ready to test. All tissues were hydrated in a 1× phosphate-buffered saline bath at room 

temperature during testing. Prior to mechanical testing, the menisci were each transected into 

anterior and posterior halves. Indentation-relaxation tests were then conducted in the middle of 

each anterior and posterior meniscus half (Figure 3.2). A spherical, steel indenter with a 1.59 mm 

diameter was used to indent to a depth of 0.2 mm at 0.2 mm/s for all samples and held for 900 s to 

reach equilibrium. 
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Figure 3.2 – Tissue locations allocated for different analyses on the menisci and tibial plateaus 
including: indentation relaxation (I), histology (H), biochemical assays (B), and 
quantitative reverse transcription polymerase chain reaction (qRT-PCR) (P). 
 

Indentation-relaxation tests were conducted at 4 locations on the articular cartilage of the 

tibial plateau to account for locations normally covered and uncovered by the menisci, similar to 

a previous study (Figure 3.2).16 Thickness measurements of the articular cartilage indentation sites 

were estimated by inserting a needle at a location adjacent to each indentation site and observing 

when the force changed due to contact with calcified cartilage, similar to previous studies.16,46 The 

distance between the initial force due to the needle first contacting the cartilage surface and the 

force peak observed when the needle displaced through the articular cartilage and contacted the 

calcified cartilage was used as the thickness measurement. The spherical indenter was then pressed 
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into the cartilage to a depth of 20% of its estimated thickness at 20% strain/s and held for 180 

seconds to reach equilibrium. After a 1200-second rest time, the indenter was replaced with the 

needle and the actual thickness of the articular cartilage at the indentation site was determined.16 

Hertzian contact was assumed between the tissue (elastic half-space) and the steel, spherical 

indenter (rigid sphere), similar to previous studies.16,17,35,46 The instantaneous and equilibrium 

elastic moduli were then calculated to determine the compressive elasticity immediately after 

compression before interstitial fluid dissipated and again once fluid dissipation reached 

equilibrium, respectively. Poisson ratios for menisci and articular cartilage in rabbits have been 

esti-matedinpreviousstudies.16,17,46,52 Based on these studies, the Poisson ratio was assigned to be 

0.01 for menisci and 0.3 for the articular cartilage. The elastic modulus and Poisson ratio of the 

indenter were 210 GPa and 0.3, respectively.16,17 

 After mechanical testing, all tissue was divided and stored separately for additional analysis 

(Figure 3.2). Menisci were sectioned to store anterior and posterior samples in 10% formalin to fix 

the tissue for histological analysis. The central portions of each menisci were cut to store half in 

RNAlater RNA Stabilization Reagent (QIAGEN) to immediately stabilize tissue RNA for gene 

expression analysis and the rest in Allprotect Tissue Reagent (QIAGEN) to stabilize DNA, RNA, 

and protein in tissue samples for quantitative biochemical assays. Cylindrical, full-depth samples 

of the articular cartilage using a 5-mm biopsy punch were taken from the anterior and posterior 

locations of the tibial plateau, with half of the tissue stored in RNAlater and the rest stored in 

Allprotect. The remainder of the proximal tibias were fixed in 10% formalin. All samples in 

RNAlater and Allprotect were refrigerated for 24 hours to allow the reagents to penetrate the 

tissues and then stored at –80°C until analyzed. 
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3.2.3 Bone Morphology Analysis 

 Proximal tibias were scanned via a micro–computed tomography machine (Scanco 

Medical AG) to evaluate subchondral bone changes.44 Briefly, 4 spatially distributed, cylindrical 

volumes of interest (VOIs) were identified foreach tibia based on anatomical markers and 

corresponding with the mechanical indentation testing sites of the articular cartilage (Figure 3.2). 

Trabecular VOIs had a diameter of 2.2 mm and height of 3.7 mm and were taken immediately 

under the subchondral bone plate to analyze the trabeculae within the subarticular spongiosa.37 

Subchondral bone plate VOIs had a diameter of 2.2 mm with varying heights because of anatomic 

differences. The following variables were measured within the analyzed VOIs: trabecular material 

bone mineral density, trabecular bone volume fraction, trabecular number, trabecular thickness, 

trabecular spacing, subchondral bone mineral density, and subchondral bone volume fraction. 

 

3.2.4 Histological Analysis 

 Fixed menisci were embedded in optimum cutting temperature medium (Pelco), flash 

frozen using liquid nitrogen, and sectioned into 6-mm slices. The fixed proximal tibias were 

decalcified with 10% formic acid and cut to evaluate central, coronal sections of the tibial plateaus 

(Figure 3.2). The tibial plateaus were then embedded in paraffin and sectioned into6-mm slices. 

All sections were stained using hematoxylin, safranin-O, and fast green before being imaged using 

a light microscope (Olympus) and camera setup (QImaging).47 

Imaged meniscal and tibial articular cartilage sections were analyzed similarly to previous 

studies.16,17,43 Briefly, the meniscal sections were analyzed quantitatively by measuring the 

percentage of red-stained GAG covering the entire meniscal section using Image J software 

(National Institutes of Health) with the FIJI package. The GAG stain intensity of the menisci was 
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then blindly evaluated by 4 individuals using a previously used grading scale: no staining = 0, 

slight staining = 1, moderate staining = 2, and strong staining = 3. Articular cartilage and 

subchondral bone sections were graded histologically using a modified Mankin scale in 3 

categories (Table 3.2).16 Qualitative grades of the menisci and articular cartilage for each specimen 

and region were averaged across all graders. 

Table 3.2 – Modified Mankin grading scale used to assess histological staining of the tibial 
articular cartilage. 
 

Measure 
Score 
0 1 2 3 4 5 6 

GAG 
Staining 

Uniform 

Loss of staining 
in superficial 
zone < 50% of 
length of plateau 

Loss of 
staining in 
superficial 
zone > 50% of 
length of 
plateau 

Loss of staining 
in upper 2/3 < 
50% of length of 
plateau 

Loss of 
staining in 
upper > 50% 
of length of 
plateau 

Loss of 
staining in full 
depth of 
cartilage < 
50% of length 
of plateau 

Loss of staining 
in full depth of 
cartilage > 50% 
of length of 
plateau 

Fissures Absent 

Surface 
fibrillation < 
50% of length of 
plateau 

Surface 
fibrillation > 
50% of length 
of plateau 

1-2 midzone 
fissures 

3-5 midzone 
fissures 

Full depth 
fissures or 5+ 
midzone 
fissures 

Large segments 
of cartilage 
eroded with full 
depth fissures 

Tidemark 
Integrity 

Normal Disrupted      

 

3.2.5 Biochemical Analysis 

 The menisci and articular cartilage samples stored in Allprotect Tissue Reagent were used 

to assess the biochemical con-tent between the anterior MRT groups and controls. Samples were 

removed from the –80°C freezer, thawed, and all immediately digested with 200mL of papain 

(125mg/mL) in 0.1 M sodium acetate, 5 mM L-cysteine–HCl, 0.05 mM ethylenediamine tetra-

acetic acid, pH 6 (Sigma-Aldrich) constantly agitated at 60°C for 18 hours. DNA content of each 

sample was quantified using a PicoGreen double-stranded DNA quantification kit (Molecular 

Probes). Proteoglycan content was estimated by quantifying the amount of sulfated GAGs using a 

dimethylmethylene blue assay with a shark chondroitin sulfate standard.14 Each constituent was 

normalized to the tissue wet weight and the GAG was normalized to the DNA content for analysis. 
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3.2.6 Quantitative Reverse Transcription Polymerase Chain Reaction 

 Tissue samples stored in RNAlater were used to assess the relative gene expression of 

various proteins between the anterior MRT and control groups using quantitative reverse 

transcription polymerase chain reaction (qRT-PCR). Expressions of known catabolic proteins 

within articular cartilage and meniscal tissue, matrix metalloproteinase (MMP)-1, MMP-9, MMP-

13, and aggrecanase-2 (ADAM-TS5), were targeted for gene analysis similar to previous 

studies.8,9,19,53 Furthermore, tissue inhibitor of metalloproteinase-1 (TIMP-1) was assessed to 

measure the expression of catabolic protein inhibition within the tissues.8,9 Thawed menisci and 

articular cartilage samples were pulverized and homogenized in Trizol (Invitrogen) on ice using a 

tissue homogenizer to extract RNA. Homogenized samples were then allowed to incubate at room 

temperature for 20 minutes in Trizol followed by centrifugation at 12,000g for 12 minutes at 4°C. 

Supernatants were transferred to a new microcentrifuge tube, mixed with 200mL of chloroform, 

incubated at room temperature for 3 minutes, and then centrifuged at 12,000g for 15 minutes at 

4°C. The upper aqueous phase was transferred to a new microcentrifuge tube and mixed with 

500mL of isopropanol. Samples were incubated at room temperature for 10 minutes followed by 

centrifugation at 12,000g for 10 minutes at 4°C to pellet the RNA. The RNA fraction was rinsed 

with 70% ethanol and resuspended with RNase-free water (QIAGEN). qRT-PCR was then carried 

out through a single-step process using an iTaq Universal SYBR Green One-Step kit (Bio-Rad 

Laboratories) as per manufacturer’s instructions with the primers listed in Table 3.3 (Integrated 

DNA Technologies). To determine relative expression of the target genes, 5 ng of RNA were used 

per sample and assessed in duplicate. Quantification cycle (Cq) values were determined, and 

duplicates were averaged for the targeted genes of interest and the reference gene, glyceraldehyde 
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3-phosphate dehydrogenase (GAPDH). Expression values were presented relative to GAPDH, and 

each gene was adjusted using the respective PCR amplification efficiencies. 

Table 3.3 – Specific primer sequences, product sizes, and references for targeted genes and 
reference gene for the qRT-PCR analysis. 
 

 Gene of 
Interest 

Primer 
Direction 

 Primer Sequence 
Product 
Size (bp) 

Reference 
Sequence 

MMP-1 
Forward 5’-CCA AAG TCT CCA AGG GTC AA-3’ 

 83 NM_001171139.1 
Reverse 5’-CTG TCC TTC AGG TCC ATC AAA-3’ 

MMP-9 
Forward 5’-TGC GAG TTT CCG TTC ATC TT-3’ 

117 NM_001082203.1 
Reverse 5’-GTA GAG CTT GTC CTT GTC GTA G-3’ 

 MMP-13 
Forward 5’-GGG ATT CCC AAG AGA GGT TAA-3’ 

100 NM_001082037.1 
Reverse 5’-TCA TAG CTC CAG ACT TGG TTT C-3’ 

 TIMP-1 
Forward 5’-ACT CCC ACA AAT CCC AGA A-3’ 

98 NM_001082232.2 
Reverse 5’-GGA ACC ACG AAA CTG CAA-3’ 

ADAMS-T5 
Forward 5’-GTC ATC CAT CCT CAC CAG TAT C-3’ 

 116 AF317415 
Reverse 5’-TCG TGG TAC ATC TAG CAA ACA G-3’ 

 GAPDH 
Forward 5’-GGT CGG AGT GAA CGG ATT T-3’ 

114 NM_001082253.1 
Reverse 5’-TGT AGT GGA GGT CAA TGA ATG G-3’ 

aADAM-TS5, aggrecanase-2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MMP, 
matrix metalloproteinase; qRT-PCR, quantitative reverse transcription polymerase chain reaction; 
TIMP-1, tissue inhibitor of metalloproteinase-1. 
 

3.2.7 Statistical Analysis 

 Synovial fluid volumes were confirmed for Gaussian distribution by the D’Agostino-

Pearson omnibus normality test; therefore, paired t tests were used to determine differences 

between knees with anterior MRTs and control knees. Objective scorings of synovial fluid and 

histological staining were not normally distributed; thus, data were analyzed using the Wilcoxon 

matched-pairs signed rank test. The remainder of analysis methods utilized 2-sample, equal 

variance Student t tests to determine differences between the anterior MRT groups and controls. 

An a priori power analysis established that with 9 total specimens, our study was powered to detect 

differences with power of ≥80% for all statistical tests except the objective scoring. The study was 

powered to detect differences with power of ≥70% for the objective scoring of the synovial fluid 

and histological staining. Significant differences were set at p < 0.05 for all tests performed. 
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3.3 Results 

After surgery, the rabbits favored the contralateral limb for the initial 1 to 2 days but 

showed no further signs of gait irregularity prior to euthanasia. All meniscal insertions were 

inspected during dissection and remained free-floating. Little to no macroscopic differences of the 

menisci and articular cartilage were observed between the injured and control knees during 

dissection. Inflammation of the synovial membrane surrounding the knee was observed for all 

anterior MRT knees when compared with the contralateral macroscopically. 

 

3.3.1 Cytology Evaluation 

 A significant increase (p = 0.001) in synovial fluid volume was aspirated from the joints 

with surgically induced MRTs, suggesting an effusive process was present. Synovial fluid volume 

aspirated from the control and injured knees was 297 ± 112 and 1050 ± 125mL, respectively. Com-

pared with control knees, injured knees demonstrated a significantly higher (p = 0.004) objective 

cytology score. Cytology scores were interpreted from the synovial fluid of each joint using the 

scoring scheme in Table 3.1, and medians with interquartile ranges were calculated between 

groups. The cytology score was 0 with an interquartile range of (0, 0) and 3 with an interquartile 

range of (2, 3) for control and injured knees, respectively. Synovial fluid from control knees did 

not demonstrate cytologic abnormalities. Joint fluid collected from injured knees, however, had 

mild to moderate increases in activated large mononuclear cells interpreted as nonsuppurative 

inflammation. Neither synovial hyperplasia nor osteoclasts were observed. 
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3.3.2 Mechanics 

 Indentation-relaxation testing of the menisci resulted in decreases of both the instantaneous 

and equilibrium elastic moduli in the injured limbs compared with control limbs. The 

instantaneous (p = 0.01) and equilibrium (p = 0.02) elastic moduli of the anteromedial region 

significantly decreased when comparing the AMMRT group with the control group (Figure 3.3). 

Similarly, the instantaneous elastic modulus of the anterolateral region in the ALMRT group 

significantly decreased when compared with the control group (p = 0.009) (Figure 3.3A). Although 

not significant, the mean equilibrium elastic modulus decreased for both the anterior and posterior 

regions of the lateral meniscus after the ALMRT (Figure 3.3B). In the analysis of the tibial articular 

cartilage, significant changes were not present in either the instantaneous or equilibrium elastic 

moduli for either MRT group when compared with the control group (Figure 3.4). 

 

Figure 3.3 – Instantaneous and equilibrium elastic moduli of meniscus regions (mean with standard 
deviation). *Statistically significant (p < 0.05). ALMRT, anterolateral meniscal root tear; 
AMMRT, anteromedial meniscal root tear. 
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Figure 3.4 – Instantaneous and equilibrium elastic moduli of tibial articular cartilage regions (mean 
with standard deviation). *Statistically significant (p < 0.05). ALMRT, anterolateral meniscal root 
tear; AMMRT, anteromedial meniscal root tear. 
 

3.3.3 Bone Morphology 

 Significant decreases in subchondral bone integrity were present after anterior MRTs, 

primarily within the trabecular structure of the subarticular spongiosa region (Table 3.4). When an 

anterior MRT was left untreated, the region uncovered by the menisci within the hemijoint 

opposite the MRT demonstrated a significant decrease in the mean number of trabeculae and a 

significant increase in the average spacing between trabeculae. For example, the number of 

trabeculae decreased and spacing between trabeculae increased for the lateral uncovered region 

after the AMMRT. Additionally, the mean thickness of the trabeculae significantly decreased in 

the medial covered region after the AMMRT (p = 0.04). No significant changes were seen in 

trabecular thickness for any regions after ALMRT. There were no significant changes within the 

trabecular or subchondral bone volume fraction for all regions when compared between MRT 

groups and controls. Similarly, there were also no significant changes to the mineral content within 

the trabecular or subchondral bone plate tissue in any regions. Volume-rendering examples for the 
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trabecular and subchondral bone VOIs in control and both anterior MRT limbs are shown in Figure 

3.5. 

Table 3.4 – Subchondral bone morphology measurement variables (mean with standard 
deviation) for MRT and control groups. 
 

      
Trabecular 
Thickness 

[mm] 

Trabecular 
Spacing 

[mm] 

Trabecular 
Number 
[1/mm] 

Trabecular 
Bone 

Volume 
Fraction 

[mm3/mm3] 

Trabecular 
Bone Mineral 

Density 
[mg HA/mm3] 

Subchondral 
Bone 

Volume 
Fraction 

[mm3/mm3] 

Subchondral 
Bone Mineral 

Density 
[mg HA/mm3] 

Control 

Lateral 
Covered 0.24 (0.03) 0.33 (0.06) 2.88 (0.49) 0.56 (0.07) 873 (22) 0.92 (0.07) 905 (14) 

Uncovered 0.24 (0.04) 0.50 (0.14) 2.15 (0.50) 0.41 (0.04) 889 (26) 0.90 (0.06) 952 (13) 

Medial 
Covered 0.28 (0.04) 0.52 (0.12) 2.10 (0.44) 0.46 (0.09) 865 (26) 0.91 (0.04) 897 (29) 

Uncovered 0.25 (0.06) 0.68 (0.22) 1.67 (0.51) 0.34 (0.12) 871 (34) 0.89 (0.08) 934 (25) 

ALMRT 

Lateral 
Covered 0.26 (0.05) 0.34 (0.07) 2.65 (0.32) 0.57 (0.08) 884 (18) 0.95 (0.02) 920 (9) 

Uncovered 0.29 (0.06) 0.43 (0.04) 2.28 (0.15) 0.47 (0.05) 920 (26) 0.96 (0.01) 957 (4) 

Medial 
Covered 0.29 (0.05) 0.57 (0.11) 1.94 (0.25) 0.44 (0.08) 885 (26) 0.92 (0.04) 926 (15) 

Uncovered 0.27 (0.06) 0.96 (0.11)* 1.15 (0.09)* 0.27 (0.05) 902 (27) 0.91 (0.04) 946 (25) 

AMMRT 

Lateral 
Covered 0.26 (0.03) 0.56 (0.32) 2.14 (0.78) 0.50 (0.11) 868 (17) 0.95 (0.03) 901 (20) 

Uncovered 0.21 (0.03)  0.78 (0.32)*  1.48 (0.48)* 0.32 (0.12) 871 (21) 0.87 (0.04) 938 (11) 

Medial 
Covered 0.23 (0.03) 0.39 (0.32) 2.50 (0.24) 0.50 (0.05) 868 (18) 0.93 (0.03) 910 (32) 

Uncovered 0.22 (0.02) 0.74 (0.25) 1.50 (0.43) 0.31 (0.11) 871 (24) 0.85 (0.07) 913 (30) 

aValues are presented as mean (SD). Values in boldface indicate statistical significance (p < 0.05 
when compared with the control group). ALMRT, anterolateral meniscal root tear; AMMRT, 
anteromedial meniscal root tear; HA, hydroxyapatite. 
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Figure 3.5 – Volume renderings of trabecular and subchondral bone volumes of interest (VOIs) in 
control and anterior meniscal root tear limbs. Examples are provided for trabecular bone VOI 
from (A) the lateral uncovered region in the control limb, (B) trabecular bone VOI from the lateral 
uncovered region in the anteromedial meniscal root tear limb, (C) subchondral bone 
VOI from the medial uncovered region in the control limb, and (D) subchondral bone VOI from 
the medial uncovered region in the anterolateral meniscal root tear limb. 
 

3.3.4 Histology 

 There was a positive correlation between the quantitative percentages of meniscal GAG 

coverage and the qualitative GAG stain intensity scores (R2 = 0.84). A significant decrease was 

found in the mean percentage of GAG coverage in the PM region of the meniscus after the 

AMMRT (p = 0.04) (Figure 3.6). Similar results were obtained from GAG stain intensity grading, 

where the only significant decrease in GAG was in the PM region after the AMMRT (p = 0.01) 

(Table 3.5). Additionally, although not significant, average GAG decreased in the anterior regions 

after the transection of that meniscal root, with a greater decrease in the anteromedial region after 
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the AMMRT. Examples of GAG staining in meniscal regions for control, AMMRT, and ALMRT 

limbs are shown in Figure 3.7. 

Table 3.5 – Histological results of meniscal GAG stain intensity for meniscal root tear and control 
groups.a 
 

   GAG Stain Intensity (0 – 3) 

Control 
Lateral 

Covered 2 [2,3] 
Uncovered 2 [2,3] 

Medial 
Covered 2 [1.25,3] 

Uncovered 2 [1,2] 

ALMRT 
Lateral 

Covered 1.5 [1,2.75] 
Uncovered 2 [1,3] 

Medial 
Covered 3 [2,3] 

Uncovered 1 [0.25,1] 

AMMRT 
Lateral 

Covered 2 [1,3] 
Uncovered 2 [1,2] 

Medial 
Covered 0 [0,2.25] 

Uncovered 0 [0,0.75] 
aValues are presented as median (interquartile range). Values in boldface indicate statistical 
significance (p < 0.05, when compared with the control group). ALMRT, anterolateral meniscal 
root tear; AMMRT, anteromedial meniscal root tear; GAG, glycosaminoglycan. 
 

 

Figure 3.6 – Histological staining results of meniscal glycosaminoglycan (GAG) coverage (mean 
with standard deviation). *Statistically significant (p < 0.05). ALMRT, anterolateral meniscal root 
tear; AMMRT, anteromedial meniscal root tear. 
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Figure 3.7 – Glycosaminoglycan staining in anterior meniscal regions for control and both anterior 
meniscal root tear limbs. Examples provided are (A) the posterior region of the medial meniscus 
in a control limb, (B) the posterior region of the medial meniscus in an anteromedial meniscal root 
tear limb, (C) the anterior region of the lateral meniscus in a control limb, and (D) the anterior 
region of the lateral meniscus in an anterolateral meniscal root tear limb. 
 

Qualitative Mankin scores suggest little to no change in the tibial articular cartilage after 

untreated anterior MRTs (Table 3.6). There were no significant changes to the scores for GAG 

stain intensity or fissures within the articular cartilage, and tidemark integrity appeared unchanged 

when the MRTs were left untreated for 8 weeks. Examples of GAG staining in tibial articular 

cartilage for control and anterior MRT limbs are shown in Figure 3.8. 

Table 3.6 – Average Mankin scores for tibial articular cartilage analysis (median with 
interquartile range) for MRT and control groups. 
 

    
GAG Stain Intensity 

(0 - 6) 
Fissures 

(0 - 6) 
Tidemark Integrity 

(0 - 1) 

Control 
Lateral 1 [0,1] 0.75 [0.25,1] 0.25 [0,0.25] 
Medial 0.63 [0.44,1] 1.5 [0.44,2.56] 0 [0,0.25] 

ALMRT 
Lateral 0.75 [0.75,1] 0 [0,0.5] 0.25 [0,0.75] 
Medial 0.75 [0.75,0.75] 1.5 [0.25,2.75] 0 [0,0.25] 

AMMRT 
Lateral 1.13 [1,1.31] 0.25 [0,0.63] 0.25 [0.19,0.31] 
Medial 1 [1,1.38] 3.25 [2.56,3.63] 0 [0,0.06] 

aValues are presented as median (interquartile range). ALMRT, anterolateral meniscal root tear; 
AMMRT, anteromedial meniscal root tear; GAG, glycosaminoglycan. 
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Figure 3.8 – Examples of glycosaminoglycan staining in the tibial articular cartilage for a control 
limb in the (A) lateral and (B) medial hemijoint as well as an anterolateral meniscal root tear  limb 
in the (C) lateral and (D) medial hemijoint. 
 

3.3.5 Biochemical Content 

 There were no significant changes to the meniscus regions in total DNA content normalized 

to wet weight or total GAG content when normalized to wet weight or DNA content (Figure 3.9). 

There were also no significant changes in the total DNA content or GAG content observed in the 

tibial articular cartilage when comparing the MRT groups to the control group. 
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Figure 3.9 – Total DNA content with respect to wet weight, total glycosaminoglycan (GAG) 
content with regard to wet weight, and total GAG with regard to total DNA content for menisci 
(A, B, and C, respectively) and tibial articular cartilage (D, E, and F, respectively). ALMRT, 
anterolateral meniscal root tear; AMMRT, anteromedial meniscal root tear. 
 

3.3.6 Gene Expression 

 There were no significant differences between the ALMRT and AMMRT meniscus sample 

groups for any of the targeted genes; they were therefore pooled for comparison with the controls. 

The results were evaluated to determine relative gene expression changes that occurred after an 

anterior MRT, regardless of whether the injury was induced in the medial or lateral compartment. 

For the menisci, the comparison was made between the menisci of the control knees, the menisci 

in the injured joint that were left intact, and the menisci that were surgically cut to induce an 
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anterior MRT. Since articular cartilage was taken from both compartments for each knee, the 

control limbs were compared with the limbs with an induced anterior MRT. 

Menisci with surgically-induced, anterior MRTs showed significant increases in the gene 

expressions of MMP-1 (p = 0.03), MMP-9 (p = 0.03), and MMP-13 (p < 0.001) when compared 

with the control meniscal tissue (Figure 3.10). Additionally, the relative gene expression of MMP-

13 was significantly higher in the menisci with the anterior MRT than the menisci within the same 

joint that were left intact (p = 0.01). There were no significant changes between any of the menisci 

groups for TIMP-1 and ADAM-TS5 gene expressions. There were also no significant changes in 

all targeted gene expressions between the tibial articular cartilage of the control knees and the 

knees with induced anterior MRTs (Figure 3.11). 

 

Figure 3.10 – Relative gene expressions for meniscus samples (mean with standard deviation). 
Anterior meniscal root tears (AMRT) of medial and lateral insertions were pooled for gene 
expression analysis. *Statistically significant (p < 0.05). ADAM-TS5, aggrecanase-2; MMP, 
matrix metalloproteinase; TIMP-1, tissue inhibitor of metalloproteinase-1. 
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Figure 3.11 – Relative gene expressions for tibial articular cartilage samples (mean with standard 
deviation). Anterior meniscal root tears (AMRT) of medial and lateral insertions were pooled for 
gene expression analysis. *Statistically significant (p < 0.05). ADAM-TS5, aggrecanase-2; MMP, 
matrix metalloproteinase; TIMP-1, tissue inhibitor of metalloproteinase-1. 
 

3.4 Discussion 

 The results of this study demonstrate that knees with surgically induced anterior MRTs left 

untreated begin to display early degenerative change, particularly within the synovial fluid, 

menisci, and tibial subchondral bone. The cytologic evaluation of joint inflammation between 

knees with anterior MRTs and the unoperated control knees suggest these injuries produce an 

effusive process in the joint with increases in activated large mononuclear cells. Collectively, these 

findings are consistent with chronic joint inflammation, suggesting early signs of synovitis 

possibly contributing to the pathogenesis of osteoarthritis.51 

Instantaneous elastic moduli comparisons for the menisci demonstrated significant 

decreases to the anterior meniscal regions that experience the MRT. This suggests that untreated 

anterior MRTs decrease the ability for the anterior regions of the injured meniscus to immediately 

resist compressive loads. Although there have been no previous studies evaluating changes of 

internal stresses and strains of menisci after MRTs, the separation of the meniscal insertion from 

the tibial plateau prevents proper load distribution, which may change the mechanical environment 

the meniscal tissue is exposed to. We theorize that this lack of proper fixation and change in 
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mechanical environment of the region near the torn insertion induces a response to change the 

structure of the meniscal tissue. Additionally, the equilibrium elastic modulus significantly 

decreased for the AM meniscal region after AMMRT. These changes may also suggest that 

decreases in material properties of the menisci are more severe for the medial meniscus after 

anterior MRTs than the lateral meniscus. This unequal response to anterior MRTs and a greater 

disturbance in medial meniscal integrity may be a result of the presence of the popliteus tendon 

helping prevent extrusion and greater meniscal coverage of the lateral tibial condyle. Calculated 

elastic moduli values from control samples corresponded well with previous studies using a similar 

testing procedure analyzing menisci from Giant Flemish rabbits under posttraumatic osteoarthritis 

conditions.16,17 These studies evaluated meniscal material properties after traumatic impact or 

surgical injury and showed decreases to both moduli of the lateral and medial menisci when com-

pared with the control groups. Compared with the present study, the equilibrium elastic modulus 

of the meniscus after an anterior MRT was similar to the menisci after traumatic impact or 

combined transection of the ACL and menisci. Instantaneous elastic moduli for the menisci after 

anterior MRTs remained slightly higher compared with menisci in these studies, which may be 

due to the shorter time period of 8 weeks compared with 12 weeks. 

Significant decreases in GAG coverage and stain intensity were found within the PM 

meniscus region after AMMRT. These results along with the mechanical analysis suggest that both 

anterior and posterior regions of the meniscus may be negatively affected by untreated anterior 

MRTs. In a previous study, GAG content measured after release of only the anteromedial meniscal 

insertion in rabbits demonstrated moderate changes in the subjectively graded scores after 8 

weeks.4 However, the subjective scores in this study were analyzed and presented using means 

and standard deviations even though the Mankin grading scheme is ordinal and may have detected 
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significance when there may not have been any. In other studies, observing significant decreases 

in meniscal GAG content has been difficult. A previous study evaluating GAG content after 

surgically inducing bucket-handle tears in a canine model showed that GAG content only 

significantly decreased after 48 weeks.41 Another study, however, showed significant decreases in 

GAG content in most meniscal regions after traumatic impact in a lapine model after only 

12weeks.16 These studies suggest that perhaps if MRTs were evaluated after traumatically 

occurring or left untreated for longer, a greater decrease in meniscal GAG may be apparent. The 

changes seen in GAG content may also only be temporal as the tissue compensates; therefore, 

further analysis of the menisci after these injuries over a longer period with multiple time points 

should be investigated. 

There were no significant changes in the compressive elastic moduli or histological 

parameters of the tibial articular cartilage. The changes in contact mechanics after anterior MRTs 

are unknown; however, posteromedial MRTs in humans have demonstrated loading conditions 

similar to total meniscectomies, which are known to lead to degenerative articular cartilage.2 

Previous animal studies have demonstrated osteoarthritic change within 3 months of 

meniscectomy.25 Since the loading conditions after anterior MRTs are unknown, perhaps the 

anterior MRTs are less severe and may need to be left untreated longer to see results similar to 

previous meniscectomy animal studies. Changes to the subchondral bone morphology were 

present within the hemijoint that did not experience the anterior MRT. These decreases in the 

subchondral bone integrity may be due to the shift in load distribution along the tibial plateau since 

the injured meniscus is unable to properly distribute the load. While the biomechanical loading of 

rabbit knees has not been elucidated, a previous study in human knees evaluating posteromedial 

MRTs demonstrated these injuries increased lateral translations of the tibia.2 Perhaps this shifting 
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causes abnormal loading patterns, and the trabecular morphology changes are a result of tibial 

regions that are being loaded much differently than normal. Additionally, another study evaluating 

the bone baseline trabecular integrity, an indication of number, spacing, and cross-connectivity of 

trabeculae, suggested these changes may be an early indicator of osteoarthritis progression.28 

These findings suggest that anterior MRTs in 1 hemijoint may induce early degenerative change 

in the form of decreased subchondral bone integrity in the uninjured hemijoint. Relative gene 

expressions for catabolic proteins significantly increased in the menisci with an anterior MRT 

when compared with both the intact menisci and the menisci of control knees. Three of the targeted 

catabolic genes significantly increased when compared with the control menisci; however, only 1 

of those genes significantly increased compared with the intact menisci. This may suggest that 

there are increases within both the injured and intact menisci of a joint with an anterior MRT, with 

a greater increase in the catabolic gene expression in the injured menisci. Additionally, there was 

no difference in TIMP-1 expression between any of the evaluated groups. This may suggest that 

the tissue is not compensating for the increase in MMP expression with inhibitory proteins. These 

results may help explain the significant decreases in the compressive material properties of the 

menisci. With an increase in catabolic proteins degrading the collagen matrix and no change in 

inhibitory proteins, a disruption in this balance may occur and contribute to tissue breakdown 

causing a subsequent change in material properties.12 Other MMPs or additional catabolic gene 

expressions may also have been upregulated; however, the tested genes were limited to a few that 

were anticipated to change after the surgery and within the timeframe of the study. Finally, the 

lack of gene expression changes within the articular cartilage suggests there are no early 

pathological changes after these injuries occurring after 8 weeks. 
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There are limitations of this study that should be considered when reviewing the presented 

results. The controls used in this study were nonoperative controls; thus, the influence of 

inflammation on these results is unknown. Despite this, the inflammatory responses present in the 

synovial fluid after 8 weeks are likely due to the MRTs since inflammatory responses are typically 

cleared away from an open wound after approximately 2 weeks.57 In the gene expression analysis, 

for example, the MMP gene expressions measured in the menisci left intact within the operated 

knee were not significantly different from the unoperated control, while the surgically cut 

meniscus expression was upregulated. Thus, the effect of inflammation was predicted to be little 

or negligible. Another limitation is that only 1 time point of 8 weeks was studied. Multiple time 

points with longer time periods would allow the tracking of osteoarthritis progression and may 

reveal changes within the articular cartilage. This study was a short, proof-of-concept study to 

evaluate results from different analysis methods following untreated MRTs of both the lateral and 

medial menisci before progressing toward a longer, refined study. The purpose of evaluating 

changes at 8 weeks in this study was to determine whether the anterior destabilization performed 

arthroscopically was able to produce measurable, degenerative changes, and a previous study 

demonstrated this as an appropriate period to detect degradation within rabbit knees.42 Since the 

present study was able to produce measurable changes, future studies evaluating longer time 

periods or different repair techniques may confidently produce additional results. Also, the small 

animal model may not be as useful as a larger animal model for interpreting results for the human 

knee. Previous studies have utilized similar small animal models and they provide useful 

information to build on in future studies while keeping the cost low.4,29 Additionally, using the 

contralateral knees as controls may have skewed results due to altered weight-bearing; however, 
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animal gait returned to normal a couple days after surgery, so the impact on the results was likely 

minimal. 

 

3.5 Conclusion 

 This study demonstrated that early degenerative changes occur within the synovial fluid, 

menisci, and tibial subchondral bone after MRTs while the tibial articular cartilage appeared 

mostly unaffected at 8 weeks. The results suggest that changes occur to meniscal tissue prior to 

the tibial articular cartilage after anterior MRTs. Decreases in the material properties and GAG, 

and the increasing imbalance of MMP expressions relative to TIMP-1 within the menisci after 8 

weeks, suggest that these injuries are capable of diminishing the integrity of the menisci. As this 

was a single, early time point study, further investigation of longer time points into the progression 

of these changes in the menisci and the onset of articular cartilage changes after these injuries are 

warranted. Also, this study showed that anterior destabilization of the meniscus arthroscopically 

without creating a posterior arthrotomy leads to measurable degenerative changes and may be 

useful for future in vivo studies of MRTs to expand on the presented results. Clinically, it is 

important to understand the progression of degenerative changes within the joint tissues after 

anterior MRTs to properly approach repairs. Therefore, the results of this study provide promising 

direction for further analysis of these injuries left untreated for longer time points and for 

establishing a model to evaluate in vivo repairs in future studies.  
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CHAPTER 4: 

LOOSENING OF TRANSTIBIAL PULL-OUT MENISCAL ROOT REPAIRS DUE TO 

SIMULATED REHABILITATION IS UNRECOVERABLE: A BIOMECHANICAL 

STUDY 

 
 
4.1 Introduction 

Untreated meniscal root tears are becoming increasingly recognized with progressive 

increases in meniscal extrusion and articular cartilage degeneration detectable within a year.15 

Therefore, surgical treatment is essential to reduce the risk of developing osteoarthritis following 

meniscal root tears. Repairs of meniscal root tears are becoming more desirable than performing 

meniscectomies because they significantly improve clinical and radiologic outcomes while 

reducing cost.8,13 

Previous ex vivo biomechanical experiments have reported that anatomic, transtibial pull-

out meniscal root repairs nearly restore intact contact mechanics immediately after repair.1,16,17,22 

Despite this, postoperative follow-up studies show meniscal extrusion was only restored in 56% 

of patients and progression of osteoarthritis was not always prevented.7,10 A potential reason for 

limited success of repairs may be due to significant displacement in meniscal root repairs 

demonstrated to occur in biomechanical studies that simulate rehabilitative loading.4,18 Although 

these studies demonstrate that displacement accumulates with loading of repairs, they are unable 

to distinguish whether this displacement is due to viscoelastic creep of the meniscal root or due to 

permanent, unrecoverable loosening of the repair. Displacement due to tissue viscoelasticity would 

be recoverable and result in small changes in the intra-specimen repeatability of tests with 
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appropriate rest.21 If these repairs are unable to recover to the initial state of repair, then these 

nearly-restorative repairs may loosen into a less-restorative position in vivo. 

In previous second-look arthroscopy studies of meniscal root repairs, little to no healing 

has been demonstrated to occur in some patients with earliest follow-up around a year 

postoperatively.6,25 Previous studies evaluating repair displacement have only loaded repairs for 

1,000 cycles as they assume some healing occurs prior to partial-weight bearing in 

rehabilitation.4,18 Therefore, 1,000 loading cycles does not represent cases of meniscal root repairs 

that may occur in vivo. In addition, the authors are unaware of any study that has assessed the 

quantity and quality of healing that occurs postoperatively for meniscal root repairs around the 

time of partial weight-bearing, typically beginning around 6 weeks.2 Since some cases of partial 

or no healing have been observed and the progress of healing near rehabilitative loading is 

unknown, the extent of repair displacement needs to be examined further. 

The purpose of this study was to determine if meniscal root repairs recover from the 

resultant displacement of rehabilitative loading. It was hypothesized that a significant amount of 

displacement due to rehabilitative loading is unrecoverable loosening of repairs. Although 

previous studies demonstrate that single- and double-tunnel repairs mechanically respond 

similarly, both repairs were also performed and compared to assess for differences in 

recoverability of displacement.18 It was hypothesized that single- and double-tunnel repairs would 

not be significantly different in repair displacement or in recovery from this displacement. 
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4.2 Methods 

4.2.1 Specimen Preparation 

Sixteen cadaveric knees from adult ovine were collected from the Colorado State 

University Veterinary Teaching Hospital that had been euthanized for unrelated purposes. Animals 

were approximately 3 years old and weighed between 65–90 kg. Knees were dissected free of all 

extra-articular skin, muscle, and soft tissue. The anterior and posterior cruciate ligaments, medial 

and fibular collateral ligaments, and lateral meniscal insertions were sharply transected to expose 

the tibial plateau with only the medial menisci intact. The tibiae were then cut at mid-diaphysis to 

remove the distal portion and potted in a two-part urethane casting resin (Smooth Cast 321, 

Smooth-on, Easton, PA). 

 

4.2.2 Repair Technique 

Knees were randomly distributed between the single- and double-tunnel transtibial pull-

out repair groups, with eight specimens per group. All tears and repairs were performed by an 

experienced orthopaedic surgeon (RFL). Initially, the posteromedial meniscal root insertion was 

cut with a scalpel at the interface with the tibial plateau and the insertion area was marked with a 

surgical pen to identify anatomic placement. For the single-tunnel group, a 4.5 mm diameter 

transtibial tunnel was created using a guide pin and reamer (Smith & Nephew, Andover, MD) in 

the middle of the posterior medial meniscal root attachment. Two No. 2 nonabsorbable sutures 

(Ultrabraid, Smith & Nephew, Andover, MD) were passed between 5-7 mm medial within the 

meniscal root.14 The two-simple-suture technique was performed for all repairs as this technique 

demonstrates the lowest technical difficulty and resists displacement from cyclic loading better 

than other techniques assessed.19 In addition, this technique is the one that most current published 
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studies have utilized.20 The sutures were placed into a looped nitinol wire, pulled through the 

tunnel, manually tensioned to reduce the menisci to the native position, and firmly tied to a 4 mm 

by 12 mm surgical fixation button (Endobutton, Smith & Nephew, Andover MD) over the 

anteromedial tibia using a surgeon’s knot followed by 5 half hitches on alternating posts over the 

fixation button. 

For the double-tunnel group, the first transtibial tunnel was drilled in the same manner as 

the single-tunnel group with a diameter of 3 mm. A second transtibial tunnel was then drilled using 

a calibrated offset guide to position the second tunnel parallel and 3 mm posterior to the initial 

tunnel and to ensure no tunnel convergence. In addition, the passing cannulas were left in place 

until the sutures were pulled down the tunnels. The sutures in the anterior portion of the meniscal 

root were then shuttled through the anatomic transtibial bone tunnel, while the sutures from the 

posterior portion of the meniscal root were pulled through the posterior transtibial bone tunnel. 

The sutures were then both tied to a 4 mm by 12 mm surgical fixation button over the anteromedial 

surface of the tibia using a surgeon’s knot. Once repairs were complete, the limbs were frozen at  

-20º C until testing. 

 

4.2.3 Biomechanical Testing 

Limbs were individually thawed for experimental testing. The anteromedial meniscal 

insertion was transected with a scalpel so that the meniscus was only attached to the tibia 

posteriorly by the meniscal root repair. The anterior portion of the meniscus was then rigidly 

clamped 1 cm from the sutures in line with the circumferential collagen fibers and marked with a 

surgical pen at the boundary of the clamp to confirm no slippage occurred during the experiment. 

The clamp was then fastened to the actuator of a servo-hydraulic, material testing machine (Bionic 
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Model 370.02 MTS Corp., Eden Prairie, MN). The potted diaphysis was fastened to a custom 

fixture allowing the tibia to be positioned with the transtibial tunnel(s) in the axial direction of the 

actuator (Figure 4.1). 

 

Figure 4.1 – Experimental testing setup. The potted limbs were secured to allow the tibiae to be 
positioned with the transtibial tunnel(s) in the axial direction of the actuator. The repaired menisci 
were clamped with the circumferential fibers in line with the actuator. 
 
 

Both single- and double-tunnel repairs were subjected to the same cyclic loading 

procedure. The repaired attachments were first tensioned for 10 cycles from 1 N to 10 N at 0.1 Hz 

to precondition and minimize creep within the repair. After preconditioning, the menisci were 

cyclically tensioned for 10,000 cycles from 10 to 30 N at 0.5 Hz. This loading protocol has been 

used by previous studies to simulate tension that the posteromedial meniscal root may experience 

under neutral rotation, a range of motion from 30° to 60°, and 500 N of tibiofemoral load, 

representing the range of motion and partial weight-bearing seen in a typical, postoperative 

rehabilitation regimen after meniscal root repair.4,18,27 Repairs were then returned to their original, 
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unloaded position and allowed to recover for 30 minutes. Good intra-specimen repeatability for 

tension testing of ligament has been demonstrated with at least 30 minutes rest; thus, this period 

was presumed to allow the meniscal root sufficient time for reasonable recovery.21 After rest, the 

repairs underwent another loading session of preconditioning for 10 cycles from 1 N to 10 N at 

0.1 Hz and then tensioned for an additional 1,000 cycles from 10 N to 30 N at 0.5 Hz to assess 

repair recoverability after rest. 

Repair displacement was measured at the peak displacement for each cycle as tension 

reached 30 N. The displacement of single- and double-tunnel repairs at 1, 100, 500, 1,000, 5,000, 

and 10,000 cycle(s) were recorded for comparison between groups. Displacement was measured 

at the testing machine actuator as done in previous studies evaluating meniscal displacement.4,18 

The difference in displacement between the first loading cycle and the first loading cycle after rest 

was calculated to evaluate whether repairs recovered to their original position or if the simulated 

rehabilitative loading caused unrecoverable loosening within repairs. Recoverability was also 

evaluated by determining if repairs returned to the displacement of the final loading cycle after 

rest and additional loading. The difference in displacement between cycle 10,000 and cycle 1,000 

after the period of rest was calculated to assess this recovery. 

 

4.2.4 Statistical Analysis 

Using previous literature results, a sample size calculation was performed for the present 

experiment. The standard deviation for the sample size calculation was assumed to be 0.6 mm, 

which was taken as an approximate value from a previous study.18 Assuming a significance 

level, α, of 0.05 and requiring 80% power, group sample sizes of 8 were sufficiently powered to 

detect a 0.9 mm difference for comparisons between the single- and double-tunnel repairs. 
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Mann-Whitney U tests were performed to compare the single- and double-tunnel repairs 

for the repair displacement at cycles of interest and for recoverability outcomes. A paired samples 

t test was performed for comparison of the difference in displacement between the first loading 

cycles and the first loading cycles after rest to determine if loosening occurred and was 

significantly different from 0. The Wilcoxon signed-rank test was performed for comparison of 

repair displacement at cycle 10,000 to the displacement at cycle 1,000 after rest to determine if the 

repairs returned to their peak displacement within 1,000 additional cycles after rest. Effect size 

with bias-corrected Hedges’ g and its 95% confidence intervals (CIs) were calculated to interpret 

the practical importance of paired comparisons.12 Hedges’ g effect size was used instead of the 

Cohen’s d effect size to account for the small sample size, giving a more conservative 

interpretation of the effect size. The Hedges’ g may be interpreted similarly to the Cohen’s d, 

where g = 0.2 for a small effect, g = 0.5 for a moderate effect, and g ≥ 0.8 for a large effect. A 

small effect would suggest a trivial difference between tested means and a large effect would 

suggest an important difference. 

 

4.3 Results 

Repair displacements at cycles of interest were not significantly different between single- 

and double-tunnel techniques (p > 0.3 for all comparisons); therefore, the results were pooled 

(Tables 1 & 2). Recoverability outcomes between single- and double-tunnel repairs were also not 

significantly different; therefore, they were also pooled. The difference in displacement between 

the first loading cycle and the first loading cycle after rest was 1.59 ± 0.69 mm for repair groups 

pooled and was significantly different from 0 (p < 0.001) (Figure 4.2A). The Hedges’ g effect size 

was calculated to be 2.1 with 95% CIs = [1.2, 3.1]. The measured difference in displacement 
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between the first cycle and first cycle after rest was 1.65 ± 0.51 mm and 1.54 ± 0.86 mm for single- 

and double-tunnel repairs, respectively (p = 0.38). When single- and double-tunnel data was 

pooled, the difference in displacement between cycle 10,000 and cycle 1,000 after rest was 0.04 ± 

0.04 mm and was significantly different from 0 (p = 0.004) (Figure 4.2B). The Hedges’ g effect 

size was calculated as 0.04 with 95% CIs = [0.01, 0.07]. The difference in displacement between 

cycle 10,000 and cycle 1,000 after rest was 0.05 ± 0.05 mm and 0.04 ± 0.03 mm for single- and 

double-tunnel repairs, respectively (p = 0.29). 

Table 4.1 – Cyclic displacement of single- and double-tunnel techniques and with data pooled.a 
 

 Displacement [mm] 

Group 
1 

Cycle 
100 

Cycles 
500 

Cycles 
1,000 
Cycles 

5,000 
Cycles 

10,000 
Cycles 

Single 2.20 ± 0.33 2.98 ± 0.47 3.36 ± 0.61 3.73 ± 0.62 4.33 ± 0.77 4.55 ± 0.83 
Double 2.25 ± 0.57 2.86 ± 0.70 3.30 ± 0.81 3.52 ± 0.88 4.11 ± 1.09 4.38 ± 1.11 
Pooled 2.22 ± 0.45 2.92 ± 0.58 3.33 ± 0.69 3.63 ± 0.74 4.22 ± 0.92 4.47 ± 1.00 

 

aData reported as mean ± standard deviation. No significant differences were noted between the 
single- and double-tunnel groups. 
 

Table 4.2 – Cyclic displacement of single- and double-tunnel techniques after rest and with data 
pooled.a 
 

 Displacement [mm] 

Group 
1 Cycle 

After Rest 
1,000 Cycles 

After Rest 
Single 3.86 ± 0.77 4.51 ± 0.85 
Double 3.78 ± 1.11 4.39 ± 1.25 
Pooled 3.82 ± 0.92 4.45 ± 1.04 

 
aData reported as mean ± standard deviation. No significant differences were noted between the 
single- and double-tunnel groups. 
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Figure 4.2 – Example of sample cyclic test data (black) and highlighted in green is (A) the 
displacement of the first cycle and the first cycle after rest, (B) the displacement of cycle 10,000 
and cycle 1,000 after rest, and (C) the steady-state creep rate of repairs. Dotted yellow lines 
indicate intervals of 2,500 cycles. 
 

Repairs did not appear to reach an equilibrium displacement within 10,000 cycles. Instead, 

the repair displacement gradually increased with cycle time. The cycle peaks were fit to a linear 

regression model to identify the point within 10,000 cycles that creep began to increase linearly 

with RMSE less than or equal to 0.01 (Figure 4.2C). The median and interquartile range at which 

steady-state creep began was cycle 4,531 [3,752, 5,253]. The steady-state creep rate was calculated 

as an increase of 0.05 ± 0.02 mm per additional 1,000 cycles once the repair reached the point of 

linear progression. 
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The suture-meniscus interfaces of repairs were also inspected macroscopically after the 

testing procedure. Elongation of the holes created through the meniscal root by the sutures was 

macroscopically visible in both single- and double-tunnel repairs (Figure 4.3). This elongation was 

permanent damage caused by sutures gradually cutting through the meniscal root during the 

loading procedure. 

 

Figure 4.3 – Macroscopic elongation of suture holes in the meniscal root from the original position 
of the sutures (black arrow) to the final position (white arrow) was present in both single- and 
double-tunnel repairs after the loading procedure. 
 

4.4 Discussion 

In this study, the major finding was that transtibial pull-out meniscal root repairs 

demonstrated a significant amount of unrecoverable loosening due to simulated rehabilitative 

loading. The large effect size calculated from this measurement indicates that 10,000 cycles of 

simulated rehabilitation and rest had a substantial impact on root repair loosening. This result 

implies that patient repairs are susceptible to loosening from their intended position early within 

their rehabilitation. A previous experimental study demonstrated that an intact, anteromedial 
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meniscal insertion loosened by 3 mm medially affects the transmission of tibiofemoral loads.26 

Therefore, this unrecoverable loosening indicates that repairs become less restorative from 

rehabilitative loading. The typical rehabilitation protocol for meniscal root repairs allows partial 

weight-bearing around 6 weeks postoperatively.2 The healing progress of root repairs around the 

6-week period is unknown, but second-look arthroscopy studies have demonstrated that 

incomplete or no healing is still present beyond rehabilitation.6,25 Therefore, unrecoverable 

loosening of meniscal root repairs may help to explain the inability to reduce extrusion and 

reported healing of the meniscus in an extruded position in vivo.6,10,25 

Another finding of this study was that displacement in repairs continued to linearly increase 

with additional loading instead of reaching an equilibrium. The mean increase of 0.05 mm per 

additional 1,000 cycles was noted; however, the goal was to minimize the displacement and 

prevent as much loosening as possible. There was an average increase in displacement of 0.25 mm 

over the final 5,000 cycles of this study. Also, the present study only assessed these repairs up to 

11,000 total loading cycles. After 10,000 cycles, the unrecoverable loosening was 1.59 mm which 

is less than the 3 mm of displacement demonstrated to significantly reduce the efficiency of 

menisci to transmit axial loads into hoop stresses.26 Despite this, Starke et al. evaluated this 3 mm 

of displacement with the meniscal insertion still intact and did not assess meniscal root repair 

function with this displacement. Strength of the intact, native meniscal insertions has been 

demonstrated to not be restored with repairs.9 Therefore, a weaker fixation of the meniscus and 

loosening of 1.59 mm in the repair may result in similarly poor load transmission. Additionally, 

repairs may exceed the 3 mm of displacement with more loading cycles or higher loads and this is 

especially a concern if healing does not occur early in rehabilitation. 
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The displacement of repairs at cycle 10,000 and at cycle 1,000 after rest were significantly 

different; however, the Hedges’ g effect size was low. The low effect size indicates that rest of the 

root repair contributed little to the recovery of repair displacement. Thus, patients with meniscal 

root repairs that loosen from rehabilitative loading cannot hope to recover the intended position of 

the repaired meniscus with rest. The present study only assessed repairs with 30 minutes of rest 

before another loading session. It is possible that 30 minutes was not sufficient for repairs to 

recover; however, previous studies have demonstrated minimal change in the intra-specimen 

repeatability of viscoelastic soft tissues in tension with 30 minutes of rest.21 Additionally, visible 

damage of sutures pulling through the meniscal root suggests that rest time is not the main concern. 

Instead, suture cut-out with loading causes concern for repair loosening and should be addressed 

in future studies. 

When compared to previous repair displacement studies, the present study supports the 

conclusion that single- and double-tunnel repairs mechanically respond similarly in tension. A few 

studies have assessed the two-simple-suture technique with either single- or double-tunnel 

repairs.4,18 Each of these studies have only assessed repairs up to 1,000 cycles, but they reported 

comparable displacement values with respect to the present study. Based on reported means and 

standard deviations, there were no significant differences between displacement of either 

technique at 500 or 1000 cycles. Conversely, the repair displacement at the earlier cycles of 1 and 

100 were significantly different. The difference between displacement in this study and other 

repair displacement studies at early cycles may be explained by the loading rate used to transition 

between preconditioning and full loading cycles. The strain rate dependence of meniscal tissue 

could cause different repair displacements at initial cycles when transitioned using the 0.1 Hz of 

preconditioning or the 0.5 Hz of the full loading cycles. Since the displacement of this study with 
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respect to other studies are similar for the higher cycles, this likely had minimal effect on results 

of the initial loading cycles of repairs. 

The results of this study may also be beneficial for refining the current root repair surgical 

technique. In this study, the two-simple-suture method with traditional sutures was used and 

significant unrecoverable loosening of repairs occurred. During comparisons of different repair 

techniques at 1,000 cycles, the two-simple-suture method demonstrated low displacement with 

respect to other techniques.9 Other studies have demonstrated that a three-simple-suture technique 

or different configurations of the modified Mason-Allen technique are potential candidates for 

reducing repair displacement.3,10,11 Although some of these are perceived as more technically 

challenging, these suture techniques may help to prevent unrecoverable loosening of repairs and 

the gradual damage that occurs with further loading. Furthermore, a previous study compared 

traditional sutures to suture tape and found no significant differences within 1,000 cycles, however 

it is unknown whether the suture tape helps to prevent loosening and suture cut-out with further 

loading. 

This study is clinically relevant because the results demonstrate there is a potential for early 

and unrecoverable loosening of meniscal root repairs until healing occurs. Thus, it is essential that 

guided rehabilitation protocols be followed in the first few weeks postoperatively to ensure that 

healing of the root repair occurs prior to loosening of the repair sutures due to repetitive knee 

motion. Since healing of meniscal root repairs is not well understood, it is unknown whether the 

amount of healing present at early rehabilitation will be able to mitigate the amount of loosening 

that occurs from repetitive loading. Therefore, further evaluation of healing progress and quality 

around 6 weeks when partial weight-bearing typically occurs would help to determine if 

augmentation of healing or conservative rehabilitation are necessary. Until healing progress is 
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better understood, a slower incorporation of partial and full weight-bearing may be beneficial for 

patients. Other studies have confirmed that meniscal root repairs, independent of suture technique, 

are not able to restore the full strength of the native meniscal root.9 This fact emphasizes the 

importance of healing to the success of meniscal root repairs. Thus, slower incorporation of 

weight-bearing should be recommended until healing occurs. 

Postoperative studies demonstrate that incomplete healing or no healing may occur even if 

these are a small percentage of cases;6,25 thus, the response of repairs without healing is warranted. 

Another potentially useful assessment of repairs would investigate intermittent loading where rest 

occurs between shorter loading sessions. This would simulate a more physiologic loading scenario 

as patients will rarely load their repairs 10,000 times during rehabilitation without rest. The present 

study also only assessed loosening of the two-simple-suture technique. Prior to this study, the 

concept of unrecoverable loosening from repairs was unknown. Now that unrecoverable loosening 

has been demonstrated to occur with this technique, other suture techniques and types should be 

evaluated to determine if all repairs result in significant unrecoverable loosening or maybe the 

increased difficulty of other repairs is worth a potential decrease in loosening. This study was also 

limited with the use of ovine menisci instead of human menisci; however, ovine menisci are 

structurally and mechanically similar to human menisci so the differences due to this are 

anticipated to be minimal.5,24 

 

4.5 Conclusion 

This study demonstrated that a significant amount of unrecoverable loosening occurs with 

transtibial pull-out meniscal root repairs from rehabilitative loading. Root repairs also gradually 

displaced with continued loading instead of reaching an equilibrium displacement. Conservative 
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rehabilitation may be important to prevent loosening of repairs to a less-restorative position before 

healing occurs. The current focus postoperatively of these repairs should be to ensure proper 

healing occurs before partial weight-bearing is allowed.  
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CHAPTER 5: 

NONANATOMIC PLACEMENT OF POSTEROMEDIAL MENISCAL ROOT 

REPAIRS: A FINITE ELEMENT STUDY 

 
 
5.1 Introduction 

Meniscal root tears, when left untreated, lead to progressive meniscal extrusion, worsening 

arthritis, poor clinical outcomes, and often results in knee arthroplasty.36,37 To prevent progressive 

extrusion and degeneration from these tears, meniscal root repairs have been developed to restore 

meniscal function.3,4,15,19 All-side techniques have been developed where sutures are passed 

through the injured meniscal root and secured to the tibial plateau using a suture anchor.15,19 

Similarly, transtibial pull-out techniques pass sutures through the injured root; however, the 

sutures are instead passed through a transtibial tunnel and securely fastened to the tibial diaphysis 

periphery.3,4 

With both techniques, the sutures passed through the meniscal root help to restore meniscal 

function.33 Previous biomechanical experiments have demonstrated that anatomic repair of an 

injured meniscal root with either of these techniques nearly restores contact mechanics to 

intact.39,47 Despite this, other studies show that the progression of meniscal extrusion and joint 

degeneration are not always prevented postoperatively.24 A potential cause of limited repair 

success clinically may be repair misplacement during surgery. Previous studies have also shown 

that nonanatomic positioning of the meniscus is detrimental to resultant knee mechanics.39,54 The 

cadaveric study evaluating nonanatomic placement of repairs showed that a repair placed 5 mm 

posteromedial along the edge of the medial side of the tibial articular cartilage resulted in 

significant decreases to contact area and increased peak contact pressures.39 This study elucidated 
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that placement of repairs is important to properly restore contact mechanics; however, the accuracy 

of repair placement necessary to restore mechanics to normal is still unknown. A postoperative 

assessment of transtibial tunnel placement using either a multi-use guide or a root repair-specific 

guide demonstrated that the root repair-specific guide created tunnels significantly closer to 

anatomic; however, both guides still resulted in an average placement of tunnels around 3 to 5 mm 

away from anatomic.26 Therefore, suture placement may often be misplaced in a nonanatomic 

position instead of anatomically. 

 Cadaveric studies are primarily used to assess knee mechanics following meniscal root 

tears and repairs.5,39,47 Although useful information has been gathered in these studies, they are 

incomplete because of the financial and ethical burden associated with cadaveric studies. For 

example, the assessment of nonanatomic repairs on knee mechanics was only assessed in an 

extreme, nonanatomic location 5 mm posteromedial along the line of articular cartilage instead of 

at multiple locations around the anatomic center of the meniscal insertion since it would require a 

large quantity of specimens.39 To avoid these limitations, a finite element approach may be useful 

to further evaluate nonanatomic placement of meniscal root repairs. 

Therefore, the purpose of this study was to develop and utilize a sample population of finite 

element knee models to determine how accurate surgeons need to be with repair placement to 

restore intact knee mechanics relating to the injured meniscus and tibial articular cartilage. It was 

hypothesized that further posterior placement, both medially and laterally, for a posteromedial 

meniscal root tear would decrease the ability for the meniscus to transmit tibiofemoral loads and 

increase the loading on the articular cartilage. Additionally, it was hypothesized that further 

anterior placement, both medially and laterally, would best restore meniscal load transmission and 

cartilage contact mechanics. 
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5.2 Methods 

5.2.1 Specimens 

Two finite element tibiofemoral models were created from image datasets available 

through the OpenKnee(s) project.7,11,21,22 The imaged cadaveric knee specimens used for model 

development included a right knee (male, age 71) and left knee (female, age 25) with no reported 

signs of osteoarthritis. A third knee model was created from an additional open-source dataset 

where subject information was not collected.20,44 All knee specimens were imaged at full 

extension, also denoted as 0° of knee flexion. 

 

5.2.2 Model Development 

 Image datasets were imported into open-source segmentation software (Seg3D, University 

of Utah, Salt Lake City, Utah) to isolate tissue components. The tibial articular cartilage, femoral 

articular cartilage, and the medial and lateral menisci including their insertions into the tibial 

plateau were isolated using a semi-automated threshold of each component in the datasets. Surface 

definitions of the component segmentations were then imported into the commercial meshing 

software, TrueGrid (XYZ Scientific Applications Inc., Livermore, CA). TrueGrid was used to 

generate linear, hexahedral meshes and projected to the geometry of each segmented component. 

 

5.2.3 Material Properties 

Tissue material properties for all three models were taken from previously validated, finite 

element knee models for tibiofemoral compression.12,32 Bone of the distal femur and proximal tibia 

were treated as rigid. Each meniscal insertion site was represented by an insertion plane 

approximating the curvature of the anatomical insertion of the meniscus with the tibial plateau. 



81 

Modeling bone as rigid has been shown to have minimal effect on contact solutions in a previously 

validated model assessing quasi-static tibiofemoral compression.31 

Tibial and femoral articular cartilage were modeled as homogeneous, linearly elastic, 

isotropic materials with properties taken from previous studies.12,32 The modulus and Poisson’s 

ratio were 15 MPa and 0.475, respectively, to maintain the nearly incompressible behavior of the 

articular cartilage under short loading times. 

The medial and lateral meniscus bodies were modeled as homogeneous, linearly elastic, 

transversely isotropic materials with properties taken from previous studies.12,25,32,53,56,57 The 

modulus and Poisson’s ratio in the collagen fiber direction of the menisci were 150 MPa and 0.3, 

respectively. In the plane perpendicular to the collagen fibers, the modulus and Poisson’s ratio 

were 20 MPa and 0.2, respectively. Additionally, the shear modulus in the plane perpendicular to 

the collagen fibers was 57.3 MPa. Viscoelastic time dependence of the menisci was not considered 

due to the quasi-static model analysis.6,18,52 

Ligaments were represented as two or more tension-only, nonlinear spring elements within 

the models. A piecewise function was used to represent the force-strain relationship of individual 

ligament bundles, similar to previous studies.9,10,32,28,58 The piecewise function, 𝑓(𝜖), 

approximates the tensile force due to the strain in the ligament bundle (Eq. 1). This force-strain 

approximation is nonlinear for low strains and linear for strains higher than 2𝜖 , where 𝜖  is 

assumed to be 0.03.58 

 𝑓(𝜖) = 𝑘(𝜖 − 𝜖 )   if   𝜖 ≥ 2𝜖  

 𝑓(𝜖) = 0.25𝑘(𝜖 𝜖⁄ )   if   0 < 𝜖 < 2𝜖  

 𝑓(𝜖) = 0   if   𝜖 ≤ 0, (1) 
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where 𝑘 is a stiffness parameter characteristic of each ligament bundle (Table 5.1), and 𝜖 is the 

ligament bundle strain. The ligament strain is defined with respect to the zero-load length of the 

ligament bundle (Eq. 2). 

 𝜖 = (𝐿 − 𝐿 )/𝐿 , (2) 

where 𝐿 is the length of the ligament bundle in the model, and 𝐿  is the zero-load length of the 

ligament bundle. 

 The zero-load lengths of each ligament bundle were calculated from their reference lengths 

in full extension and initial strains from literature (Eq. 3).10,58 Since the knee specimen were 

imaged in full extension, the reference lengths of each ligament bundle were determined from the 

MR images. 

 𝐿 = 𝐿 /(𝜖 + 1), (3) 

where 𝐿  is the reference length of the ligament bundle at full extension, and 𝜖  is the initial strain 

in the ligament bundle at full extension. 

 
Table 5.1 – Stiffness values for the tibiofemoral ligament bundles modeled. 
 

Ligament Bundle 
Stiffness 

parameter (N) 
ACL – anteromedial 6200 
ACL – posterolateral 3400 

PCL – anterolateral 12500 
PCL – posteromedial 1500 

LCL – anterior 2000 
LCL – middle 2000 

LCL – posterior 2000 
MCL – anterior superficial 2500 
MCL – middle superficial 2600 

MCL – posterior superficial 2700 
MCL – anterior deep 1500 

MCL – posterior deep 1500 
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In each model, the anterior cruciate ligament (ACL) was represented by anteromedial and 

posterolateral bundles.17 The posterior cruciate ligament (PCL) was represented by anterolateral 

and posteromedial bundles.46 The medial collateral ligament (MCL) was represented by anterior, 

middle, and posterior bundles for the superficial MCL and by anterior and posterior bundles for 

the deep MCL.29,42,43 The lateral collateral ligament (LCL), was represented by anterior, middle, 

and posterior bundles.49 Ligament insertions into bone were identified from the MR images.38 The 

transverse ligament was represented by superior and inferior bundles, and the ligament stiffness 

was taken from a previous optimization study.32 The insertions of the transverse ligaments were 

determined to be at the interface of the anterior root of the lateral and medial menisci with their 

anterior insertions.38 

Experimental studies characterizing tensile properties of the meniscal insertions have 

demonstrated that the modulus along the fiber direction is not significantly different than the 

meniscus body.2,30 Material characterization of meniscal insertions in the transverse direction 

demonstrated that the material properties significantly change in a short distance from insertion to 

bone through the fibrocartilaginous zones, with a modulus of approximately 10 MPa.1 Therefore, 

in the present study, the meniscal insertions were modeled as homogenous, linearly elastic, 

transversely isotropic materials. The modulus in the collagen fiber direction, Poisson’s ratio in the 

fiber direction, and shear modulus were identical to the menisci. In the plane perpendicular to the 

collagen fibers, the modulus and Poisson’s ratio were 10 MPa and 0.2, respectively. 

 

5.2.4 Finite Element Analysis 

The general-purpose finite element code, ABAQUS (Dassault Systèmes Simulia Corp., 

Johnston, RI), was used to approximate contact solutions for a quasi-static analysis using the 
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implicit solver. Hard, frictionless contact was modeled for the six contact-surface pairs in each 

model. For simulation of contact pairs, meniscal insertion surfaces were grouped with the meniscal 

bodies in case they contacted the femoral or tibial cartilage. Therefore, the six contact surface pairs 

modeled were between the femoral cartilage and the meniscus body/insertions, the tibial cartilage 

and the meniscus body/insertions, and the femoral cartilage and the tibial cartilage for both the 

lateral and medial hemijoints. 

 

5.2.5 Loading Conditions 

 Tibiofemoral loading simulations for all models were designed to assess two separate 

conditions. The first type of loading was intended to simulate tibiofemoral loading during 

rehabilitation following meniscal root repairs.8,13,55 This included a tibiofemoral load of 500 N 

with knee flexion within the range of 30° to 60°, the standard range of motion and toe-touch 

weight-bearing protocols typical of 6-week postoperative rehabilitation following meniscal root 

repairs. Simulation of the rehabilitative loading was also conducted at 0° of knee flexion. The 

second type of loading was intended to simulate the tibiofemoral loading of full weight-bearing, 

typically achieved 2 months after repair.8 This included a tibiofemoral load of 1,000 N and was 

also simulated at 0°, 30°, and 60° of knee flexion. This resulted in six loading scenarios for each 

model that were then assessed in the intact, posteromedial meniscal root tear, and various 

posteromedial root repair conditions. 

 

5.2.6 Joint Kinematics 

Specimen-specific joint kinematics for two knee specimens were available through the 

OpenKnee(s) project and used to approximate knee flexion.22 A combination of a six degree-of-
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freedom robot and motion tracking system were used to record position data of the tibiofemoral 

joints undergoing passive flexion from 0° to 90° with a 50 N compressive load. The anatomical 

knee joint coordinate system was determined using a previously defined method from literature.27 

This included finding the transepicondylar axis of the femur by identifying the medial and lateral 

epicondyles, then calculating the centroid of the mid-diaphysis to define the long axis of the femur. 

Since the tibiofemoral joint is not a perfect hinge joint, the six degree-of-freedom robot and motion 

tracking system were then used to optimize the femoral coordinate system to minimize resulting 

translations and rotations when flexing the joint. The tibial coordinate system was found in a 

similar way by identifying the most medial point on the tibial plateau, most lateral point on the 

tibial plateau, and calculating the centroid of the mid-diaphysis. See the joint mechanics protocol 

at the OpenKnee(s) project website for additional details of the experimental procedure.22 

For the finite element knee models, the MR images were used to identify the medial 

epicondyle, lateral condyle, and the centroid of the mid-diaphysis to define the femoral coordinate 

systems. With the femoral coordinate system defined, the femoral articular cartilage was adjusted 

in the knee models based on the resultant kinematic data of the optimized passive flexion at 30° 

and 60°. This provided an approximation of the tibiofemoral joint orientation to assess mechanics 

at different flexion angles. The tibial coordinate systems were similarly defined using the MR 

image datasets. Joint kinematic data from the eight available knee specimens through the 

OpenKnee(s) project were averaged and used to approximate tibiofemoral joint flexion for the 

third model. This provided two models with specimen-specific joint kinematics and one model as 

a general case using average joint kinematics from a sample population. 
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5.2.7 Boundary Conditions 

Simulations began with tibiofemoral compression of each knee model in the intact 

condition for the six loading scenarios. The interface of femoral cartilage with bone was initially 

preloaded until the femoral cartilage contacted the menisci/tibial cartilage with all other 

translations and rotations fixed. After preloading, a specified compressive load of interest was 

applied to the distal femur with the flexion angle fixed, all other rotations free, and all translations 

free. This allowed the femoral cartilage to adjust from the experimentally determined orientation 

at 50 N of compression from the joint kinematic data into the optimum orientation resulting from 

compression at the specified load (500 or 1000 N) and ligament stiffness for the intact condition. 

 

5.2.8 Root Repairs 

 Representation of posteromedial meniscal root repairs began with the partial deletion of 

mesh elements from the posteromedial meniscal insertion. The mesh was split into two halves and 

the half inserting into the tibial plateau was removed. The two-simple-suture method for meniscal 

root repairs was represented within the models because of this configuration’s ability to resist 

displacement in comparison to other suture techniques.8,23 Sutures were represented within the 

model as tension-only spring elements. With the two-simple-suture configuration, two sutures are 

passed through the meniscus. 34,45,50 Both sutures are passed through the posteromedial meniscal 

root 5 mm from the root tear with one suture passed through the midportion of the meniscus root 

and the second sutures passed through the exterior portion of the red-red region.34,45,50 This results 

in four individual suture braids passed through the transtibial tunnel; therefore, the spring elements 

within the model represented four times the stiffness of an individual suture braid. The stiffness of 
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the meniscus-suture interface using the two-simple-suture method has been reported to be 45 

N/mm, which was implemented into the model for the repair stiffness.51 

 

5.2.9 Tunnel Placement 

 The anatomic center of the posteromedial meniscal insertion was determined by calculating 

the centroid of the insertion mesh surface that interfaces with bone. To best assess different 

transtibial tunnel placements, anatomic coordinates were modified to account for the slope of the 

meniscal insertion plane on the tibial plateau. The anterior-posterior axis was defined by 

connecting the most anterior point of the meniscal insertion site and the most posterior point. The 

medial-lateral axis was defined as being perpendicular to the anterior-posterior axis. Both axes 

were also defined to be coplanar with the meniscal insertion plane previously defined. 

 In modeling repairs, the meniscus was left in place to simulate reduction to its native 

position which is recommended for meniscal root repairs.4,40 The ends of the suture elements that 

were not attached to the meniscus body were fixed to the anatomic center of the meniscal insertion 

to simulate an anatomic meniscal root repair. To simulate nonanatomic repairs, the suture elements 

were fixed to points away from the anatomic center. Positions assessed in the present study 

included locations 1 mm anterior, posterior, medial, lateral, anteromedial, anterolateral, 

posteromedial, and posterolateral from the anatomic center using the modified anatomic directions. 

Simulated repairs were also assessed at locations 2 mm around the anatomic center, and 3 mm 

around the center. This resulted in assessment of 25 different repair locations including the 

anatomic repairs and the array of locations around the anatomic center for each scenario. 
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5.2.10 Mesh Convergence 

 A mesh convergence study was conducted to ensure the mesh density was appropriate for 

all tissue components of the three models. The convergence study was conducted with one knee 

model in the intact condition. The average element volume varied to create a range of knee models 

that ranged from coarse to fine. The root-mean-square-error, RMSE, was used to determine percent 

change in outcomes when comparing meshes with different mesh densities. The knee model was 

determined to have an appropriate mesh density when outcome variables of interest changed by 

less than 5% when compared to a more refined mesh. The average volume for the appropriate 

mesh density was then used to mesh the other two finite element knee models. 

 

5.3.11 Monte Carlo Simulation 

 A Monte Carlo simulation was performed to produce a distribution of possible outcomes 

when material properties ranged from all values previously measured experimentally and 

implemented into the three knee meshes. MATLAB (MathWorks, Naticks, MA) was used to 

randomly generate possible material property scenarios with assumed normal distributions for all 

moduli and Poisson’s ratios. The ranges of material properties were taken from previous literature 

and listed in Table 5.2. Simulations were compared for the three intact knee models at 60° flexion 

and a 1,000 N compressive load. A pilot analysis of one knee model demonstrated that 50 

simulations were sufficient for outcome variable means and standard deviations to change by less 

than 5% when compared to a different set of 50 simulations. Therefore, 100 simulations were 

sufficient to represent a consistent distribution of outcomes for a single knee model. Material 

properties were then generated to produce outcome distributions for the second and third models. 

This resulted in 300 simulations representing three different knee geometries with 100 different 
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combinations of possible tissue material properties. Cumulative distribution functions were 

created for all outcome variables to identify the probability range that the three knee models 

represented. 

Table 5.2 – Approximate means and standard deviations from literature used to generate material 
properties distributions in Monte Carlo simulation. For transversely isotropic material 
characterization: L = longitudinal; T = transverse. 
 

Cartilage48,52 
E [MPa] 10 (4) 
ν 0.42 (0.04) 

Meniscus Body14,25,32,53,56 

EL [MPa] 100 (35) 
ET [MPa] 20 (5) 
νL 0.2 (0.04) 
νT 0.2 (0.04) 

Meniscal Insertion2,30,32 

EL [MPa] 180 (100) 
ET [MPa] 5 (2.5) 
νL 0.2 (0.04) 
νT 0.2 (0.04) 

 

5.3.12 Outcome Variables 

 The mean hoop stress, represented by the mean Cauchy stress, along the collagen fiber 

direction was measured at the midbody of the medial meniscus and at the midbody of the 

anteromedial meniscal insertion. To assess tibiofemoral contact mechanics, the mean and peak 

contact pressures on the medial surface of the tibial articular cartilage were recorded. The total 

contact area and the cartilage-cartilage contact on the medial surface of the tibial plateau were 

evaluated, as well as the total contact area of the medial meniscus with the tibial and femoral 

cartilage surfaces. Meniscal extrusion was measured as the distance between the outer edge of the 

medial meniscus and the medial edge of the tibial articular cartilage in the medial-lateral direction 

of the tibial coordinate system. Extrusion was measured at three locations on the medial meniscus 

– the anterior root, meniscus midbody, and posterior root. Repair tension of nonanatomic repairs 

was also compared to anatomic repairs to determine how nonanatomic placement alters tension. 
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5.3.13 Statistical Analysis 

Differences in outcomes between repairs and the intact conditions are presented as percent 

changes. Paired-samples t tests were performed to determine if percent changes were significantly 

different than zero. The Benjamini-Hochberg correction method was performed to adjust the 

familywise error rate to ensure the significance level, α, was 0.05. In accordance with de Winter, 

statistical comparisons of paired data with N = 3 is sufficiently powered (> 80%) if there is a strong 

within-pairs correlation (r ≥ 0.8) and a large effect size (Cohen’s d ≥ 2).16 Therefore, significant 

results were only reported if r ≥ 0.8 and Cohen’s d ≥ 2. 

 

5.3 Results 

5.3.1 Mesh Convergence 

 The convergence analysis demonstrated that the finite element solution converged for a 

mesh with an average element volume of 0.88 mm3. The other two knee models were then 

discretized to have a similar element volume. The average element volumes of the other two 

models were 0.55 and 0.30 mm3. The average element count for the models was approximately 

32,000 elements. 

 

5.3.2 Monte Carlo Simulation 

 On average, the three knee models were able to represent 39% of the 300 simulations for 

all outcomes. Mean hoop stress in the meniscus midbody was bound at probabilities of 0.34 and 

0.84, for a predicted outcome probability of 50% (Figure 5.1). Total contact area on medial 

meniscus surface was bound at probabilities of 0.1 and 0.24, for a predicted outcome probability 

of 14%. Mean hoop stress in the anteromedial meniscal insertion was bound at probabilities of 0.3 
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and 0.82, for a predicted outcome probability of 52%. Mean contact pressure was bound at 

probabilities of 0.75 and 0.99, for a predicted outcome probability of 24%. Peak contact pressure 

was bound at probabilities of 0.6 and 0.95, for a predicted outcome probability of 35%. Total 

contact area on the medial surface of the tibial plateau was bound at probabilities of 0.03 and 0.49, 

for a predicted outcome probability of 46%. The cartilage-cartilage contact area was bound at 

probabilities of 0.13 and 0.62, for a predicted outcome probability of 49%. 

 

Figure 5.1 – Example of cumulative density functions calculated from Monte Carlo simulations. 
Mean hoop stress of the medial meniscus midbody is shown to be bound at a probability of 0.34 
by knee 3 (red line) and at 0.84 by knee 1 (yellow line), for a predicted outcome probability of 
50%. 
 

5.3.3 Medial Meniscus Hoop Stress 

 The mean hoop stress measured at the midbody of the medial meniscus decreased for 

anatomic and all nonanatomic repairs with respect to intact (Figure 5.2). Meniscal hoop stress at 

60° flexion and a 1,000 N load significantly decreased when placed 3 and 5 mm posterior (p = 

0.006; p = 0.002), 5 mm posterolateral (p = 0.004), and 5 mm posteromedial (p = 0.007). The 

meniscal hoop stress changed similarly at 30° flexion with a 1,000 N, where there were significant 
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decreases when repairs were placed further posterior from the anatomic center (Appendix A.1). 

There were no significant decreases at 30° or 60° flexion with a 500 N load (Appendix A.2). At 

0° flexion, anatomic and all nonanatomic repairs significantly decreased with a 1,000 N load. All 

repairs except for the 5 mm anterior repair significantly decreased the mean hoop stress in the 

midbody of the medial meniscus for 0° flexion with a 500 N load. 

 

Figure 5.2 – Percent changes to the mean hoop stress of the medial meniscus with respect to intact 
for anatomic and nonanatomic repairs. 
 

 Mean hoop stress within the anteromedial meniscal insertion were similar to changes 

within the meniscus midbody (Appendix A.3). Repairs placed 5 mm posterior resulted in the 

largest decreases to meniscal hoop stress, while repairs placed 5 mm anterior best restored hoop 

stresses to intact values (Figure 5.3). There were no significant changes to the meniscal hoop stress 

with respect to intact at any of the flexion angles with a 500 N load (Appendix A.4). 
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Figure 5.3 – Percent changes to mean hoop stress of the anteromedial meniscal insertion with 
respect to intact for anatomic and nonanatomic repairs. 
 

5.3.4 Tibial Cartilage Contact Pressures 

Mean contact pressure significantly decreased for the anatomic repair and all nonanatomic 

repairs with respect to intact at 30° flexion only (Appendix A.5 and A.6). There were no significant 

differences for either the 1,000 N or the 500 N load at 0° flexion and 60° flexion. Despite the lack 

of statistical significance, the percent decrease in mean contact pressure at 60° flexion was similar 

to the knees at 30° flexion. The greatest decrease in mean contact pressure for all flexion angles 

occurred when repairs were placed further posterior (Figure 5.4). Repairs placed 5 mm anterior or 

5 mm anteromedial were the best at restoring mean contact pressure to normal on the medial 

surface of the tibial articular cartilage. At 0° flexion, the mean contact pressure is nearly restored 

on average for all anatomic and nonanatomic repairs. 
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Figure 5.4 – Percent changes to mean contact pressure with respect to intact on medial surface of 
tibial articular cartilage for anatomic and nonanatomic repairs. 
 

The peak contact pressure on the medial surface of the tibial plateau did not significantly 

change for anatomic or any nonanatomic repairs at either loading condition (Appendix A.7 and 

A.8). Even though the results were not significant, all repairs assessed resulted in a mean increase 

to the peak contact pressure (Figure 5.5). Repairs placed further posterior from the anatomic center 

resulted in larger increases to the peak contact pressure. For both loading conditions at 30° flexion, 

the average changes in peak contact pressure were much greater than at 0° or 60° flexion. 
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Figure 5.5 – Percent changes to peak contact pressure with respect to intact on medial surface of 
tibial articular cartilage for anatomic and nonanatomic repairs. 
 

5.3.5 Cartilage and Meniscus Contact Areas 

 Anatomic and all nonanatomic repairs resulted in no significant changes to the total contact 

area on the medial surface of the tibial plateau at 30° and 60° flexion (Appendix A.9 and A.10). 

The largest percent decrease in contact area was -7% ± 2% from the 5 mm posterolateral repair at 

30° flexion and 1,000 N load, and the largest increase was 4% ± 8% from the 5 mm medial repair 

at 30° and 60° flexion with a 500 N load (Figure 5.6). On average, repairs nearly restored the total 

contact area at flexion angles of 30° and 60°. However, at 0° flexion, the average contact area 

decreased by at least 11% for anatomic and nonanatomic repairs (Figure 5.6). The only significant 

decreases were with a 1,000 N load at 0° flexion for all repairs other than the repairs placed 3 mm 

anterior, 5 mm anterior, 3 mm anteromedial, and 5 mm anteromedial. Therefore, repairs placed 

more posteriorly or more laterally resulted in a significant decrease in total contact area (p < 0.04). 
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Figure 5.6 – Percent changes of the total contact area on the medial surface of tibial articular 
cartilage for anatomic and nonanatomic repairs with respect to the intact condition. 
 

 Although the total contact area resulted in few significant changes from intact, the 

cartilage-cartilage contact area significantly increased for anatomic and many nonanatomic repairs 

at most of the assessed loading conditions (Figure 5.7). At 60° flexion, there was a significant 

increase in the amount of cartilage-cartilage contact for all repairs with a 1,000 N load except for 

repairs placed 5 mm medial (p = 0.051) (Appendix A.11). The maximum increase in cartilage-

cartilage contact at 60° flexion was 22% ± 5% (p = 0.01) at 5 mm posterolateral and 27% ± 5% (p 

= 0.01) at 5 mm posterior with 1,000 N and 500 N loads, respectively. At 30° flexion, the percent 

changes from intact were larger on average than at 60° flexion with increases of 46% ± 10% (p = 

0.02) and 74% ± 27% (p = 0.04) for repairs 5 mm posterior to anatomic with 1,000 N and 500 N, 

respectively. The large standard deviations of results for repairs at 30° flexion prevented any 

significant changes with the 500 N load (Appendix A.12). Anatomic and all nonanatomic repairs 
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except the repairs 5 mm anterior and 5 mm anteromedial resulted in significant increases in 

cartilage-cartilage contact area at 0° flexion for both the 1,000 N and 500 N loads (p < 0.04). 

 

Figure 5.7 – Percent changes of the cartilage-cartilage contact area on the medial surface of tibial 
articular cartilage for anatomic and nonanatomic repairs with respect to the intact condition. 
 

The total area of contact with the medial meniscus from the tibial and femoral cartilage 

significantly decreased for all repairs at 30° and 60° flexion (Appendix A.13 and A.14). The largest 

decreases to the meniscal congruency within the joint resulted from repairs 5 mm posterior for 

both loads at these flexion angles (p < 0.04). Repairs placed 5 mm anteromedial were the most 

restorative; however, they still resulted in a significant decrease to meniscal congruency (Figure 

5.8). At 0° flexion, total contact area on the medial meniscus surface decreased for all repairs but 

none were significant except the repair 5 mm posterior with a 500 N load. 
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Figure 5.8 – Percent changes to total contact area of the medial meniscus with respect to intact for 
anatomic and nonanatomic repairs. 
 

5.3.6 Meniscal Extrusion 

 Extrusion of the meniscus measured at the anterior root and midbody of the medial 

meniscus did not result in any significant changes, with mean extrusion less than 0.1 mm. For 

repairs of the posteromedial meniscal root tear, most extrusion resulted from the posterior root of 

the medial meniscus. Anatomic repairs at all flexion angles ranged from around 0.2-0.6 mm of 

extrusion following tibiofemoral compression of 1,000 N and 500 N (Figure 5.9). Meniscal 

extrusion with anatomic repairs significantly increased at 60° flexion with a 1,000 N load (p = 

0.02) and a 500 N load (p = 0.02) and did not significantly change at lower flexion angles. The 

greatest increase in meniscal extrusion at 60° flexion resulted from a 5 mm posterior repair with 

1.1 ± 0.2 mm (p = 0.009), and the 5 mm anterior repair best restored the meniscus extrusion with 

0.4 ± 0.2 mm (p = 0.11) (Figure 5.9). There were no significant changes to extrusion at 30° flexion, 

but extrusion followed a similar trend to results at 60° flexion where repairs placed further 
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posterior resulted in more extrusion and anterior repairs reduced extrusion (Appendix A.15 and 

A.16). At 0° flexion, anatomic and all nonanatomic repairs did not significantly change and were 

all near the same mean value of 0.4 mm and 0.2 mm from the 1,000 N and 500 N loads, 

respectively. 

 

Figure 5.9 – Increases in meniscal extrusion measured at the posterior portion of the medial 
meniscus. * denotes statistical significance of increases greater than zero. 5A = 5 mm anterior 
repair; 5P = 5 mm posterior repair 
 

5.3.7 Repair Tension 

 Repair tension did not significantly change for nonanatomic repairs with respect to 

anatomic repairs at any flexion angle or tibiofemoral load assessed (Appendix A.17 and A.18). 

Despite this, the repair tension increased when repairs were placed further anterior or medial and 

decreased when repairs were placed further posterior or lateral at 30° and 60° flexion (Figure 5.10). 

At these flexion angles, there were average increases of at least 16% when repairs were placed 5 

mm anteromedial and average decreases of at least 10% when repairs were placed 5 mm posterior 

and 5 mm posterolateral. At 0° flexion, the nonanatomic repairs were all within 3% of the anatomic 

repair tension. 
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Figure 5.10 – Percent changes to nonanatomic root repair tension with respect to anatomic root 
repairs. 
 

5.4 Discussion 

This study demonstrated that suture placement plays an important role in creating meniscal 

root repairs to restore knee mechanics. In general, repairs placed further anterior were better at 

restoring knee mechanics to normal while posteriorly placed repairs resulted in the greatest 

changes to cartilage and meniscus mechanics. Anatomic repairs were able to nearly restore the 

total contact area and contact pressures, as has been demonstrated in previous studies; however, 

the present study revealed that anatomic repairs do not completely restore other important changes 

to the tibiofemoral joint that have not been previously evaluated. 

 A major finding of the present study was that anatomic repairs were unable to completely 

restore meniscal hoop stresses to normal for all loading conditions. This means that the clinical 

standard of meniscal root repairs was unable to restore the ability for menisci to transmit transtibial 

loads into hoop stresses, resulting in more load through the articular cartilage. Additionally, the 
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mean hoop stress within the menisci significantly decreased for repairs placed further posterior 

and resulted in large decreases for all other nonanatomic repair placement. Anterior repairs were 

the best at restoring load transmission through the menisci; however, they were still unable to 

completely restore meniscal hoop stresses. This result is important because it demonstrates the 

insufficient mechanical properties of current meniscal root repairs, which has also been noted in 

previous studies.35,51 No previous study has directly compared tension in the intact meniscus to 

tension in the meniscal root repair with identical loads; however, some studies have compared 

their mechanical characteristics. Kopf et al. demonstrated that suture repairs were unable to 

replicate the ultimate tensile strength of intact meniscal insertions.35 Rosslenbroich et al. 

demonstrated that the stiffness of the native meniscal insertion was not significantly different than 

the two-simple-suture technique; however, the suture repair on average was less stiff.51 In the 

present study, there were only statistical significant decreases in the meniscal hoop stress for 

repairs placed further posterior with respect to the anatomic center. These repairs are not positioned 

well enough to restore hoop stresses. The results of the anatomic and anteriorly placed repairs 

agree with the results of Rosslenbroich et al. because these repairs were not significantly different 

than anatomic repairs but did not completely restore hoop stresses because the repairs are slightly 

less stiff than the native meniscal insertion.51 

 The changes to contact area on the medial surface of the tibial plateau demonstrates how 

information previously gathered about root repairs may be misleading. In the present study, 

anatomic repairs were shown to nearly restore the total contact area at all flexion angles and both 

loads assessed. In previous cadaveric studies, anatomic repairs have also been shown to restore the 

total contact area on the tibial plateau;5,39,47 however, these studies were unable to distinguish 

between cartilage-meniscus contact or cartilage-cartilage contact. Using finite element analysis, 
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the present study was able to measure cartilage-meniscus contact and cartilage-cartilage contact 

separately. Even though meniscal root repairs have been shown to nearly restore total contact area 

within the joint in the present study and in previous experimental studies, there is a significant 

increase in the contact area between the femoral and tibial articular cartilage for most repairs 

assessed. This is further explained when considering the total contact area measured on the surface 

of the medial meniscus. The total contact of the medial meniscus with the femoral and tibial 

cartilage significantly decreased for anatomic and nearly all nonanatomic repairs. These results 

suggest that current root repairs may cause the menisci to be less congruent with the tibia and 

femur. This decrease in congruency then leads to the increase in cartilage-cartilage contact to 

compensate for the meniscus. This is important because the restoration of total contact area may 

mislead clinicians into thinking that loads are also being properly distributed between the meniscus 

and cartilage, when the present study demonstrates that the articular cartilage is being overloaded 

due to the meniscal repair. 

 On average, all repairs resulted in an increase in extrusion from the joint with respect to 

the native meniscus. Anatomic repairs ranged from 0.2-0.6 mm of extrusion that occurred purely 

from creation of the repair. While there was only a significant increase with an anatomic repair at 

60° flexion, this data still suggests that anatomic repairs are unable to eliminate extrusion entirely. 

Additionally, repairs placed 5 mm posterior from the anatomic center of the meniscal insertion 

resulted in a significant increase of around 1 mm of extrusion. Repairs placed further anterior were 

able to reduce the amount of meniscal extrusion below 0.5 mm. These results demonstrate that 

suture placement is important to prevent unnecessary extrusion from occurring, and demonstrate 

how a small variance in placement can create significant extrusion. A previous study showed that 

ACL guides or root repair-specific guides for creating transtibial tunnels may be misplaced away 
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from the anatomic center by approximately 3 to 5 mm.26 , whereby making patients susceptible to 

meniscal extrusion due to misplacement of repairs. Previous follow-up studies have shown that 

meniscal extrusion may increase postoperatively;24 therefore, it is important to minimize extrusion 

due to the surgical procedure to not encourage even greater extrusion. 

 Large increases in peak contact pressure occurred for all repairs at 30° of flexion. 

Additionally, the results suggest that repairs placed further posterior result in greater increases of 

the peak contact pressure on the tibial cartilage surface. Previous studies have demonstrated that 

peak contact pressure significantly increase with meniscal root tears.5,39,47 which could cause 

changes in  meniscal congruency whereby rendering the menisci less able to protect the underlying 

cartilage in the long-term. Mean contact pressure also did not significantly change for most 

conditions assessed, except at 30° of flexion. For the other two flexion angles assessed, there was 

again not a large enough effect due to repair placement to detect a statistical difference with only 

three samples. Repairs placed 5 mm anterior and 5 mm anteromedial were the best at restoring the 

mean contact pressure to normal, while repairs placed posteriorly 5 mm away from anatomic 

resulted in the greatest decreases in mean contact pressure. These results suggest that anteriorly 

placed repairs are best at restoring contact pressures to normal. Previous experimental studies have 

demonstrated that mean contact pressure increases with meniscal root repairs.5,39,47 When repairs 

were created in the present study, the pressure within any location on the medial tibial cartilage 

mostly decreased while the pressure in a small area increased. The calculation of mean contact 

pressure within the finite element models accounted for the entire tibial surface, whereas pressure 

sensor used experimentally are limited to a predefined area on the plateau surface. This may 

explain the decrease in mean contact pressure within the models instead of the increase 

demonstrated in cadaveric experiments. 
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 At higher degrees of flexion, repairs placed further anterior and medial increased the repair 

tension and repairs placed further posterior and lateral decreased the repair tension with respect to 

the anatomic repair. These results suggest that repairs placed further anterior and medial increase 

the risk for suture cut-out through the meniscal root or potential failure of the repair. The ultimate 

failure load of repairs has been shown to be much lower than the native meniscal insertion.35 By 

increasing the tension seen in repairs due to placement, the repairs may reach the ultimate failure 

load from lower tibiofemoral loads than with repairs placed further posterior. Additionally, 

loosening of repairs has been demonstrated to occur because of suture cut-out from repetitive loads 

simulating rehabilitation as seen in Chapter 4. An increase in repair tension would ultimately result 

to a progression of meniscal extrusion postoperatively, which has been demonstrated to occur 

clinically.24 

Repairs placed further anterior were the best at restoring all outcomes of cartilage contact 

and meniscus mechanics to the intact condition. These results together suggest that anterior 

placement of repairs helps to restore knee mechanics; however, conservative rehabilitation should 

be recommended to prevent suture cut-out or repair failure due to the resultant increase in repair 

tension. A previous biomechanical experiment has evaluated changes in tension when the intact 

meniscal insertion was placed 3 mm medial and 3 mm lateral. Starke et al. demonstrated that 

medial placement of the intact meniscal insertion resulted in a decrease in tension because the 

meniscus ring became wider, and lateral placement resulted in an increase in tension.54 In the 

present study, medial placement of sutures in meniscal root repairs resulted in an increase in 

tension and lateral placement resulted in a decrease in tension. This apparent disagreement may be 

explained by the difference between placement of the intact meniscal insertion or the meniscal root 

repair sutures. When the intact meniscal insertion is moved medially 3 mm, for example, the body 
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of the meniscus is also moved medially resulting in a wider meniscal ring. When the repair sutures 

were moved medially 3 mm in the present study, the medial meniscus remained in its native 

position as recommended for root repairs.8 Therefore, repairs placed medially did not widen the 

meniscal ring. Instead, they shortened the length of sutures and limited the mobility of the 

meniscus during compress, resulting in increased tension. 

This study is not without some limitations that should be considered when interpreting the 

results. Because of the small number of finite element models used to assess repair placement (N 

= 3), this study is unable to completely distinguish all significant changes that may occur with 

different placement for certain. Despite this, the results presented were sufficient to detect 

significance for large changes that occur with different placement of meniscal root repairs and 

provide a better idea of how knee mechanics change with respect to position.  The critical p-values 

were adjusted using a Benjamini-Hochberg correction for the 25 repair positions at each flexion 

angle and load to mitigate the risk of reporting a false positive result of significance. Additionally, 

this study does not consider any effects that may change results due to healing, or any negative 

effects that may occur with repair loosening. Therefore, the results of this study only consider 

effects due to misplacement of root repairs. Suture placement in the present study is also idealized 

with respect to clinical root repairs. When sutures are passed through tunnels, or secured to a bone 

screw, at the anatomic center of the injured meniscal insertion clinically, the sutures may not 

exactly be in the most anatomic position. For example, the diameter of tunnels used for transtibial 

pull-out root repairs may range from 2.4 mm to 4.5 mm in diameter.26,41 Therefore, if the center of 

the created tunnel matches the anatomic center of the meniscal insertion, the sutures will be pulled 

further away from the center with a larger tunnel during joint loading. For suture anchor repairs, 

the sutures will be secured to the edge of the bone screw diameter resulting a similar position of 
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the sutures away from the true anatomic center. Therefore, the anatomic placement in this study 

may not be directly compared to an anatomic repair created clinically and should be considered 

when interpreting the results. 

 

5.5 Conclusion 

The results of this study suggest that placement is important for successful meniscal root 

repairs and demonstrates that anterior misplacement of repairs best restored cartilage and meniscus 

mechanics. Conservative rehabilitation is recommended for patients to help mitigate the risk of 

suture cut-out or repair failure since anterior repairs increased tension. Additionally, surgeons 

should take care not to place repairs posteriorly as this placement resulted in the significant 

changes to knee mechanics and significant extrusion to occur. Anatomic and most nonanatomic 

repairs resulted in significant increases in the cartilage-cartilage contact and significant decreases 

in meniscal hoop stress indicating that the mechanical properties of repairs need to be improved to 

better restore load transmission through the meniscus and away from the articular cartilage. Future 

work should also focus on improving the accuracy of repair placement, because the results 

demonstrated that small misplacement of current repairs results in significant alterations to 

cartilage and meniscus mechanics.  
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CHAPTER 6: 

LOOSENING OF POSTEROMEDIAL MENISCAL ROOT REPAIRS SIGNIFICANTLY 

ALTERS KNEE MECHANICS: A FINITE ELEMENT STUDY 

 
 
6.1 Introduction 

Meniscal root tears are harmful to knee health as they result in loading patterns similar to 

total meniscectomies, leading to progressive meniscal extrusion and worsening arthritis.5,29,30 

Therefore, meniscal root repair techniques have been developed to restore knee mechanics and 

prevent degeneration from these tears.3,4 Cadaveric biomechanical studies have concluded that 

meniscal root repairs nearly restore cartilage contact mechanics;5,31,36 however, these studies are 

evaluating their function immediately after repairs were created. Follow-up clinical studies 

demonstrate that meniscal extrusion is still present postoperatively and that cartilage degeneration 

is not always prevented.20,27,28,35 These studies suggest that something may prevent meniscal root 

repairs from being as effective as they are shown to be when initially created. 

 A possible explanation for this change in repair function over time is repair loosening. 

Previous biomechanical studies have demonstrated that displacement progressively increases in 

meniscal root repairs with further cyclic loading.13,32,42 Also, the most recent of these studies 

demonstrated that repairs do not completely recover from this cyclic loading.42 This suggests that 

repair displacement may not only be a result of the viscoelastic nature of meniscal tissue, it may 

also be due to permanent displacement resulting from cyclic loading whereby the initial position 

of the meniscus during repair is not retained. 

 Although these studies have demonstrated that displacement occurs and that a portion of 

this displacement is unrecoverable loosening of repairs, prior studies have not evaluated how the 
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resultant loosening affects knee mechanics because such experimental procedures are destructive 

to the menisci.13,32,42 Therefore, little is known about how repair loosening alters overall knee joint 

behavior. One experimental study in porcine limbs has shown that cartilage deformation after 

meniscal root repairs increases compared to the intact condition after only 50 cycles of 

compression.37 This study suggests that repair loosening may have a significant effect on knee 

mechanics, but the information is limited to deformation of cartilage at a single location. Repair 

misplacement has also been demonstrated to occur clinically and to significantly affect knee 

mechanics;22,43 thus, the effect of loosening with anatomic and nonanatomic placement needs to 

be better understood. 

The purpose of this study was to determine the effect of loosening on cartilage contact and 

meniscus mechanics for anatomic and nonanatomic repairs. It is hypothesized that loosened 

anatomic repairs will result in significant changes to cartilage contact or meniscus mechanics with 

respect to the intact condition. Additionally, it is hypothesized that none of the nonanatomic repairs 

will completely restore knee mechanics, but nonanatomic repairs placed further anterior will be 

the most restorative. 

 

6.2 Methods 

6.2.1 Model Simulations 

 Three finite element knee models were created as previously described in Chapter 5 and 

used to evaluate changes to cartilage and meniscus mechanics with loosened meniscal root repairs. 

Briefly, the models were generated from open-source image datasets and all knee specimens were 

imaged at 0° flexion.7,11,17,18,19,34,43 An open-source segmentation software was used to isolate 

tibiofemoral articular cartilage and menisci, and commercial meshing software was used to 
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generate hexahedral meshes for all tissues components. A mesh convergence study was performed 

to determine appropriate mesh density and Monte Carlo simulations demonstrated that the three 

models represented 39% of possible material property variations.43  

Material properties were taken from previously validated, finite element knee models for 

tibiofemoral compression.12,26 The interface of bone with articular cartilage and the meniscal 

insertions were modeled as rigid as this has a minimal effect on contact solutions when evaluating 

quasi-static tibiofemoral compression.25 Articular cartilage was modeled as homogenous, linearly 

elastic, isotropic materials with a modulus of 15 MPa and Poisson’s ratio of 0.475 to maintain the 

nearly incompressible behavior during short loading times.6,16,39 The body of the menisci were 

modeled as homogeneous, linearly elastic, transversely isotropic materials.12,21,26,40,44,45 In the 

collagen fiber direction of the menisci, the modulus was defined as 150 MPa and Poisson’s ratio 

as 0.3. In the transverse plane, the elastic modulus was defined as 20 MPa, Poisson’s ratio as 0.2, 

and shear modulus as 57.3 MPa. The time dependence due to viscoelasticity of menisci was not 

considered with the quasi-static analysis. Meniscal insertions were modeled similarly to the 

meniscal bodies, with the exception that the in-plane elastic modulus was 10 MPa.1,2,24 Ligaments 

were modeled as tension-only, nonlinear spring elements with their stiffness dependent upon initial 

strains at full extension and the reference length of ligament bundles identified in the image 

datasets.9,10,23,26,43,46 

The general-purpose finite element code, ABAQUS (Dassault Systèmes Simulia Corp., 

Johnston, RI), was used to approximate contact solutions for a quasi-static analysis using the 

implicit solver. Hard, frictionless contact was modeled for the six contact-surface pairs in each 

model, which included contact of femoral cartilage with the meniscus body/insertions, tibial 
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cartilage with the meniscus body/insertions, and femoral cartilage with tibial cartilage for both the 

lateral and medial hemijoints. 

Simulations of tibiofemoral compression were designed to assess rehabilitation and return-

to-activity loading.8,13,41 Rehabilitative loading consisted of a 500 N compressive load with knee 

flexion at 0°, 30°, and 60° flexion. This was used to represent standard range of motion and toe-

touch weight-bearing protocols typical of 6-week postoperative rehabilitation following meniscal 

root repairs. Return-to-activity loading consisted of a 1,000 N compressive load with knee flexion 

at 0°, 30°, and 60° flexion. Simulations of these six loading scenarios were evaluated in the intact 

condition and compared to various loosened posteromedial root repairs. Specimen-specific joint 

kinematics were implemented for two models and average joint kinematics from a sample 

population were implemented into the third model as a general case to simulate the different angles 

of knee flexion.19,43 

Loosened repairs require a greater change in displacement to reach a target tensile load.42 

To simulate this within the finite element knee models, repair loosening was represented as a 

decrease in suture element stiffness. Equation 1 was used to calculate the loosened stiffness of 

repairs, 𝑘  . 

 𝑘  =
(∆ ∆ )

 (1) 

where 𝐹 is the total tensile force of the suture elements during simulation of joint compression, ∆𝑥 

is the change in length of the suture elements during simulation of joint compression, and ∆𝑥  is 

the change in length of repairs due to repair loosening. The tension and change in length of the 

sutures represent the variables of the first cycle of compression when no repair loosening has 

occurred, and these values were taken from each previous repair simulations without loosening.42 

Loosening was represented by the average change in repair length experimentally determined after 
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10,000 loading cycles and 30 minutes of rest, where ∆𝑥  = 1.59 mm.42 This represents the amount 

of repair displacement that does not recover after rest. The value for the loosened repair stiffness 

was individually calculated for each condition to incorporate the appropriate tension seen by the 

various repairs in all conditions. 

The finite element knee models were previously developed to assess nonanatomic repairs 

around the anatomic center of the meniscal insertion;43 therefore, only anatomic and nonanatomic 

placement of repairs with the incorporation of loosening were evaluated in this study. Anatomic 

coordinates were modified to account for the slope of the posteromedial meniscal insertion. The 

anatomic center was calculated as the centroid of the posteromedial meniscal insertion area. The 

anterior-posterior axis was defined by connecting the most anterior point of the meniscal insertion 

site and the most posterior point and the medial-lateral axis was perpendicular to the anterior-

posterior axis. Along the modified anatomic coordinates, repair positions assessed included 

locations anterior, posterior, medial, lateral, anteromedial, anterolateral, posteromedial, and 

posterolateral from the anatomic center by 1 mm, 3 mm, and 5 mm. 

 

6.2.2 Outcome Variables 

The mean hoop stress, defined as the mean Cauchy stress, was measured at the midbody 

of the medial meniscus and the midportion of the anteromedial meniscal insertion in the direction 

of the collagen fiber orientation. Total contact area, cartilage-cartilage contact area, and peak 

contact pressure on the medial surface of the tibial articular cartilage were recorded to assess 

cartilage contact mechanics. The total contact area of the tibial and femoral cartilage surfaces with 

the medial meniscus was also measured to assess congruency within the joint. Meniscal extrusion 

was measured as the distance between the outer edge of the medial meniscus and the medial edge 
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of the tibial articular cartilage in the medial-lateral direction of the tibia. Extrusion was measured 

at three locations on the medial meniscus – the anterior root, the central portion of the meniscus, 

and posterior root. 

 

6.2.3 Statistical Analysis 

Differences between loosened repairs and intact are presented as percent changes. Paired-

samples t tests were performed to determine if percent changes were significantly different than 

zero. The Benjamini-Hochberg correction method was performed to adjust the familywise error 

rate to ensure the significance level, α, was 0.05. Statistical comparisons of paired data with N = 

3 has been shown to be sufficiently powered (> 80%) if there is a strong within-pairs correlation 

(r ≥ 0.8) and a large effect size (Cohen’s d ≥ 2).15 Therefore, significant results were only reported 

if r ≥ 0.8 and Cohen’s d ≥ 2. 

 

6.3 Results 

6.3.1 Medial Meniscus Hoop Stress 

With all loading scenarios, the mean hoop stress of the medial meniscus midbody 

significantly decreased for anatomic and all nonanatomic repairs with respect to intact (p < 0.02 

for all repairs). At 0° flexion, all loosened repairs resulted in decreases greater than 50% for 

meniscal hoop stress (Appendix B.1 and B.2). Anterior placement of loosened repairs resulted in 

less pronounced changes at 30° and 60° flexion (Figure 6.1) The minimum decrease in meniscal 

hoop stress was 25% ± 5% for a loosened 5 mm anterior repair with the knee at 60° flexion and a 

500 N compressive load. 
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Figure 6.1 – Percent changes to the mean hoop stress of the medial meniscus with respect to intact 
for anatomic and nonanatomic repairs. 
 

The mean hoop stress within the anteromedial meniscal insertion also significantly 

decreased for all repairs (p < 0.03). Similarly, hoop stresses decreased by at least 60% on average 

with compression at 0° flexion (Appendix B.3 and B.4). Loosened repairs at 30° and 60° flexion 

resulted in at least 27% decreases on average in hoop stress with 5 mm anterior repairs (Figure 

6.2). Posterior placement of loosened repairs resulted in decreases in hoop stress around 50%. The 

amount of compressive load did not affect changes to meniscal hoop stresses with respect to intact 

at any flexion angle. 
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Figure 6.2 – Percent changes to mean hoop stress of the anteromedial meniscal insertion with 
respect to intact for anatomic and nonanatomic repairs. 
 

6.3.2 Cartilage and Meniscus Contact Areas 

The total contact area significantly decreased by at least 23% for all loosened repairs at 0° 

flexion (p < 0.03). At 30° and 60° flexion, decreases in total contact were determined for anatomic 

and all nonanatomic repairs but were less prominent than at 0° flexion (Figure 6.3). With the 1,000 

N compressive load at 30° flexion, all repairs resulted in a significant decrease except the 5 mm 

anteromedial and the 5 mm medial repairs (Appendix B.5). The 5 mm posterior repair resulted in 

the greatest significant decrease at 30° flexion of 18% ± 1%. There were no significant changes at 

30° flexion with the 500 N compressive load (Appendix B.6). Additionally, there were no 

significant changes to the total contact area at 60° flexion. Despite this, total contact area at 60° 

flexion followed a similar trend as with compression at 30° flexion where the 5 mm posterior repair 

resulted in the greatest decrease and the 5 mm anteromedial repair resulted in the smallest decrease 

(Figure 6.3). 
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Figure 6.3 – Percent changes of the total contact area on the medial surface of tibial articular 
cartilage for anatomic and nonanatomic repairs with respect to the intact condition. 
 

Despite the overall decrease in total contact area, the cartilage-cartilage contact area 

significantly increased for loosened anatomic and all loosened nonanatomic repairs with all 

loading scenarios except with knee flexion at 30° flexion and a 500 N compressive load (Figure 

6.4). The largest increases in cartilage-cartilage contact area with respect to the intact condition 

occurred at 30° flexion with a 500 N load; however, the variability in the amount of increases 

resulted in these changes not being significant (Appendix B.7 and B.8). In general, the further 

posterior repairs resulted in the greatest average increase in cartilage-cartilage contact area. 

Loosened repairs placed 5 mm anteromedial were able to restore the cartilage-cartilage contact 

area to intact the best at 60° flexion; however, significant increases of 24% ± 7 % and 29% ± 7% 

still occurred with 1,000 N and 500 N compressive loads, respectively. 
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Figure 6.4 – Percent changes of the cartilage-cartilage contact area on the medial surface of tibial 
articular cartilage for anatomic and nonanatomic repairs with respect to the intact condition. 
 

The total contact area of the medial meniscus with the femoral and tibial articular cartilage 

significantly decreased for all loosened repairs in all loading scenarios except for the 5 mm anterior 

repair with a 500 N compressive load and the knee in full extension (Appendix B.9 and B.10). 

Loosening caused the congruency of the medial meniscus with the articular cartilage surfaces to 

decrease by around 50% on average for all repairs at 0° flexion and for further posteriorly placed 

repairs at 30° and 60° flexion (Figure 6.5). Repairs placed further anterior or anteromedial were 

the best at compensating for loosening; however, they still resulted in significant decreases to 

meniscal contact area with the cartilage surfaces. 
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Figure 6.5 – Percent changes to total contact area of the medial meniscus with respect to intact for 
anatomic and nonanatomic repairs. 
 

6.3.3 Tibial Cartilage Contact Pressure 

There were no significant changes to peak contact pressure on the medial surface of the 

tibial articular cartilage, although all anatomic and nonanatomic repairs resulted in average 

increases (Appendix B.11 and B.12). The largest average increases to peak contact pressure 

occurred with knee compression at 30° flexion (Figure 6.6). At 0° and 60° flexion, the average 

increase of peak contact pressure was around 10% for all repairs. 
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Figure 6.6 – Percent changes to peak contact pressure with respect to intact on medial surface of 
tibial articular cartilage for anatomic and nonanatomic repairs. 
 

6.3.4 Meniscal Extrusion 

Loosened repairs of the posteromedial meniscal root resulted in significant increases to the 

amount of meniscal extrusion with respect to the intact meniscus (Appendix B.13 and B14). At 0° 

and 60° flexion, loosened anatomic and all loosened nonanatomic repairs resulted in significant 

increases (p < 0.05). Loosened anatomic repairs resulted in significant increases in extrusion with 

respect to intact of 0.7 mm ± 0.2 mm, 1.3 mm ± 0.4 mm, and 1.3 mm ± 0.2 mm when the knee 

was at 0°, 30°, and 60° flexion with a compressive load of 1,000 N, respectively (Figure 6.7). 

Similarly, loosened anatomic repairs resulted in significant extrusion of 0.6 mm ± 0.2 mm, 1.1 mm 

± 0.4 mm, and 1.2 mm ± 0.1 mm when the knee was at 0°, 30°, and 60° flexion with a compressive 

load of 500 N, respectively (Figure 6.7). The anatomic and repairs placed posteriorly resulted in 

significant increases at 30° flexion; however, increases resulting from loosened repairs placed 3 

mm and 5 mm anterior, anterolateral, and anteromedial were not significant. The most extrusion 
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occurred with loosened 5 mm posterior repairs at 30 and 60 flexion which was around 2 mm at a 

1,000 N compressive load (Figure 6.7). There were no significant changes to meniscal extrusion 

near the anterior root or the central portion of the medial meniscus. 

 

Figure 6.7 – Increases in meniscal extrusion measured near the posterior root of the medial 
meniscus. * denotes statistical significance of increases greater than zero. 5A = 5 mm anterior 
repair; 5P = 5 mm posterior repair 
 

6.4 Discussion 

The results of this study demonstrate that loosening of meniscal root repairs has a 

considerable effect on both cartilage and meniscus mechanics. At all flexion angles and all loads 

assessed, loosened anatomic repairs were unable to restore mechanics to intact. Additionally, 

nonanatomic repairs were unable to compensate for the changes resulting from repair loosening. 

Repairs misplaced posteriorly caused a greater change in knee mechanics than anatomic or anterior 

repairs. Repairs misplaced anteriorly were able to reduce resultant changes and better restore knee 

mechanics; however, many outcomes still significantly changed with respect to intact. 

Meniscal hoop stresses measured for anatomic and all nonanatomic repairs resulted in 

significant decreases with all loading scenarios. At 0° flexion and with repairs misplaced 

posteriorly, the load transmission through the meniscus was reduced by around 50%. Repairs 
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misplaced anteriorly were best at restoring load transmission; however, they still resulted in 

significant decreases of at least 25%. These results demonstrate that loosening of meniscal root 

repairs caused the meniscus to be less effective in transmitting compressive loads; therefore, a 

larger portion of the tibiofemoral load is dispersed directly through the articular cartilage. Röpke 

et al. demonstrated that cartilage deformed more with cyclic loading when compared to 

deformation with the meniscus intact.37 The increase in cartilage deformation with repairs may 

suggest that load transmission through the menisci decreased and more load was taken up through 

the articular cartilage. The present study represents mechanics after loosening has already occurred 

instead of the progressive change that would occur as repairs gradually loosen. However, the 

results of Röpke et al. help to confirm that meniscal hoop stress decrease with further loosening. 

 Overall, the total contact area on the medial surface of the tibial plateau decreased with 

significant changes occurring at full extension and with repairs placed posteriorly. In addition to 

this, the cartilage-cartilage contact area significantly increased for anatomic and all nonanatomic 

repairs at most loading conditions. Previous studies in cadavers and finite element knee models 

demonstrated that total contact area was nearly restored to intact immediately after repairs were 

created.5,31,36 The results of the present study suggest that as repairs loosen, the total contact area 

begins to decrease so that these nearly restorative repairs are no longer restoring the contact. 

Assessment of repair placement demonstrated that although total contact area was nearly restored, 

the amount of cartilage-cartilage contact area significantly increased.43 Therefore, the 

measurement of total contact area may be misleading because the cartilage-cartilage contact area 

is compensating for the decrease in contact of the meniscus. In the present study, loosened repairs 

demonstrated greater increases in cartilage-cartilage contact area than with placement alone. 
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Despite significant decreases in load transmission through the menisci and increases to 

cartilage-cartilage contact, the peak contact pressure on the medial surface of the tibial plateau did 

not significantly change for any loading conditions. For all loosened repairs assessed, the average 

peak contact pressure increased but the effect was not large enough to detect significance in this 

study. Since a significant portion of the tibiofemoral load was not transmitted by the menisci into 

hoop stresses, a greater portion of the compressive load was directed through cartilage-cartilage 

contact with respect to the intact condition. This load would have been dispersed over the cartilage-

cartilage contact area demonstrated to significantly increase for most loosened repairs. The small 

increase in peak contact pressure may be explained by an increase in load through the cartilage 

that was not proportional to the significant increase in cartilage-cartilage contact area. 

 The total contact of the medial meniscus with the tibial and femoral cartilage also 

significantly decreased for all repairs except the repair placed 5 mm anterior for one loading 

condition. At 0° flexion and for repairs misplaced posteriorly, the decrease in meniscal congruency 

was around 50%. These results demonstrate that loosened repairs cause the menisci to be in contact 

with the articular cartilage half as much as in the intact condition. The total contact of the meniscus 

with the articular cartilage surfaces is another example within the results of this study that 

demonstrate the loss of function in the menisci. The decrease in congruency prevents the menisci 

from being in a proper position to transmit compressive loads away from the articular cartilage 

and into meniscal hoop stresses. Assessment of repair placement in a previous finite element study 

demonstrated that meniscal congruency was also a concern with repairs that did not incorporate 

loosening.43 Also, comparison of this study to the present study suggests that loosening causes a 

greater decrease in meniscal congruency than placement alone.43 
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Loosened anatomic repairs resulted in significant extrusion of the posterior root by at least 

0.6 mm. When knees were flexed to 30° and 60°, the meniscal extrusion increased to over 1 mm 

for anatomic repairs. Loosened repairs misplaced posteriorly resulted in meniscal extrusion of 

around 2 mm. Repair loosening incorporated into the finite element models was taken from a 

previous ovine cadaveric study simulating typical loads seen in rehabilitation with meniscal root 

repairs.42 This cadaver study demonstrated that loosening may occur from as early as rehabilitation 

and the present study confirmed that this loosening significantly increases the extrusion of the 

meniscus. Lerer et al. demonstrated that extrusion of the meniscus by at least 3 mm is strongly 

associated with degeneration and that meniscal extrusion likely precedes degeneration.33 In the 

present study, meniscal extrusion did not exceed 3 mm when evaluating misplaced and loosened 

repairs; however, posterior placement of repairs with loosening from rehabilitation resulted in 2 

mm of extrusion. Follow-up clinical studies have demonstrated that extrusion is still present 

postoperatively and a cadaveric study showed that repairs gradual displace further with continued 

loading instead of reaching an equilibrium displacement.27,28,35,42 Therefore, posterior 

misplacement of repairs and the inability to prevent loosening from occurring in repairs 

predisposes patients to significant extrusion that may progress beyond 3 mm and precede joint 

degeneration. 

 Together, the results of this study help to portray a robust idea of what happens to knee 

mechanics when meniscal root repairs loosen. During compression, the repaired meniscus is 

significantly extruded from the joint space. This leads to the menisci being less in contact, or less 

congruent, with the articular cartilage surfaces. Since the contact with the meniscus decreases, the 

contact between the tibial and femoral cartilage significantly increases to compensate. This causes 

a larger portion of the tibiofemoral load to be dispersed through direct contact of the articular 
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cartilage, resulting in less load being transmitted through the meniscus body and insertions away 

from the articular cartilage and average increases to the peak contact pressure on the cartilage 

surface. 

A limitation of this study is that it assumes anatomic and all nonanatomic repairs were 

subjected to a rehabilitative protocol that resulted in the exact same repair loosening for all repairs. 

The resultant repair loosening may in fact be different clinically depending on the placement of 

repairs. For example, anterior repairs result in an increase in repair tension from identical 

compressive load when compared to anatomic.43 Therefore, if the rehabilitation was the same for 

both patients, the loosening would likely be greater for the patient with a repair placed anteriorly. 

Additionally, this study attempts to quantify changes in knee mechanics following repair loosening 

from rehabilitation which typically begins at 6 weeks and does not account for potential healing 

that has occurred. Currently, follow-up studies have focused on healing of meniscal root repairs 

around 1 year postoperatively.14,38 Therefore, it is unknown how much healing, if any, has occurred 

by the time rehabilitation has begun when repairs are susceptible to loosening. Additionally, 

follow-up studies have demonstrated that some patients still have little to no healing that occurs 

one to two years postoperatively. 14,38 Thus, the results of this study may also help to explain what 

happens to knee mechanics when healing of the repair does not occur. 

 

6.5 Conclusion 

The results of this study demonstrate that loosening of meniscal root repairs significantly 

hinders meniscus function and alters load distribution throughout the knee. Significant extrusion 

of the loosened repair lead to significant changes in contact with the meniscus, the ability for the 

menisci to transmit loads, and the distribution of load on the articular cartilage. Conservative 
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rehabilitation is recommended for patients to prevent loosening from occurring as the present study 

has demonstrated that significant changes to knee mechanics that result. Future studies should 

focus on evaluating the healing process of repairs at earlier time points, such as 6 weeks when 

rehabilitation typically begins. If little to no healing occurs when patients are beginning to load 

their repairs, loosening will prevent a successful repair.   
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CHAPTER 7: 

CONCLUSIONS AND FUTURE WORK 

 
 

In summary, the work presented in the preceding chapters focused on current issues facing 

meniscal root tears and repairs to improve basic scientific knowledge and clinical practice. 

Scanning electron microscopy was used to first demonstrate that a significant portion of the 

anterior cruciate ligament overlapped with the anterolateral meniscal insertion in the coronal and 

sagittal planes. The morphology of this intricate relationship elucidated the risk of disrupting the 

meniscal insertion during reconstruction surgeries of the anterior cruciate ligament and needs to 

be considered. Although this relationship indicates a risk for disruption of meniscal insertions, 

further studies need to investigate what amount of disruption is acceptable for a clinically 

successful anterior cruciate ligament reconstruction. 

This intricate relationship and the demonstrated potential for clinical disruption of anterior 

meniscal insertions lead to in vivo assessment of joint tissues following untreated anterior root 

tears. Anterior meniscal root tears that were left untreated in rabbits demonstrated significant 

degeneration occurring within joint tissue. Although these specific measures of degeneration are 

still unknown at longer timepoints, this work complements previous studies to conclude that both 

anterior and posterior root tears are harmful to tissue integrity. Additionally, this work sets the 

foundation for assessing different repair techniques with future in vivo studies. 

With knowledge that both anterior and posterior meniscal root tears are detrimental to knee 

health, the focus of work transitioned to better understanding the current challenges of meniscal 

root repairs in general to improve their effectiveness. The specific challenges addressed in this 

work included repair loosening and suture placement. Displacement of meniscal root repairs due 
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to cyclic loading was shown to not completely recover with rest. Additionally, repair displacement 

gradually increased with continued cyclic loading instead of reaching an equilibrium. Thus, repairs 

are susceptible to loosening as early as during rehabilitation, and loosening may continue to 

increase with continued loading of repairs. Since this experiment only assessed one suture 

technique, future work should evaluate different techniques to determine if loosening is prevalent 

for all types of sutures and suture techniques. 

The finite element knee models developed as part of this dissertation were used to assess 

changes in knee mechanics with repair misplacement and changes when unrecoverable loosening 

is incorporated. Placement of repairs was important for the restoration of cartilage and meniscus 

mechanics. Repairs misplaced further anterior with respect to anatomic were best at restoring 

mechanics; however, anterior repairs come with the cost of increasing repair tension and thus 

increasing risk for suture cut-out or repair failures. When the unrecoverable loosening was 

incorporated into the finite element models, placement was less impactful than loosening on knee 

mechanics. Loosened repairs demonstrated significant increases in extrusion and decreases in load 

transmission through the meniscus no matter if the repairs were placed anatomically or not. 

The results of the finite element work provide information to further expand the clinical 

impact on meniscal root repairs. The biggest concern going forward is repair loosening as it leads 

to insufficient meniscal function. The repair loosening incorporated into the finite element models 

did not account for any repair healing; therefore, the progress and quality of healing should be 

assessed with meniscal root repairs. Progress of healing needs to be evaluated around the typical 

period of rehabilitation to determine how susceptible these repairs are to the unrecoverable 

loosening demonstrated. Additionally, a biomechanical analysis of in vivo healing would be 

beneficial to determine if healing prevents or hinders unrecoverable loosening of meniscal root 
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repairs from occurring. Although loosening appears to be the more urgent concern, placement also 

needs to be considered when improving meniscal root repairs. The results of the finite element 

study suggest that anterior repairs are best at restoring knee mechanics with a resultant increase in 

repair tension; therefore, a retrospective analysis of repair misplaced anteriorly would be valuable 

to see if patients were more at risk for repair failure or if they had repairs that more successfully 

promoted healing or reduced extrusion. 
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APPENDIX A: 

CHANGES TO MECHANICS WITH NONANATOMIC PLACEMENT OF MENISCAL 

ROOT REPAIRS 

 
 

From the finite element knee models in Chapter 5, the change of outcome variables for all 

meniscal root repairs are listed for each flexion angle and compressive load evaluated. Results are 

presented as the mean and standard deviation, and bold print represents an outcome that is 

statistically different from zero using a Benjamini-Hochberg correction with a false discovery rate 

of 0.05 and number of tests assessed as 25. The 25 tests for each correction relate to the anatomic 

and the 24 nonanatomic repairs locations evaluated at different loading conditions. A = Anterior; 

AL = anterolateral; AM = anteromedial; L = lateral; M = medial; P = posterior; PL = posterolateral; 

PM = posteromedial.
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Appendix A.1 – Percent change to the mean hoop stress of the medial meniscus midbody with respect to intact for anatomic and 
nonanatomic repairs and a 1,000 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic -28% ± 6% p = 0.013  Anatomic -16% ± 4% p = 0.017  Anatomic -13% ± 5% p = 0.053 

1 mm A -28% ± 7% p = 0.018  1 mm A -15% ± 4% p = 0.027  1 mm A -11% ± 6% p = 0.086 
1 mm AL -27% ± 6% p = 0.016  1 mm AL -15% ± 4% p = 0.02  1 mm AL -11% ± 5% p = 0.07 

1 mm AM -29% ± 6% p = 0.016  1 mm AM -15% ± 4% p = 0.028  1 mm AM -12% ± 6% p = 0.08 
1 mm L -27% ± 5% p = 0.013  1 mm L -16% ± 3% p = 0.013  1 mm L -12% ± 5% p = 0.048 

1 mm M -29% ± 6% p = 0.013  1 mm M -17% ± 4% p = 0.022  1 mm M -13% ± 6% p = 0.058 
1 mm P -28% ± 4% p = 0.008  1 mm P -18% ± 3% p = 0.011  1 mm P -14% ± 4% p = 0.029 

1 mm PL -27% ± 5% p = 0.01  1 mm PL -17% ± 3% p = 0.01  1 mm PL -14% ± 4% p = 0.033 
1 mm PM -29% ± 5% p = 0.009  1 mm PM -18% ± 4% p = 0.015  1 mm PM -14% ± 5% p = 0.037 

3 mm A -29% ± 9% p = 0.027  3 mm A -12% ± 5% p = 0.057  3 mm A -9% ± 7% p = 0.174 
3 mm AL -27% ± 7% p = 0.022  3 mm AL -13% ± 4% p = 0.028  3 mm AL -10% ± 6% p = 0.108 

3 mm AM -32% ± 8% p = 0.022  3 mm AM -14% ± 6% p = 0.058  3 mm AM -11% ± 8% p = 0.143 
3 mm L -26% ± 5% p = 0.012  3 mm L -16% ± 2% p = 0.008  3 mm L -12% ± 4% p = 0.037 

3 mm M -32% ± 6% p = 0.011  3 mm M -18% ± 6% p = 0.032  3 mm M -14% ± 7% p = 0.063 
3 mm P -29% ± 3% p = 0.003  3 mm P -23% ± 3% p = 0.005  3 mm P -19% ± 3% p = 0.007 

3 mm PL -27% ± 3% p = 0.005  3 mm PL -20% ± 2% p = 0.004  3 mm PL -16% ± 3% p = 0.011 
3 mm PM -31% ± 3% p = 0.004  3 mm PM -23% ± 4% p = 0.011  3 mm PM -18% ± 4% p = 0.017 

5 mm A -31% ± 10% p = 0.032  5 mm A -11% ± 7% p = 0.101  5 mm A -8% ± 9% p = 0.252 
5 mm AL -27% ± 8% p = 0.025  5 mm AL -12% ± 4% p = 0.04  5 mm AL -9% ± 6% p = 0.139 

5 mm AM -36% ± 10% p = 0.024  5 mm AM -15% ± 8% p = 0.094  5 mm AM -11% ± 9% p = 0.179 
5 mm L -25% ± 4% p = 0.01  5 mm L -16% ± 2% p = 0.005  5 mm L -13% ± 4% p = 0.029 

5 mm M -37% ± 6% p = 0.009  5 mm M -22% ± 8% p = 0.037  5 mm M -17% ± 8% p = 0.062 
5 mm P -30% ± 3% p = 0.003  5 mm P -29% ± 3% p = 0.003  5 mm P -25% ± 2% p = 0.002 

5 mm PL -26% ± 3% p = 0.004  5 mm PL -23% ± 2% p = 0.002  5 mm PL -19% ± 2% p = 0.004 
5 mm PM -35% ± 2% p = 0.001  5 mm PM -29% ± 4% p = 0.008  5 mm PM -24% ± 4% p = 0.007 
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Appendix A.2 – Percent change to the mean hoop stress of the medial meniscus midbody with respect to intact for anatomic and 
nonanatomic repairs and a 500 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic -29% ± 8% p = 0.024  Anatomic -11% ± 6% p = 0.086  Anatomic -9% ± 8% p = 0.186 

1 mm A -29% ± 9% p = 0.033  1 mm A -9% ± 6% p = 0.123  1 mm A -7% ± 8% p = 0.287 
1 mm AL -28% ± 9% p = 0.03  1 mm AL -10% ± 6% p = 0.106  1 mm AL -7% ± 8% p = 0.246 

1 mm AM -30% ± 9% p = 0.03  1 mm AM -10% ± 7% p = 0.116  1 mm AM -8% ± 9% p = 0.261 
1 mm L -28% ± 8% p = 0.024  1 mm L -11% ± 6% p = 0.08  1 mm L -9% ± 7% p = 0.176 

1 mm M -30% ± 8% p = 0.024  1 mm M -12% ± 7% p = 0.093  1 mm M -9% ± 8% p = 0.192 
1 mm P -28% ± 6% p = 0.016  1 mm P -13% ± 6% p = 0.06  1 mm P -11% ± 7% p = 0.108 

1 mm PL -28% ± 7% p = 0.019  1 mm PL -12% ± 6% p = 0.063  1 mm PL -10% ± 7% p = 0.124 
1 mm PM -29% ± 7% p = 0.018  1 mm PM -13% ± 6% p = 0.07  1 mm PM -10% ± 7% p = 0.132 

3 mm A -30% ± 12% p = 0.047  3 mm A -7% ± 7% p = 0.222  3 mm A -5% ± 10% p = 0.5 
3 mm AL -28% ± 10% p = 0.04  3 mm AL -8% ± 6% p = 0.153  3 mm AL -6% ± 8% p = 0.362 

3 mm AM -33% ± 12% p = 0.04  3 mm AM -9% ± % p = 0.184  3 mm AM -6% ± 10% p = 0.401 
3 mm L -26% ± 7% p = 0.023  3 mm L -11% ± 5% p = 0.066  3 mm L -9% ± 7% p = 0.145 

3 mm M -33% ± 9% p = 0.022  3 mm M -13% ± 8% p = 0.1  3 mm M -10% ± 9% p = 0.187 
3 mm P -29% ± 4% p = 0.005  3 mm P -18% ± 5% p = 0.029  3 mm P -16% ± 5% p = 0.028 

3 mm PL -27% ± 5% p = 0.01  3 mm PL -15% ± 5% p = 0.033  3 mm PL -13% ± 5% p = 0.048 
3 mm PM -31% ± 5% p = 0.008  3 mm PM -17% ± 7% p = 0.045  3 mm PM -15% ± 6% p = 0.056 

5 mm A -33% ± 14% p = 0.054  5 mm A -6% ± 8% p = 0.329  5 mm A -4% ± 11% p = 0.622 
5 mm AL -28% ± 11% p = 0.045  5 mm AL -7% ± 6% p = 0.205  5 mm AL -5% ± 9% p = 0.443 

5 mm AM -37% ± 14% p = 0.042  5 mm AM -9% ± 10% p = 0.231  5 mm AM -7% ± 12% p = 0.434 
5 mm L -25% ± 6% p = 0.02  5 mm L -11% ± 5% p = 0.056  5 mm L -9% ± 6% p = 0.114 

5 mm M -38% ± 9% p = 0.018  5 mm M -17% ± 9% p = 0.091  5 mm M -13% ± 10% p = 0.154 
5 mm P -30% ± 3% p = 0.003  5 mm P -24% ± 5% p = 0.016  5 mm P -22% ± 3% p = 0.006 

5 mm PL -26% ± 3% p = 0.005  5 mm PL -18% ± 5% p = 0.021  5 mm PL -16% ± 4% p = 0.019 
5 mm PM -35% ± 3% p = 0.003  5 mm PM -24% ± 7% p = 0.027  5 mm PM -21% ± 5% p = 0.022 
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Appendix A.3 – Percent change to the mean hoop stress of the anteromedial meniscal insertion with respect to intact for anatomic and 
nonanatomic repairs and a 1,000 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic -31% ± 7% p = 0.018  Anatomic -18% ± 5% p = 0.022  Anatomic -14% ± 5% p = 0.049 

1 mm A -31% ± 9% p = 0.025  1 mm A -16% ± 5% p = 0.033  1 mm A -12% ± 6% p = 0.079 
1 mm AL -30% ± 8% p = 0.022  1 mm AL -16% ± 5% p = 0.026  1 mm AL -12% ± 6% p = 0.063 

1 mm AM -32% ± 8% p = 0.023  1 mm AM -17% ± 5% p = 0.034  1 mm AM -13% ± 6% p = 0.075 
1 mm L -30% ± 7% p = 0.018  1 mm L -17% ± 4% p = 0.018  1 mm L -13% ± 5% p = 0.042 

1 mm M -32% ± 8% p = 0.018  1 mm M -18% ± 5% p = 0.027  1 mm M -14% ± 6% p = 0.055 
1 mm P -31% ± 6% p = 0.012  1 mm P -20% ± 4% p = 0.015  1 mm P -16% ± 5% p = 0.027 

1 mm PL -30% ± 6% p = 0.014  1 mm PL -19% ± 4% p = 0.014  1 mm PL -15% ± 4% p = 0.03 
1 mm PM -32% ± 6% p = 0.014  1 mm PM -19% ± 5% p = 0.019  1 mm PM -15% ± 5% p = 0.035 

3 mm A -32% ± 11% p = 0.036  3 mm A -13% ± 6% p = 0.066  3 mm A -10% ± 8% p = 0.16 
3 mm AL -30% ± 9% p = 0.029  3 mm AL -14% ± 5% p = 0.035  3 mm AL -10% ± 6% p = 0.095 

3 mm AM -35% ± 11% p = 0.031  3 mm AM -15% ± 7% p = 0.067  3 mm AM -11% ± 8% p = 0.137 
3 mm L -28% ± 6% p = 0.016  3 mm L -17% ± 3% p = 0.011  3 mm L -13% ± 4% p = 0.032 

3 mm M -36% ± 8% p = 0.017  3 mm M -20% ± 7% p = 0.038  3 mm M -15% ± 7% p = 0.063 
3 mm P -32% ± 4% p = 0.004  3 mm P -25% ± 4% p = 0.007  3 mm P -20% ± 3% p = 0.007 

3 mm PL -29% ± 4% p = 0.007  3 mm PL -21% ± 3% p = 0.005  3 mm PL -17% ± 3% p = 0.01 
3 mm PM -34% ± 5% p = 0.007  3 mm PM -24% ± 5% p = 0.015  3 mm PM -20% ± 5% p = 0.018 

5 mm A -35% ± 13% p = 0.042  5 mm A -12% ± 8% p = 0.111  5 mm A -9% ± 9% p = 0.236 
5 mm AL -30% ± 10% p = 0.033  5 mm AL -13% ± 5% p = 0.048  5 mm AL -10% ± 6% p = 0.122 

5 mm AM -40% ± 13% p = 0.034  5 mm AM -16% ± 10% p = 0.104  5 mm AM -12% ± 10% p = 0.175 
5 mm L -27% ± 6% p = 0.014  5 mm L -17% ± 3% p = 0.007  5 mm L -14% ± 4% p = 0.023 

5 mm M -41% ± 9% p = 0.015  5 mm M -24% ± 9% p = 0.044  5 mm M -19% ± 8% p = 0.064 
5 mm P -33% ± 3% p = 0.002  5 mm P -31% ± 3% p = 0.003  5 mm P -26% ± 2% p = 0.002 

5 mm PL -29% ± 3% p = 0.004  5 mm PL -24% ± 2% p = 0.003  5 mm PL -20% ± 2% p = 0.004 
5 mm PM -38% ± 3% p = 0.002  5 mm PM -31% ± 5% p = 0.01  5 mm PM -26% ± 4% p = 0.008 
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Appendix A.4 – Percent change to the mean hoop stress of the anteromedial meniscal insertion with respect to intact for anatomic and 
nonanatomic repairs and a 500 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic -31% ± 11% p = 0.038  Anatomic -12% ± 7% p = 0.088  Anatomic -9% ± 8% p = 0.173 

1 mm A -32% ± 13% p = 0.049  1 mm A -10% ± 7% p = 0.125  1 mm A -8% ± 9% p = 0.269 
1 mm AL -31% ± 12% p = 0.045  1 mm AL -10% ± 6% p = 0.107  1 mm AL -8% ± 8% p = 0.228 

1 mm AM -33% ± 13% p = 0.046  1 mm AM -11% ± 7% p = 0.119  1 mm AM -8% ± 9% p = 0.247 
1 mm L -30% ± 10% p = 0.038  1 mm L -12% ± 6% p = 0.08  1 mm L -9% ± 7% p = 0.16 

1 mm M -33% ± 11% p = 0.038  1 mm M -12% ± 7% p = 0.095  1 mm M -10% ± 8% p = 0.182 
1 mm P -31% ± 9% p = 0.027  1 mm P -14% ± 6% p = 0.06  1 mm P -12% ± 7% p = 0.1 

1 mm PL -30% ± 9% p = 0.03  1 mm PL -13% ± 6% p = 0.063  1 mm PL -11% ± 7% p = 0.113 
1 mm PM -32% ± 10% p = 0.03  1 mm PM -14% ± 7% p = 0.072  1 mm PM -11% ± 7% p = 0.124 

3 mm A -34% ± 16% p = 0.067  3 mm A -8% ± 8% p = 0.226  3 mm A -5% ± 10% p = 0.478 
3 mm AL -31% ± 13% p = 0.057  3 mm AL -8% ± 6% p = 0.154  3 mm AL -6% ± 9% p = 0.333 

3 mm AM -36% ± 16% p = 0.058  3 mm AM -10% ± 9% p = 0.189  3 mm AM -7% ± 11% p = 0.388 
3 mm L -29% ± 10% p = 0.035  3 mm L -12% ± 5% p = 0.065  3 mm L -10% ± 7% p = 0.127 

3 mm M -36% ± 12% p = 0.036  3 mm M -14% ± 9% p = 0.103  3 mm M -11% ± 9% p = 0.182 
3 mm P -32% ± 6% p = 0.01  3 mm P -19% ± 6% p = 0.028  3 mm P -17% ± 5% p = 0.026 

3 mm PL -29% ± 7% p = 0.016  3 mm PL -16% ± 5% p = 0.032  3 mm PL -14% ± 5% p = 0.042 
3 mm PM -34% ± 8% p = 0.016  3 mm PM -19% ± 7% p = 0.046  3 mm PM -16% ± 7% p = 0.054 

5 mm A -36% ± 18% p = 0.075  5 mm A -6% ± 9% p = 0.333  5 mm A -4% ± 12% p = 0.602 
5 mm AL -31% ± 14% p = 0.064  5 mm AL -7% ± 7% p = 0.205  5 mm AL -5% ± 9% p = 0.408 

5 mm AM -41% ± 19% p = 0.062  5 mm AM -10% ± 10% p = 0.237  5 mm AM -7% ± 12% p = 0.428 
5 mm L -28% ± 9% p = 0.032  5 mm L -12% ± 5% p = 0.054  5 mm L -10% ± 6% p = 0.096 

5 mm M -42% ± 13% p = 0.031  5 mm M -18% ± 10% p = 0.095  5 mm M -14% ± 11% p = 0.153 
5 mm P -33% ± 3% p = 0.002  5 mm P -26% ± 6% p = 0.015  5 mm P -23% ± 3% p = 0.006 

5 mm PL -29% ± 4% p = 0.007  5 mm PL -19% ± 5% p = 0.019  5 mm PL -17% ± 4% p = 0.016 
5 mm PM -38% ± 5% p = 0.007  5 mm PM -26% ± 8% p = 0.027  5 mm PM -22% ± 6% p = 0.023 
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Appendix A.5 – Percent change to the mean contact pressure with respect to intact on medial surface of tibial articular cartilage for 
anatomic and nonanatomic repairs and a 1,000 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic 0% ± 12% p = 0.96  Anatomic -11% ± 1% p = 0.002  Anatomic -11% ± 4% p = 0.043 

1 mm A 0% ± 12% p = 0.969  1 mm A -9% ± 1% p = 0.007  1 mm A -10% ± 4% p = 0.035 
1 mm AL 0% ± 12% p = 0.975  1 mm AL -10% ± 2% p = 0.01  1 mm AL -10% ± 5% p = 0.045 

1 mm AM 0% ± 13% p = 0.957  1 mm AM -9% ± 1% p = 0.008  1 mm AM -10% ± 3% p = 0.066 
1 mm L 0% ± 13% p = 0.996  1 mm L -10% ± 2% p = 0.007  1 mm L -11% ± 4% p = 0.037 

1 mm M 0% ± 13% p = 0.997  1 mm M -10% ± 1% p = 0.003  1 mm M -10% ± 4% p = 0.049 
1 mm P -1% ± 13% p = 0.913  1 mm P -12% ± 1% p = 0.004  1 mm P -11% ± 4% p = 0.041 

1 mm PL -1% ± 13% p = 0.918  1 mm PL -12% ± 1% p = 0.004  1 mm PL -11% ± 5% p = 0.048 
1 mm PM 0% ± 13% p = 0.975  1 mm PM -11% ± 1% p = 0.003  1 mm PM -11% ± 4% p = 0.056 

3 mm A 1% ± 13% p = 0.897  3 mm A -8% ± 1% p = 0.011  3 mm A -8% ± 5% p = 0.039 
3 mm AL 1% ± 12% p = 0.946  3 mm AL -8% ± 2% p = 0.026  3 mm AL -9% ± 5% p = 0.092 

3 mm AM 1% ± 14% p = 0.895  3 mm AM -8% ± 2% p = 0.019  3 mm AM -7% ± 4% p = 0.084 
3 mm L -1% ± 12% p = 0.919  3 mm L -10% ± 1% p = 0.002  3 mm L -12% ± 5% p = 0.075 

3 mm M 0% ± 14% p = 0.975  3 mm M -11% ± 1% p = 0.005  3 mm M -9% ± 4% p = 0.052 
3 mm P -4% ± 11% p = 0.624  3 mm P -15% ± 1% p = 0.003  3 mm P -14% ± 5% p = 0.046 

3 mm PL -3% ± 10% p = 0.687  3 mm PL -13% ± 1% p < 0.001  3 mm PL -13% ± 6% p = 0.041 
3 mm PM -2% ± 12% p = 0.825  3 mm PM -13% ± 2% p = 0.008  3 mm PM -13% ± 5% p = 0.058 

5 mm A 2% ± 14% p = 0.852  5 mm A -6% ± 1% p = 0.017  5 mm A -6% ± 4% p = 0.045 
5 mm AL 1% ± 13% p = 0.924  5 mm AL -7% ± 2% p = 0.033  5 mm AL -8% ± 6% p = 0.129 

5 mm AM 2% ± 15% p = 0.855  5 mm AM -6% ± 2% p = 0.024  5 mm AM -5% ± 2% p = 0.12 
5 mm L -2% ± 11% p = 0.835  5 mm L -11% ± 1% p = 0.002  5 mm L -12% ± 6% p = 0.071 

5 mm M 0% ± 15% p = 0.988  5 mm M -10% ± 4% p = 0.042  5 mm M -9% ± 4% p = 0.073 
5 mm P -6% ± 9% p = 0.336  5 mm P -18% ± 1% p < 0.001  5 mm P -18% ± 7% p = 0.054 

5 mm PL -4% ± 10% p = 0.53  5 mm PL -15% ± 1% p < 0.001  5 mm PL -15% ± 6% p = 0.055 
5 mm PM -5% ± 11% p = 0.538  5 mm PM -17% ± 1% p = 0.001  5 mm PM -16% ± 6% p = 0.055 
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Appendix A.6 – Percent change to the mean contact pressure with respect to intact on medial surface of tibial articular cartilage for 
anatomic and nonanatomic repairs and a 500 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic 2% ± 17% p = 0.846  Anatomic -11% ± 3% p = 0.02  Anatomic -10% ± 5% p = 0.075 

1 mm A 3% ± 17% p = 0.789  1 mm A -9% ± 2% p = 0.016  1 mm A -8% ± 5% p = 0.094 
1 mm AL 3% ± 17% p = 0.8  1 mm AL -10% ± 2% p = 0.012  1 mm AL -9% ± 5% p = 0.079 

1 mm AM 3% ± 17% p = 0.806  1 mm AM -9% ± 2% p = 0.009  1 mm AM -8% ± 4% p = 0.081 
1 mm L 2% ± 16% p = 0.834  1 mm L -11% ± 2% p = 0.015  1 mm L -10% ± 5% p = 0.073 

1 mm M 2% ± 16% p = 0.819  1 mm M -10% ± 2% p = 0.016  1 mm M -9% ± 4% p = 0.071 
1 mm P 2% ± 16% p = 0.873  1 mm P -11% ± 2% p = 0.008  1 mm P -10% ± 5% p = 0.07 

1 mm PL 2% ± 16% p = 0.862  1 mm PL -11% ± 2% p = 0.01  1 mm PL -11% ± 5% p = 0.063 
1 mm PM 2% ± 16% p = 0.846  1 mm PM -11% ± 3% p = 0.019  1 mm PM -10% ± 4% p = 0.065 

3 mm A 3% ± 17% p = 0.755  3 mm A -7% ± 1% p = 0.009  3 mm A -6% ± 6% p = 0.195 
3 mm AL 3% ± 16% p = 0.796  3 mm AL -9% ± 2% p = 0.01  3 mm AL -8% ± 6% p = 0.158 

3 mm AM 4% ± 16% p = 0.744  3 mm AM -7% ± 1% p = 0.012  3 mm AM -6% ± 5% p = 0.166 
3 mm L 1% ± 16% p = 0.931  3 mm L -11% ± 2% p = 0.009  3 mm L -11% ± 6% p = 0.077 

3 mm M 3% ± 17% p = 0.767  3 mm M -9% ± 1% p = 0.008  3 mm M -7% ± 5% p = 0.113 
3 mm P 0% ± 14% p = 0.97  3 mm P -15% ± 2% p = 0.004  3 mm P -15% ± 4% p = 0.026 

3 mm PL 0% ± 16% p = 0.985  3 mm PL -13% ± 2% p = 0.009  3 mm PL -14% ± 6% p = 0.056 
3 mm PM 1% ± 16% p = 0.903  3 mm PM -13% ± 2% p = 0.009  3 mm PM -12% ± 4% p = 0.041 

5 mm A 5% ± 17% p = 0.689  5 mm A -6% ± 0% p < 0.001  5 mm A -5% ± 7% p = 0.385 
5 mm AL 3% ± 17% p = 0.775  5 mm AL -8% ± 1% p = 0.005  5 mm AL -7% ± 7% p = 0.196 

5 mm AM 6% ± 18% p = 0.609  5 mm AM -5% ± 1% p = 0.012  5 mm AM -4% ± 4% p = 0.213 
5 mm L 0% ± 15% p = 0.965  5 mm L -12% ± 2% p = 0.011  5 mm L -11% ± 7% p = 0.108 

5 mm M 5% ± 17% p = 0.675  5 mm M -9% ± 3% p = 0.032  5 mm M -8% ± 4% p = 0.07 
5 mm P -1% ± 13% p = 0.869  5 mm P -18% ± 3% p = 0.009  5 mm P -17% ± 5% p = 0.028 

5 mm PL -2% ± 14% p = 0.828  5 mm PL -15% ± 3% p = 0.012  5 mm PL -16% ± 6% p = 0.045 
5 mm PM 1% ± 15% p = 0.926  5 mm PM -16% ± 3% p = 0.008  5 mm PM -16% ± 6% p = 0.045 
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Appendix A.7 – Percent change to the peak contact pressure with respect to intact on medial surface of tibial articular cartilage for 
anatomic and nonanatomic repairs and a 1,000 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic 4% ± 2% p = 0.064  Anatomic 21% ± 13% p = 0.111  Anatomic 6% ± 6% p = 0.21 

1 mm A 4% ± 2% p = 0.057  1 mm A 20% ± 13% p = 0.116  1 mm A 6% ± 6% p = 0.225 
1 mm AL 4% ± 2% p = 0.061  1 mm AL 21% ± 13% p = 0.118  1 mm AL 6% ± 6% p = 0.221 

1 mm AM 4% ± 2% p = 0.057  1 mm AM 20% ± 13% p = 0.11  1 mm AM 6% ± 6% p = 0.219 
1 mm L 4% ± 2% p = 0.067  1 mm L 21% ± 14% p = 0.116  1 mm L 7% ± 6% p = 0.211 

1 mm M 4% ± 2% p = 0.062  1 mm M 21% ± 13% p = 0.106  1 mm M 6% ± 6% p = 0.208 
1 mm P 5% ± 2% p = 0.071  1 mm P 23% ± 14% p = 0.107  1 mm P 7% ± 6% p = 0.195 

1 mm PL 4% ± 2% p = 0.07  1 mm PL 22% ± 14% p = 0.112  1 mm PL 7% ± 6% p = 0.201 
1 mm PM 4% ± 2% p = 0.067  1 mm PM 22% ± 13% p = 0.105  1 mm PM 7% ± 6% p = 0.198 

3 mm A 4% ± 1% p = 0.041  3 mm A 18% ± 12% p = 0.127  3 mm A 5% ± 6% p = 0.253 
3 mm AL 4% ± 2% p = 0.056  3 mm AL 19% ± 13% p = 0.13  3 mm AL 6% ± 6% p = 0.239 

3 mm AM 4% ± 1% p = 0.041  3 mm AM 18% ± 11% p = 0.107  3 mm AM 5% ± 6% p = 0.236 
3 mm L 4% ± 2% p = 0.072  3 mm L 22% ± 15% p = 0.122  3 mm L 7% ± 6% p = 0.211 

3 mm M 5% ± 2% p = 0.059  3 mm M 21% ± 12% p = 0.091  3 mm M 6% ± 6% p = 0.197 
3 mm P 5% ± 3% p = 0.08  3 mm P 26% ± 15% p = 0.101  3 mm P 8% ± 6% p = 0.169 

3 mm PL 5% ± 2% p = 0.08  3 mm PL 24% ± 15% p = 0.111  3 mm PL 7% ± 6% p = 0.185 
3 mm PM 5% ± 3% p = 0.074  3 mm PM 24% ± 14% p = 0.093  3 mm PM 7% ± 6% p = 0.171 

5 mm A 3% ± 1% p = 0.027  5 mm A 16% ± 11% p = 0.139  5 mm A 5% ± 6% p = 0.282 
5 mm AL 4% ± 1% p = 0.052  5 mm AL 19% ± 13% p = 0.139  5 mm AL 6% ± 6% p = 0.254 

5 mm AM 4% ± 1% p = 0.027  5 mm AM 16% ± 9% p = 0.1  5 mm AM 5% ± 5% p = 0.248 
5 mm L 4% ± 2% p = 0.076  5 mm L 23% ± 15% p = 0.125  5 mm L 7% ± 7% p = 0.209 

5 mm M 5% ± 2% p = 0.06  5 mm M 21% ± 10% p = 0.072  5 mm M 6% ± 5% p = 0.179 
5 mm P 6% ± 3% p = 0.085  5 mm P 29% ± 17% p = 0.097  5 mm P 9% ± 7% p = 0.147 

5 mm PL 5% ± 3% p = 0.086  5 mm PL 26% ± 16% p = 0.11  5 mm PL 8% ± 7% p = 0.172 
5 mm PM 6% ± 3% p = 0.078  5 mm PM 27% ± 15% p = 0.084  5 mm PM 8% ± 6% p = 0.144 
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Appendix A.8 – Percent change to the peak contact pressure with respect to intact on medial surface of tibial articular cartilage for 
anatomic and nonanatomic repairs and a 500 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic 5% ± 3% p = 0.07  Anatomic 44% ± 40% p = 0.197  Anatomic 9% ± 8% p = 0.212 

1 mm A 5% ± 2% p = 0.06  1 mm A 41% ± 38% p = 0.201  1 mm A 8% ± 8% p = 0.226 
1 mm AL 5% ± 2% p = 0.065  1 mm AL 43% ± 40% p = 0.202  1 mm AL 8% ± 8% p = 0.222 

1 mm AM 5% ± 2% p = 0.061  1 mm AM 42% ± 38% p = 0.196  1 mm AM 8% ± 8% p = 0.221 
1 mm L 5% ± 3% p = 0.072  1 mm L 45% ± 41% p = 0.201  1 mm L 9% ± 8% p = 0.213 

1 mm M 5% ± 3% p = 0.068  1 mm M 44% ± 39% p = 0.192  1 mm M 9% ± 8% p = 0.21 
1 mm P 6% ± 3% p = 0.078  1 mm P 47% ± 42% p = 0.193  1 mm P 9% ± 8% p = 0.199 

1 mm PL 5% ± 3% p = 0.077  1 mm PL 47% ± 43% p = 0.197  1 mm PL 9% ± 8% p = 0.204 
1 mm PM 6% ± 3% p = 0.075  1 mm PM 46% ± 41% p = 0.191  1 mm PM 9% ± 8% p = 0.201 

3 mm A 5% ± 2% p = 0.04  3 mm A 36% ± 35% p = 0.211  3 mm A 7% ± 8% p = 0.252 
3 mm AL 5% ± 2% p = 0.057  3 mm AL 41% ± 39% p = 0.213  3 mm AL 8% ± 8% p = 0.239 

3 mm AM 5% ± 2% p = 0.043  3 mm AM 36% ± 33% p = 0.194  3 mm AM 7% ± 7% p = 0.237 
3 mm L 5% ± 3% p = 0.077  3 mm L 46% ± 44% p = 0.206  3 mm L 9% ± 9% p = 0.213 

3 mm M 6% ± 3% p = 0.065  3 mm M 42% ± 36% p = 0.178  3 mm M 8% ± 8% p = 0.201 
3 mm P 6% ± 4% p = 0.092  3 mm P 54% ± 47% p = 0.188  3 mm P 10% ± 9% p = 0.176 

3 mm PL 6% ± 3% p = 0.09  3 mm PL 52% ± 47% p = 0.197  3 mm PL 10% ± 9% p = 0.19 
3 mm PM 6% ± 3% p = 0.084  3 mm PM 50% ± 43% p = 0.18  3 mm PM 10% ± 8% p = 0.178 

5 mm A 4% ± 1% p = 0.025  5 mm A 32% ± 32% p = 0.222  5 mm A 6% ± 8% p = 0.276 
5 mm AL 4% ± 2% p = 0.051  5 mm AL 39% ± 38% p = 0.22  5 mm AL 8% ± 8% p = 0.249 

5 mm AM 5% ± 1% p = 0.027  5 mm AM 31% ± 27% p = 0.188  5 mm AM 6% ± 7% p = 0.248 
5 mm L 5% ± 3% p = 0.082  5 mm L 48% ± 45% p = 0.209  5 mm L 9% ± 9% p = 0.211 

5 mm M 6% ± 3% p = 0.065  5 mm M 41% ± 33% p = 0.158  5 mm M 8% ± 7% p = 0.183 
5 mm P 7% ± 4% p = 0.101  5 mm P 61% ± 53% p = 0.185  5 mm P 12% ± 9% p = 0.153 

5 mm PL 6% ± 4% p = 0.099  5 mm PL 56% ± 51% p = 0.197  5 mm PL 11% ± 9% p = 0.178 
5 mm PM 7% ± 4% p = 0.091  5 mm PM 56% ± 47% p = 0.172  5 mm PM 11% ± 8% p = 0.15 
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Appendix A.9 – Percent change to the total contact area on the medial surface of tibial articular cartilage with respect to intact for 
anatomic and nonanatomic repairs and a 1,000 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic -12% ± 3% p = 0.022  Anatomic -4% ± 2% p = 0.085  Anatomic -3% ± 4% p = 0.407 

1 mm A -11% ± 3% p = 0.026  1 mm A -4% ± 3% p = 0.118  1 mm A -2% ± 5% p = 0.453 
1 mm AL -11% ± 3% p = 0.025  1 mm AL -5% ± 2% p = 0.076  1 mm AL -3% ± 4% p = 0.381 

1 mm AM -12% ± 4% p = 0.031  1 mm AM -4% ± 3% p = 0.131  1 mm AM -2% ± 4% p = 0.443 
1 mm L -12% ± 3% p = 0.016  1 mm L -5% ± 3% p = 0.068  1 mm L 3% ± 5% p = 0.343 

1 mm M -12% ± 3% p = 0.026  1 mm M -4% ± 2% p = 0.116  1 mm M -2% ± 5% p = 0.458 
1 mm P -12% ± 2% p = 0.012  1 mm P -4% ± 3% p = 0.163  1 mm P -3% ± 4% p = 0.43 

1 mm PL -12% ± 2% p = 0.013  1 mm PL -5% ± 3% p = 0.095  1 mm PL -3% ± 4% p = 0.325 
1 mm PM -12% ± 3% p = 0.015  1 mm PM -4% ± 3% p = 0.138  1 mm PM -2% ± 4% p = 0.488 

3 mm A -11% ± 5% p = 0.058  3 mm A -4% ± 3% p = 0.135  3 mm A -3% ± 4% p = 0.412 
3 mm AL -12% ± 4% p = 0.04  3 mm AL -5% ± 3% p = 0.112  3 mm AL -3% ± 5% p = 0.43 
3 mm AM -12% ± 5% p = 0.048  3 mm AM -3% ± 2% p = 0.098  3 mm AM -2% ± 4% p = 0.509 

3 mm L -12% ± 3% p = 0.015  3 mm L -5% ± 3% p = 0.094  3 mm L -5% ± 5% p = 0.252 
3 mm M -12% ± 4% p = 0.039  3 mm M -3% ± 2% p = 0.125  3 mm M -1% ± 5% p = 0.676 
3 mm P -13% ± 2% p = 0.006  3 mm P -5% ± 3% p = 0.106  3 mm P -4% ± 5% p = 0.288 

3 mm PL -13% ± 1% p = 0.004  3 mm PL -6% ± 3% p = 0.072  3 mm PL -5% ± 4% p = 0.195 
3 mm PM -12% ± 3% p = 0.015  3 mm PM -3% ± 3% p = 0.329  3 mm PM -2% ± 7% p = 0.64 

5 mm A -12% ± 6% p = 0.066  5 mm A -4% ± 3% p = 0.13  5 mm A -2% ± 5% p = 0.504 
5 mm AL -12% ± 4% p = 0.039  5 mm AL -6% ± 3% p = 0.09  5 mm AL -3% ± 5% p = 0.399 
5 mm AM -12% ± 6% p = 0.082  5 mm AM -1% ± 3% p = 0.584  5 mm AM -1% ± 4% p = 0.854 

5 mm L -12% ± 2% p = 0.012  5 mm L -7% ± 2% p = 0.026  5 mm L -5% ± 5% p = 0.195 
5 mm M -13% ± 4% p = 0.026  5 mm M -1% ± 3% p = 0.765  5 mm M 0% ± 5% p = 0.93 
5 mm P -13% ± 1% p = 0.002  5 mm P -7% ± 2% p = 0.023  5 mm P -5% ± 6% p = 0.31 

5 mm PL -13% ± 2% p = 0.006  5 mm PL -7% ± 2% p = 0.025  5 mm PL -6% ± 5% p = 0.171 
5 mm PM -14% ± 2% p = 0.007  5 mm PM -4% ± 3% p = 0.184  5 mm PM -2% ± 7% p = 0.596 
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Appendix A.10 – Percent change to the total contact area on the medial surface of tibial articular cartilage with respect to intact for 
anatomic and nonanatomic repairs and a 500 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic 11% ± 4% p = 0.048  Anatomic 0% ± 8% p = 0.931  Anatomic -1% ± 5% p = 0.752 

1 mm A 12% ± 6% p = 0.066  1 mm A 0% ± 7% p = 0.915  1 mm A -1% ± 6% p = 0.852 
1 mm AL 12% ± 5% p = 0.054  1 mm AL 0% ± 8% p = 0.995  1 mm AL -1% ± 6% p = 0.732 

1 mm AM 12% ± 5% p = 0.051  1 mm AM 1% ± 8% p = 0.866  1 mm AM -1% ± 6% p = 0.773 
1 mm L 12% ± 4% p = 0.03  1 mm L 0% ± 8% p = 0.995  1 mm L -2% ± 5% p = 0.663 

1 mm M 12% ± 5% p = 0.049  1 mm M 0% ± 7% p = 0.968  1 mm M -1% ± 6% p = 0.889 
1 mm P 12% ± 3% p = 0.023  1 mm P 1% ± 8% p = 0.926  1 mm P -1% ± 5% p = 0.802 

1 mm PL 12% ± 3% p = 0.023  1 mm PL 0% ± 8% p = 0.974  1 mm PL -1% ± 5% p = 0.706 
1 mm PM 12% ± 4% p = 0.03  1 mm PM 0% ± 8% p = 0.997  1 mm PM -1% ± 4% p = 0.846 

3 mm A 12% ± 7% p = 0.104  3 mm A 1% ± 9% p = 0.842  3 mm A 0% ± 7% p = 0.927 
3 mm AL 12% ± 7% p = 0.089  3 mm AL -1% ± 8% p = 0.832  3 mm AL -2% ± 7% p = 0.736 

3 mm AM 12% ± 7% p = 0.104  3 mm AM 2% ± 9% p = 0.7  3 mm AM 0% ± 7% p = 0.919 
3 mm L 12% ± 4% p = 0.029  3 mm L -1% ± 8% p = 0.853  3 mm L -2% ± 5% p = 0.562 

3 mm M 12% ± 5% p = 0.059  3 mm M 2% ± 8% p = 0.692  3 mm M 1% ± 6% p = 0.746 
3 mm P 12% ± 3% p = 0.014  3 mm P 2% ± 8% p = 0.967  3 mm P -2% ± 5% p = 0.566 

3 mm PL 12% ± 2% p = 0.013  3 mm PL 0% ± 8% p = 0.833  3 mm PL -2% ± 5% p = 0.55 
3 mm PM 13% ± 3% p = 0.018  3 mm PM 1% ± 7% p = 0.755  3 mm PM 0% ± 7% p = 0.942 

5 mm A 13% ± 8% p = 0.112  5 mm A 2% ± 8% p = 0.753  5 mm A -1% ± 7% p = 0.87 
5 mm AL 13% ± 7% p = 0.084  5 mm AL -2% ± 7% p = 0.748  5 mm AL -2% ± 7% p = 0.636 

5 mm AM 13% ± 9% p = 0.112  5 mm AM 4% ± 9% p = 0.547  5 mm AM 2% ± 8% p = 0.745 
5 mm L 13% ± 4% p = 0.026  5 mm L -2% ± 7% p = 0.745  5 mm L -3% ± 6% p = 0.479 

5 mm M 12% ± 6% p = 0.064  5 mm M 4% ± 8% p = 0.482  5 mm M 4% ± 8% p = 0.488 
5 mm P 12% ± 2% p = 0.011  5 mm P -1% ± 8% p = 0.868  5 mm P -4% ± 7% p = 0.412 

5 mm PL 13% ± 2% p = 0.006  5 mm PL -2% ± 7% p = 0.618  5 mm PL -4% ± 5% p = 0.306 
5 mm PM 13% ± 2% p = 0.009  5 mm PM 3% ± 8% p = 0.652  5 mm PM -1% ± 9% p = 0.845 
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Appendix A.11 – Percent change to the cartilage-cartilage contact area on the medial surface of tibial articular cartilage with respect to 
intact for anatomic and nonanatomic repairs and a 1,000 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic 15% ± 3% p = 0.011  Anatomic 30% ± 9% p = 0.035  Anatomic 16% ± 5% p = 0.03 

1 mm A 15% ± 3% p = 0.014  1 mm A 27% ± 9% p = 0.026  1 mm A 14% ± 4% p = 0.03 
1 mm AL 15% ± 3% p = 0.013  1 mm AL 29% ± 8% p = 0.035  1 mm AL 15% ± 5% p = 0.035 

1 mm AM 15% ± 3% p = 0.017  1 mm AM 27% ± 9% p = 0.024  1 mm AM 14% ± 4% p = 0.03 
1 mm L 15% ± 2% p = 0.008  1 mm L 31% ± 9% p = 0.029  1 mm L 16% ± 4% p = 0.024 

1 mm M 15% ± 3% p = 0.013  1 mm M 28% ± 8% p = 0.02  1 mm M 15% ± 4% p = 0.025 
1 mm P 16% ± 2% p = 0.005  1 mm P 33% ± 8% p = 0.025  1 mm P 16% ± 5% p = 0.026 

1 mm PL 16% ± 2% p = 0.006  1 mm PL 33% ± 9% p = 0.022  1 mm PL 16% ± 5% p = 0.027 
1 mm PM 16% ± 2% p = 0.007  1 mm PM 31% ± 8% p = 0.053  1 mm PM 15% ± 5% p = 0.029 

3 mm A 15% ± 5% p = 0.038  3 mm A 24% ± 10% p = 0.032  3 mm A 14% ± 4% p = 0.022 
3 mm AL 16% ± 4% p = 0.025  3 mm AL 27% ± 9% p = 0.049  3 mm AL 15% ± 4% p = 0.026 

3 mm AM 15% ± 5% p = 0.03  3 mm AM 24% ± 9% p = 0.024  3 mm AM 12% ± 3% p = 0.016 
3 mm L 16% ± 3% p = 0.011  3 mm L 33% ± 9% p = 0.028  3 mm L 18% ± 5% p = 0.021 

3 mm M 16% ± 4% p = 0.02  3 mm M 27% ± 8% p = 0.017  3 mm M 14% ± 3% p = 0.019 
3 mm P 17% ± 1% p = 0.002  3 mm P 37% ± 8% p = 0.016  3 mm P 19% ± 5% p = 0.019 

3 mm PL 17% ± 2% p = 0.005  3 mm PL 37% ± 8% p = 0.013  3 mm PL 20% ± 5% p = 0.022 
3 mm PM 17% ± 1% p = 0.002  3 mm PM 34% ± 7% p = 0.084  3 mm PM 17% ± 5% p = 0.028 

5 mm A 16% ± 7% p = 0.053  5 mm A 21% ± 11% p = 0.042  5 mm A 12% ± 4% p = 0.03 
5 mm AL 16% ± 5% p = 0.026  5 mm AL 27% ± 10% p = 0.095  5 mm AL 15% ± 4% p = 0.02 
5 mm AM 16% ± 8% p = 0.065  5 mm AM 19% ± 11% p = 0.027  5 mm AM 10% ± 3% p = 0.036 

5 mm L 16% ± 3% p = 0.009  5 mm L 36% ± 11% p = 0.037  5 mm L 19% ± 5% p = 0.02 
5 mm M 18% ± 3% p = 0.012  5 mm M 26% ± 9% p = 0.016  5 mm M 12% ± 5% p = 0.051 
5 mm P 19% ± 2% p = 0.004  5 mm P 46% ± 10% p = 0.022  5 mm P 22% ± 4% p = 0.014 

5 mm PL 18% ± 3% p = 0.007  5 mm PL 41% ± 11% p = 0.015  5 mm PL 22% ± 5% p = 0.015 
5 mm PM 19% ± 1% p < 0.001  5 mm PM 39% ± 8% p = 0.027  5 mm PM 18% ± 5% p = 0.027 
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Appendix A.12 – Percent change to the cartilage-cartilage contact area on the medial surface of tibial articular cartilage with respect to 
intact for anatomic and nonanatomic repairs and a 500 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic 19% ± 2% p = 0.004  Anatomic 48% ± 23% p = 0.07  Anatomic 18% ± 6% p = 0.032 

1 mm A 20% ± 4% p = 0.014  1 mm A 46% ± 25% p = 0.084  1 mm A 17% ± 5% p = 0.03 
1 mm AL 19% ± 3% p = 0.008  1 mm AL 47% ± 24% p = 0.077  1 mm AL 17% ± 5% p = 0.029 

1 mm AM 20% ± 3% p = 0.01  1 mm AM 46% ± 22% p = 0.069  1 mm AM 17% ± 5% p = 0.026 
1 mm L 20% ± 2% p = 0.004  1 mm L 50% ± 25% p = 0.076  1 mm L 19% ± 6% p = 0.032 

1 mm M 20% ± 2% p = 0.004  1 mm M 47% ± 24% p = 0.074  1 mm M 17% ± 5% p = 0.027 
1 mm P 20% ± 3% p = 0.006  1 mm P 51% ± 25% p = 0.071  1 mm P 19% ± 6% p = 0.035 

1 mm PL 20% ± 3% p = 0.006  1 mm PL 52% ± 26% p = 0.074  1 mm PL 20% ± 6% p = 0.031 
1 mm PM 21% ± 2% p = 0.004  1 mm PM 50% ± 24% p = 0.068  1 mm PM 18% ± 6% p = 0.034 

3 mm A 19% ± 7% p = 0.043  3 mm A 42% ± 26% p = 0.111  3 mm A 15% ± 2% p = 0.006 
3 mm AL 20% ± 6% p = 0.031  3 mm AL 46% ± 26% p = 0.093  3 mm AL 18% ± 4% p = 0.018 

3 mm AM 20% ± 7% p = 0.035  3 mm AM 39% ± 24% p = 0.104  3 mm AM 14% ± 3% p = 0.011 
3 mm L 20% ± 1% p = 0.001  3 mm L 53% ± 26% p = 0.074  3 mm L 20% ± 7% p = 0.034 

3 mm M 21% ± 3% p = 0.009  3 mm M 44% ± 21% p = 0.069  3 mm M 15% ± 4% p = 0.019 
3 mm P 21% ± 3% p = 0.008  3 mm P 64% ± 23% p = 0.04  3 mm P 23% ± 6% p = 0.021 

3 mm PL 21% ± 4% p = 0.01  3 mm PL 61% ± 28% p = 0.064  3 mm PL 23% ± 7% p = 0.028 
3 mm PM 22% ± 3% p = 0.007  3 mm PM 58% ± 21% p = 0.041  3 mm PM 20% ± 5% p = 0.021 

5 mm A 20% ± 9% p = 0.06  5 mm A 36% ± 23% p = 0.109  5 mm A 13% ± 3% p = 0.02 
5 mm AL 21% ± 7% p = 0.034  5 mm AL 46% ± 28% p = 0.106  5 mm AL 18% ± 3% p = 0.013 
5 mm AM 21% ± 9% p = 0.055  5 mm AM 30% ± 16% p = 0.081  5 mm AM 10% ± 3% p = 0.021 

5 mm L 21% ± 1% p = 0.001  5 mm L 57% ± 29% p = 0.077  5 mm L 22% ± 7% p = 0.03 
5 mm M 21% ± 4% p = 0.014  5 mm M 46% ± 16% p = 0.038  5 mm M 13% ± 6% p = 0.06 
5 mm P 22% ± 7% p = 0.037  5 mm P 74% ± 27% p = 0.042  5 mm P 27% ± 5% p = 0.012 

5 mm PL 21% ± 5% p = 0.016  5 mm PL 69% ± 28% p = 0.049  5 mm PL 26% ± 6% p = 0.018 
5 mm PM 22% ± 5% p = 0.015  5 mm PM 64% ± 19% p = 0.029  5 mm PM 23% ± 6% p = 0.024 
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Appendix A.13 – Percent change to the total contact area of the medial meniscus with the femoral and tibial articular cartilage for 
anatomic and nonanatomic repairs and a 1,000 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic -20% ± 8% p = 0.047  Anatomic -20% ± 6% p = 0.025  Anatomic -21% ± 4% p = 0.014 

1 mm A -20% ± 8% p = 0.053  1 mm A -18% ± 5% p = 0.027  1 mm A -19% ± 4% p = 0.014 
1 mm AL -20% ± 8% p = 0.054  1 mm AL -19% ± 5% p = 0.026  1 mm AL -20% ± 5% p = 0.02 

1 mm AM -20% ± 9% p = 0.059  1 mm AM -18% ± 5% p = 0.022  1 mm AM -19% ± 5% p = 0.018 
1 mm L -20% ± 7% p = 0.04  1 mm L -21% ± 6% p = 0.024  1 mm L -22% ± 5% p = 0.013 

1 mm M -20% ± 8% p = 0.054  1 mm M -19% ± 5% p = 0.02  1 mm M -21% ± 4% p = 0.012 
1 mm P -21% ± 7% p = 0.034  1 mm P -22% ± 6% p = 0.022  1 mm P -22% ± 5% p = 0.016 

1 mm PL -20% ± 7% p = 0.036  1 mm PL -22% ± 6% p = 0.028  1 mm PL -23% ± 5% p = 0.016 
1 mm PM -20% ± 7% p = 0.038  1 mm PM -21% ± 6% p = 0.023  1 mm PM -21% ± 5% p = 0.018 

3 mm A -20% ± 7% p = 0.09  3 mm A -16% ± 4% p = 0.026  3 mm A -16% ± 3% p = 0.015 
3 mm AL -20% ± 11% p = 0.072  3 mm AL -18% ± 5% p = 0.027  3 mm AL -18% ± 4% p = 0.013 

3 mm AM -20% ± 10% p = 0.076  3 mm AM -15% ± 5% p = 0.03  3 mm AM -17% ± 3% p = 0.009 
3 mm L -20% ± 7% p = 0.035  3 mm L -22% ± 7% p = 0.029  3 mm L -23% ± 5% p = 0.014 

3 mm M -21% ± 9% p = 0.058  3 mm M -18% ± 4% p = 0.016  3 mm M -20% ± 3% p = 0.007 
3 mm P -23% ± 4% p = 0.012  3 mm P -25% ± 7% p = 0.025  3 mm P -27% ± 6% p = 0.016 

3 mm PL -21% ± 4% p = 0.013  3 mm PL -25% ± 7% p = 0.027  3 mm PL -27% ± 7% p = 0.021 
3 mm PM -23% ± 7% p = 0.026  3 mm PM -22% ± 5% p = 0.02  3 mm PM -28% ± 4% p = 0.008 

5 mm A -22% ± 13% p = 0.102  5 mm A -13% ± 5% p = 0.037  5 mm A -12% ± 3% p = 0.022 
5 mm AL -21% ± 11% p = 0.077  5 mm AL -17% ± 5% p = 0.031  5 mm AL -17% ± 3% p = 0.013 

5 mm AM -23% ± 14% p = 0.107  5 mm AM -11% ± 4% p = 0.039  5 mm AM -12% ± 3% p = 0.025 
5 mm L -20% ± 6% p = 0.028  5 mm L -24% ± 8% p = 0.039  5 mm L -25% ± 6% p = 0.018 

5 mm M -24% ± 9% p = 0.046  5 mm M -17% ± 2% p = 0.003  5 mm M -18% ± 3% p = 0.01 
5 mm P -24% ± 4% p = 0.007  5 mm P -30% ± 8% p = 0.025  5 mm P -31% ± 6% p = 0.011 

5 mm PL -23% ± 3% p = 0.008  5 mm PL -27% ± 8% p = 0.03  5 mm PL -29% ± 7% p = 0.017 
5 mm PM -26% ± 5% p = 0.011  5 mm PM -26% ± 5% p = 0.01  5 mm PM -28% ± 3% p = 0.004 
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Appendix A.14 – Percent change to the total contact area of the medial meniscus with the femoral and tibial articular cartilage for 
anatomic and nonanatomic repairs and a 500 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic 22% ± 9% p = 0.056  Anatomic 17% ± 4% p = 0.015  Anatomic -19% ± 6% p = 0.026 

1 mm A 23% ± 12% p = 0.081  1 mm A 16% ± 3% p = 0.015  1 mm A -18% ± 6% p = 0.031 
1 mm AL 22% ± 11% p = 0.071  1 mm AL 16% ± 4% p = 0.016  1 mm AL -19% ± 6% p = 0.027 

1 mm AM 23% ± 11% p = 0.072  1 mm AM 16% ± 3% p = 0.013  1 mm AM -19% ± 6% p = 0.029 
1 mm L 22% ± 9% p = 0.051  1 mm L 17% ± 4% p = 0.018  1 mm L -20% ± 6% p = 0.025 

1 mm M 23% ± 10% p = 0.057  1 mm M 17% ± 4% p = 0.016  1 mm M -19% ± 5% p = 0.022 
1 mm P 23% ± 8% p = 0.036  1 mm P 19% ± 5% p = 0.021  1 mm P -22% ± 7% p = 0.029 

1 mm PL 23% ± 8% p = 0.037  1 mm PL 19% ± 5% p = 0.019  1 mm PL -22% ± 6% p = 0.025 
1 mm PM 23% ± 8% p = 0.043  1 mm PM 19% ± 4% p = 0.016  1 mm PM -20% ± 6% p = 0.027 

3 mm A 23% ± 15% p = 0.12  3 mm A 13% ± 2% p = 0.007  3 mm A -15% ± 3% p = 0.013 
3 mm AL 23% ± 14% p = 0.109  3 mm AL 16% ± 4% p = 0.017  3 mm AL -18% ± 4% p = 0.017 

3 mm AM 24% ± 15% p = 0.107  3 mm AM 13% ± 0% p < 0.001  3 mm AM -15% ± 2% p = 0.008 
3 mm L 23% ± 9% p = 0.052  3 mm L 19% ± 6% p = 0.029  3 mm L -22% ± 6% p = 0.026 

3 mm M 24% ± 11% p = 0.066  3 mm M 16% ± 3% p = 0.012  3 mm M -18% ± 4% p = 0.019 
3 mm P 24% ± 5% p = 0.015  3 mm P 23% ± 8% p = 0.035  3 mm P -26% ± 7% p = 0.026 

3 mm PL 23% ± 6% p = 0.02  3 mm PL 22% ± 7% p = 0.0032  3 mm PL -25% ± 7% p = 0.027 
3 mm PM 25% ± 7% p = 0.023  3 mm PM 21% ± 6% p = 0.026  3 mm PM -23% ± 5% p = 0.018 

5 mm A 24% ± 17% p = 0.129  5 mm A 11% ± 1% p = 0.002  5 mm A -12% ± 3% p = 0.025 
5 mm AL 24% ± 15% p = 0.114  5 mm AL 15% ± 4% p = 0.019  5 mm AL -17% ± 3% p = 0.012 

5 mm AM 27% ± 17% p = 0.117  5 mm AM 9% ± 2% p = 0.019  5 mm AM -11% ± 2% p = 0.01 
5 mm L 23% ± 10% p = 0.052  5 mm L 21% ± 7% p = 0.033  5 mm L -23% ± 6% p = 0.024 

5 mm M 26% ± 12% p = 0.061  5 mm M 15% ± 2% p = 0.007  5 mm M -15% ± 3% p = 0.015 
5 mm P 24% ± 1% p < 0.001  5 mm P 28% ± 8% p = 0.028  5 mm P -31% ± 6% p = 0.014 

5 mm PL 23% ± 4% p = 0.009  5 mm PL 25% ± 9% p = 0.037  5 mm PL -28% ± 8% p = 0.026 
5 mm PM 26% ± 5% p = 0.012  5 mm PM 24% ± 6% p = 0.02  5 mm PM -27% ± 3% p = 0.005 
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Appendix A.15 – Meniscal extrusion measured at the posterior root of the medial meniscus with respect to intact for anatomic and 
nonanatomic repairs and a 1,000 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic 0.33 ± 0.10 mm p = 0.03  Anatomic 0.58 ± 0.35 mm p = 0.134  Anatomic 0.58 ± 0.15 mm p = 0.022 

1 mm A 0.32 ± 0.09 mm p = 0.023  1 mm A 0.50 ± 0.36 mm p = 0.121  1 mm A 0.52 ± 0.16 mm p = 0.031 
1 mm AL 0.32 ± 0.09 mm p = 0.026  1 mm AL 0.53 ± 0.35 mm p = 0.128  1 mm AL 0.54 ± 0.16 mm p = 0.027 

1 mm AM 0.33 ± 0.09 mm p = 0.024  1 mm AM 0.53 ± 0.36 mm p = 0.1  1 mm AM 0.53 ± 0.16 mm p = 0.03 
1 mm L 0.32 ± 0.10 mm p = 0.031  1 mm L 0.58 ± 0.34 mm p = 0.107  1 mm L 0.59 ± 0.15 mm p = 0.022 

1 mm M 0.34 ± 0.10 mm p = 0.029  1 mm M 0.58 ± 0.36 mm p = 0.079  1 mm M 0.58 ± 0.16 mm p = 0.023 
1 mm P 0.33 ± 0.11 mm p = 0.037  1 mm P 0.66 ± 0.34 mm p = 0.084  1 mm P 0.66 ± 0.14 mm p = 0.015 

1 mm PL 0.32 ± 0.11 mm p = 0.036  1 mm PL 0.63 ± 0.34 mm p = 0.086  1 mm PL 0.64 ± 0.15 mm p = 0.017 
1 mm PM 0.34 ± 0.11 mm p = 0.034  1 mm PM 0.64 ± 0.35 mm p = 0.217  1 mm PM 0.64 ± 0.15 mm p = 0.017 

3 mm A 0.32 ± 0.07 mm p = 0.015  3 mm A 0.39 ± 0.38 mm p = 0.158  3 mm A 0.43 ± 0.19 mm p = 0.062 
3 mm AL 0.30 ± 0.08 mm p = 0.02  3 mm AL 0.45 ± 0.36 mm p = 0.199  3 mm AL 0.49 ± 0.17 mm p = 0.04 

3 mm AM 0.35 ± 0.08 mm p = 0.016  3 mm AM 0.44 ± 0.40 mm p = 0.095  3 mm AM 0.45 ± 0.21 mm p = 0.067 
3 mm L 0.31 ± 0.10 mm p = 0.035  3 mm L 0.59 ± 0.34 mm p = 0.114  3 mm L 0.61 ± 0.17 mm p = 0.023 

3 mm M 0.37 ± 0.11 mm p = 0.029  3 mm M 0.61 ± 0.39 mm p = 0.047  3 mm M 0.60 ± 0.20 mm p = 0.034 
3 mm P 0.36 ± 0.15 mm p = 0.052  3 mm P 0.87 ± 0.34 mm p = 0.059  3 mm P 0.86 ± 0.15 mm p = 0.01 

3 mm PL 0.33 ± 0.13 mm p = 0.048  3 mm PL 0.76 ± 0.33 mm p = 0.058  3 mm PL 0.76 ± 0.16 mm p = 0.015 
3 mm PM 0.38 ± 0.14 mm p = 0.045  3 mm PM 0.81 ± 0.36 mm p = 0.309  3 mm PM 0.80 ± 0.14 mm p = 0.01 

5 mm A 0.34 ± 0.05 mm p = 0.008  5 mm A 0.32 ± 0.42 mm p = 0.19  5 mm A 0.38 ± 0.23 mm p = 0.105 
5 mm AL 0.30 ± 0.07 mm p = 0.017  5 mm AL 0.41 ± 0.37 mm p = 0.279  5 mm AL 0.47 ± 0.20 mm p = 0.052 

5 mm AM 0.39 ± 0.08 mm p = 0.013  5 mm AM 0.40 ± 0.48 mm p = 0.09  5 mm AM 0.42 ± 0.30 mm p = 0.134 
5 mm L 0.30 ± 0.11 mm p = 0.038  5 mm L 0.62 ± 0.34 mm p = 0.118  5 mm L 0.65 ± 0.18 mm p = 0.026 

5 mm M 0.43 ± 0.14 mm p = 0.032  5 mm M 0.70 ± 0.46 mm p = 0.03  5 mm M 0.67 ± 0.27 mm p = 0.051 
5 mm P 0.40 ± 0.18 mm p = 0.064  5 mm P 1.12 ± 0.34 mm p = 0.046  5 mm P 1.10 ± 0.19 mm p = 0.009 

5 mm PL 0.34 ± 0.15 mm p = 0.059  5 mm PL 0.89 ± 0.34 mm p = 0.037  5 mm PL 0.89 ± 0.20 mm p = 0.016 
5 mm PM 0.44 ± 0.18 mm p = 0.054  5 mm PM 1.06 ± 0.36 mm p = 0.103  5 mm PM 1.04 ± 0.13 mm p = 0.005 
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Appendix A.16 – Meniscal extrusion measured at the posterior root of the medial meniscus with respect to intact for anatomic and 
nonanatomic repairs and a 500 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic 0.25 ± 0.08 mm p = 0.032  Anatomic  0.42 ± 0.30 mm p = 0.14  Anatomic 0.43 ± 0.11 mm p = 0.021 

1 mm A 0.25 ± 0.07 mm p = 0.024  1 mm A 0.35 ± 0.31 mm p = 0.192  1 mm A 0.37 ± 0.12 mm p = 0.035 
1 mm AL 0.24 ± 0.07 mm p = 0.028  1 mm AL 0.37 ± 0.30 mm p = 0.169  1 mm AL 0.39 ± 0.11 mm p = 0.027 

1 mm AM 0.26 ± 0.07 mm p = 0.026  1 mm AM 0.37 ± 0.32 mm p = 0.181  1 mm AM 0.38 ± 0.13 mm p = 0.034 
1 mm L 0.25 ± 0.08 mm p = 0.034  1 mm L 0.42 ± 0.30 mm p = 0.134  1 mm L 0.44 ± 0.11 mm p = 0.019 

1 mm M 0.26 ± 0.08 mm p = 0.031  1 mm M 0.42 ± 0.31 mm p = 0.145  1 mm M 0.43 ± 0.12 mm p = 0.025 
1 mm P 0.26 ± 0.09 mm p = 0.042  1 mm P 0.50 ± 0.30 mm p = 0.101  1 mm P 0.50 ± 0.10 mm p = 0.013 

1 mm PL 0.25 ± 0.09 mm p = 0.04  1 mm PL 0.47 ± 0.30 mm p = 0.109  1 mm PL 0.48 ± 0.10 mm p = 0.014 
1 mm PM 0.26 ± 0.09 mm p = 0.038  1 mm PM 0.48 ± 0.30 mm p = 0.113  1 mm PM 0.48 ± 0.11 mm p = 0.016 

3 mm A 0.25 ± 0.05 mm p = 0.012  3 mm A 0.25 ± 0.33 mm p = 0.328  3 mm A 0.28 ± 0.15 mm p = 0.086 
3 mm AL 0.24 ± 0.06 mm p = 0.02  3 mm AL 0.31 ± 0.31 mm p = 0.229  3 mm AL 0.35 ± 0.13 mm p = 0.043 

3 mm AM 0.27 ± 0.06 mm p = 0.015  3 mm AM 0.29 ± 0.35 mm p = 0.293  3 mm AM 0.30 ± 0.18 mm p = 0.098 
3 mm L 0.24 ± 0.08 mm p = 0.037  3 mm L 0.44 ± 0.30 mm p = 0.125  3 mm L 0.46 ± 0.12 mm p = 0.02 

3 mm M 0.29 ± 0.09 mm p = 0.031  3 mm M 0.44 ± 0.34 mm p = 0.155  3 mm M 0.44 ± 0.16 mm p = 0.043 
3 mm P 0.28 ± 0.13 mm p = 0.061  3 mm P 0.69 ± 0.29 mm p = 0.054  3 mm P 0.68 ± 0.10 mm p = 0.007 

3 mm PL 0.25 ± 0.11 mm p = 0.055  3 mm PL 0.59 ± 0.29 mm p = 0.072  3 mm PL 0.60 ± 0.11 mm p = 0.011 
3 mm PM 0.30 ± 0.12 mm p = 0.051  3 mm PM 0.63 ± 0.31 mm p = 0.071  3 mm PM 0.62 ± 0.10 mm p = 0.009 

5 mm A 0.26 ± 0.04 mm p = 0.006  5 mm A 0.24 ± 0.27 mm p = 0.268  5 mm A 0.24 ± 0.19 mm p = 0.163 
5 mm AL 0.23 ± 0.05 mm p = 0.016  5 mm AL 0.27 ± 0.32 mm p = 0.282  5 mm AL 0.33 ± 0.15 mm p = 0.063 

5 mm AM 0.31 ± 0.05 mm p = 0.01  5 mm AM 0.28 ± 0.36 mm p = 0.315  5 mm AM 0.27 ± 0.25 mm p = 0.21 
5 mm L 0.23 ± 0.08 mm p = 0.042  5 mm L 0.46 ± 0.30 mm p = 0.116  5 mm L 0.50 ± 0.13 mm p = 0.023 

5 mm M 0.34 ± 0.11 mm p = 0.034  5 mm M 0.51 ± 0.40 mm p = 0.156  5 mm M 0.49 ± 0.24 mm p = 0.068 
5 mm P 0.31 ± 0.16 mm p = 0.077  5 mm P 0.92 ± 0.29 mm p = 0.032  5 mm P 0.90 ± 0.12 mm p = 0.006 

5 mm PL 0.26 ± 0.13 mm p = 0.068  5 mm PL 0.71 ± 0.29 mm p = 0.052  5 mm PL 0.72 ± 0.14 mm p = 0.012 
5 mm PM 0.34 ± 0.16 mm p = 0.065  5 mm PM 0.85 ± 0.31 mm p = 0.042  5 mm PM 0.83 ± 0.10 mm p = 0.004 
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Appendix A.17 – Percent change in nonanatomic repair tension with respect to anatomic repair and a 1,000 N compressive load.  
 

0° Flexion  30° Flexion  60° Flexion 
1 mm A 0% ± 2% p = 0.799  1 mm A 2% ± 1% p = 0.134  1 mm A 2% ± 2% p = 0.226 

1 mm AL 0% ± 1% p = 0.74  1 mm AL 0% ± 0% p = 0.121  1 mm AL 0% ± 1% p = 0.814 
1 mm AM 0% ± 2% p = 0.842  1 mm AM 3% ± 1% p = 0.128  1 mm AM 3% ± 2% p = 0.122 

1 mm L 0% ± 1% p = 0.966  1 mm L -1% ± 0% p = 0.1  1 mm L -2% ± 0% p = 0.031 
1 mm M 0% ± 1% p = 0.98  1 mm M 2% ± 1% p = 0.107  1 mm M 2% ± 1% p = 0.027 
1 mm P 0% ± 2% p = 0.831  1 mm P -2% ± 1% p = 0.079  1 mm P -2% ± 2% p = 0.237 

1 mm PL 0% ± 2% p = 0.859  1 mm PL -2% ± 1% p = 0.084  1 mm PL -2% ± 2% p = 0.133 
1 mm PM 0% ± 1% p = 0.765  1 mm PM 0% ± 0% p = 0.086  1 mm PM 0% ± 1% p = 0.862 

3 mm A -1% ± 7% p = 0.802  3 mm A 6% ± 3% p = 0.217  3 mm A 6% ± 6% p = 0.212 
3 mm AL -1% ± 3% p = 0.772  3 mm AL 1% ± 1% p = 0.158  3 mm AL 1% ± 3% p = 0.747 

3 mm AM -1% ± 8% p = 0.838  3 mm AM 8% ± 4% p = 0.199  3 mm AM 9% ± 6% p = 0.113 
3 mm L 0% ± 2% p = 0.924  3 mm L -3% ± 1% p = 0.095  3 mm L -4% ± 1% p = 0.038 

3 mm M 0% ± 3% p = 0.972  3 mm M 6% ± 2% p = 0.114  3 mm M 7% ± 2% p = 0.025 
3 mm P 1% ± 7% p = 0.869  3 mm P -6% ± 3% p = 0.047  3 mm P -6% ± 5% p = 0.221 

3 mm PL 1% ± 6% p = 0.863  3 mm PL -6% ± 3% p = 0.059  3 mm PL -6% ± 4% p = 0.136 
3 mm PM 1% ± 4% p = 0.813  3 mm PM -1% ± 1% p = 0.058  3 mm PM 0% ± 3% p = 0.884 

5 mm A -2% ± 12% p = 0.808  5 mm A 10% ± 5% p = 0.309  5 mm A 10% ± 9% p = 0.172 
5 mm AL -1% ± 5% p = 0.8  5 mm AL 2% ± 2% p = 0.19  5 mm AL 1% ± 3% p = 0.604 

5 mm AM -2% ± 14% p = 0.837  5 mm AM 16% ± 6% p = 0.279  5 mm AM 17% ± 10% p = 0.099 
5 mm L 0% ± 2% p = 0.879  5 mm L -5% ± 2% p = 0.09  5 mm L -6% ± 2% p = 0.039 

5 mm M 0% ± 5% p = 0.912  5 mm M 11% ± 4% p = 0.118  5 mm M 13% ± 4% p = 0.029 
5 mm P 1% ± 11% p = 0.932  5 mm P -11% ± 5% p = 0.03  5 mm P -10% ± 9% p = 0.184 

5 mm PL 1% ± 8% p = 0.879  5 mm PL -10% ± 5% p = 0.046  5 mm PL -10% ± 7% p = 0.136 
5 mm PM 0% ± 7% p = 0.916  5 mm PM -3% ± 1% p = 0.037  5 mm PM -1% ± 4% p = 0.733 

  



 

153 

Appendix A.18 – Percent change in nonanatomic repair tension with respect to anatomic repair and a 500 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
1 mm A -1% ± 3% p = 0.715  1 mm A 2% ± 1% p = 0.096  1 mm A 2% ± 2% p = 0.225 

1 mm AL 0% ± 2% p = 0.676  1 mm AL 0% ± 0% p = 0.322  1 mm AL 0% ± 1% p = 0.735 
1 mm AM -1% ± 3% p = 0.747  1 mm AM 3% ± 1% p = 0.062  1 mm AM 3% ± 2% p = 0.131 

1 mm L 0% ± 1% p = 0.835  1 mm L -1% ± 0% p = 0.039  1 mm L 2% ± 1% p = 0.046 
1 mm M 0% ± 1% p = 0.856  1 mm M 2% ± 1% p = 0.034  1 mm M 2% ± 1% p = 0.042 
1 mm P 1% ± 3% p = 0.726  1 mm P -2% ± 1% p = 0.092  1 mm P -2% ± 2% p = 0.222 

1 mm PL 1% ± 3% p = 0.744  1 mm PL -2% ± 1% p = 0.068  1 mm PL -3% ± 2% p = 0.138 
1 mm PM 0% ± 2% p = 0.681  1 mm PM 0% ± 0% p = 0.317  1 mm PM 0% ± 1% p = 0.778 

3 mm A -2% ± 9% p = 0.719  3 mm A 6% ± 3% p = 0.099  3 mm A 6% ± 6% p = 0.224 
3 mm AL -1% ± 4% p = 0.691  3 mm AL 1% ± 1% p = 0.31  3 mm AL 1% ± 3% p = 0.741 

3 mm AM 2% ± 10% p = 0.746  3 mm AM 8% ± 4% p = 0.059  3 mm AM 10% ± 6% p = 0.121 
3 mm L 0% ± 2% p = 0.792  3 mm L -4% ± 1% p = 0.044  3 mm L -4% ± 2% p = 0.052 

3 mm M 0% ± 3% p = 0.849  3 mm M 6% ± 2% p = 0.032  3 mm M 7% ± 2% p = 0.036 
3 mm P 2% ± 9% p = 0.747  3 mm P -6% ± 3% p = 0.073  3 mm P -6% ± 6% p = 0.208 

3 mm PL 2% ± 7% p = 0.745  3 mm PL -6% ± 3% p = 0.07  3 mm PL -7% ± 5% p = 0.139 
3 mm PM 1% ± 5% p = 0.715  3 mm PM -1% ± 1% p = 0.177  3 mm PM -1% ± 3% p = 0.771 

5 mm A -3% ± 15% p = 0.734  5 mm A 10% ± 6% p = 0.095  5 mm A 10% ± 10% p = 0.205 
5 mm AL -2% ± 7% p = 0.723  5 mm AL 2% ± 2% p = 0.255  5 mm AL 1% ± 4% p = 0.727 

5 mm AM -3% ± 17% p = 0.755  5 mm AM 16% ± 7% p = 0.052  5 mm AM 18% ± 11% p = 0.107 
5 mm L 1% ± 3% p = 0.76  5 mm L -5% ± 2% p = 0.048  5 mm L -6% ± 3% p = 0.052 

5 mm M -1% ± 6% p = 0.804  5 mm M 12% ± 4% p = 0.037  5 mm M 14% ± 5% p = 0.037 
5 mm P 3% ± 15% p = 0.79  5 mm P -11% ± 5% p = 0.059  5 mm P -11% ± 10% p = 0.188 

5 mm PL 2% ± 11% p = 0.751  5 mm PL -10% ± 5% p = 0.068  5 mm PL -11% ± 8% p = 0.138 
5 mm PM 2% ± 9% p = 0.79  5 mm PM -3% ± 1% p = 0.069  5 mm PM -1% ± 5% p = 0.662 
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APPENDIX B: 

CHANGES TO MECHANICS WITH LOOSENED MENISCAL ROOT REPAIRS 

 
From the finite element knee models in Chapter 6, the change of outcome variables for all 

meniscal root repairs are listed for each flexion angle and compressive load evaluated. Results are 

presented as the mean and standard deviation, and bold print represents an outcome that is 

statistically different from zero using a Benjamini-Hochberg correction with a false discovery rate 

of 0.05 and number of tests assessed as 25. The 25 tests for each correction relate to the anatomic 

and the 24 nonanatomic repairs locations evaluated at different loading conditions. A = Anterior; 

AL = anterolateral; AM = anteromedial; L = lateral; M = medial; P = posterior; PL = posterolateral; 

PM = posteromedial.
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Appendix B.1 – Percent change to the mean hoop stress of the medial meniscus midbody with respect to intact for loosened anatomic 
and loosened nonanatomic repairs and a 1,000 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic -56% ± 8% p = 0.008  Anatomic -37% ± 2% p < 0.001  Anatomic -33% ± 1% p < 0.001 

1 mm A -56% ± 9% p = 0.009  1 mm A -35% ± 2% p = 0.001  1 mm A -31% ± 1% p < 0.001 
1 mm AL -55% ± 9% p = 0.009  1 mm AL -36% ± 2% p < 0.001  1 mm AL -32% ± 1% p < 0.001 

1 mm AM -56% ± 9% p = 0.008  1 mm AM -36% ± 3% p = 0.002  1 mm AM -32% ± 2% p < 0.001 
1 mm L -55% ± 9% p = 0.008  1 mm L -37% ± 1% p < 0.001  1 mm L -33% ± 0% p < 0.001 

1 mm M -57% ± 8% p = 0.007  1 mm M -38% ± 3% p = 0.002  1 mm M -34% ± 1% p < 0.001 
1 mm P -56% ± 8% p = 0.006  1 mm P -40% ± 2% p < 0.001  1 mm P -35% ± 0% p < 0.001 

1 mm PL -56% ± 8% p = 0.007  1 mm PL -39% ± 1% p < 0.001  1 mm PL -35% ± 0% p < 0.001 
1 mm PM -57% ± 8% p = 0.006  1 mm PM -39% ± 2% p = 0.001  1 mm PM -35% ± 1% p < 0.001 

3 mm A -56% ± 10% p = 0.011  3 mm A -33% ± 3% p = 0.003  3 mm A -29% ± 3% p = 0.003 
3 mm AL -55% ± 10% p = 0.011  3 mm AL -33% ± 2% p < 0.001  3 mm AL -30% ± 1% p < 0.001 

3 mm AM -58% ± 10% p = 0.009  3 mm AM -35% ± 4% p = 0.005  3 mm AM -30% ± 4% p = 0.005 
3 mm L -55% ± 9% p = 0.008  3 mm L -37% ± 1% p < 0.001  3 mm L -33% ± 1% p < 0.001 

3 mm M -59% ± 8% p = 0.006  3 mm M -40% ± 4% p = 0.004  3 mm M -35% ± 3% p = 0.002 
3 mm P -58% ± 6% p = 0.004  3 mm P -45% ± 2% p < 0.001  3 mm P -41% ± 1% p < 0.001 

3 mm PL -56% ± 7% p = 0.006  3 mm PL -41% ± 1% p < 0.001  3 mm PL -37% ± 3% p < 0.001 
3 mm PM -59% ± 6% p = 0.004  3 mm PM -45% ± 3% p = 0.001  3 mm PM -40% ± 0% p < 0.001 

5 mm A -57% ± 11% p = 0.012  5 mm A -31% ± 4% p = 0.007  5 mm A -28% ± 4% p = 0.007 
5 mm AL -55% ± 10% p = 0.012  5 mm AL -32% ± 2% p = 0.001  5 mm AL -29% ± 1% p < 0.001 

5 mm AM -60% ± 10% p = 0.009  5 mm AM -35% ± 6% p = 0.011  5 mm AM -30% ± 6% p = 0.012 
5 mm L -54% ± 8% p = 0.008  5 mm L -37% ± 0% p < 0.001  5 mm L -33% ± 1% p < 0.001 

5 mm M -62% ± 7% p = 0.004  5 mm M -43% ± 6% p = 0.007  5 mm M -38% ± 5% p = 0.005 
5 mm P -60% ± 5% p = 0.002  5 mm P -51% ± 2% p < 0.001  5 mm P -47% ± 3% p = 0.002 

5 mm PL -56% ± 6% p = 0.004  5 mm PL -44% ± 2% p < 0.001  5 mm PL -40% ± 3% p = 0.002 
5 mm PM -62% ± 5% p = 0.002  5 mm PM -52% ± 3% p = 0.001  5 mm PM -46% ± 0% p < 0.001 
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Appendix B.2 – Percent change to the mean hoop stress of the medial meniscus midbody with respect to intact for loosened anatomic 
and loosened nonanatomic repairs and a 500 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic -59% ± 10% p = 0.01  Anatomic -34% ± 4% p = 0.004  Anatomic -32% ± 1% p < 0.001 

1 mm A -59% ± 11% p = 0.012  1 mm A -32% ± 4% p = 0.005  1 mm A -30% ± 2% p = 0.002 
1 mm AL -59% ± 11% p = 0.012  1 mm AL -33% ± 3% p = 0.004  1 mm AL -30% ± 2% p < 0.001 

1 mm AM -60% ± 11% p = 0.011  1 mm AM -33% ± 4% p = 0.005  1 mm AM -30% ± 2% p = 0.002 
1 mm L -59% ± 10% p = 0.01  1 mm L -34% ± 3% p = 0.003  1 mm L -31% ± 1% p < 0.001 

1 mm M -60% ± 10% p = 0.01  1 mm M -35% ± 4% p = 0.005  1 mm M -32% ± 2% p = 0.002 
1 mm P -60% ± 9% p = 0.008  1 mm P -37% ± 4% p = 0.003  1 mm P -34% ± 1% p < 0.001 

1 mm PL -59% ± 10% p = 0.009  1 mm PL -36% ± 3% p = 0.003  1 mm PL -33% ± 1% p < 0.001 
1 mm PM -60% ± 10% p = 0.009  1 mm PM -36% ± 4% p = 0.004  1 mm PM -33% ± 1% p < 0.001 

3 mm A -59% ± 13% p = 0.015  3 mm A -29% ± 4% p = 0.007  3 mm A -27% ± 3% p = 0.005 
3 mm AL -58% ± 12% p = 0.014  3 mm AL -30% ± 3% p = 0.004  3 mm AL -28% ± 2% p = 0.001 

3 mm AM -61% ± 12% p = 0.012  3 mm AM -31% ± 6% p = 0.01  3 mm AM -28% ± 4% p = 0.008 
3 mm L -58% ± 10% p = 0.011  3 mm L -34% ± 3% p = 0.002  3 mm L -32% ± 0% p < 0.001 

3 mm M -62% ± 10% p = 0.008  3 mm M -36% ± 6% p = 0.008  3 mm M -33% ± 4% p = 0.004 
3 mm P -61% ± 8% p = 0.005  3 mm P -42% ± 3% p = 0.002  3 mm P -39% ± 1% p < 0.001 

3 mm PL -59% ± 9% p = 0.007  3 mm PL -39% ± 3% p = 0.002  3 mm PL -36% ± 1% p < 0.001 
3 mm PM -62% ± 8% p = 0.005  3 mm PM -41% ± 5% p = 0.004  3 mm PM -38% ± 1% p < 0.001 

5 mm A -60% ± 13% p = 0.016  5 mm A -28% ± 5% p = 0.012  5 mm A -25% ± 5% p = 0.011 
5 mm AL -58% ± 13% p = 0.015  5 mm AL -29% ± 3% p = 0.004  5 mm AL -27% ± 2% p = 0.002 

5 mm AM -63% ± 12% p = 0.012  5 mm AM -31% ± 7% p = 0.018  5 mm AM -28% ± 6% p = 0.018 
5 mm L 58% ± 10% p = 0.01  5 mm L -34% ± 2% p = 0.002  5 mm L -32% ± 1% p < 0.001 

5 mm M -65% ± 9% p = 0.006  5 mm M -39% ± 8% p = 0.013  5 mm M -35% ± 5% p = 0.008 
5 mm P -63% ± 6% p = 0.003  5 mm P -49% ± 3% p = 0.002  5 mm P -45% ± 3% p = 0.001 

5 mm PL -60% ± 8% p = 0.006  5 mm PL -42% ± 3% p = 0.002  5 mm PL -39% ± 3% p = 0.002 
5 mm PM -65% ± 6% p = 0.003  5 mm PM -48% ± 5% p = 0.003  5 mm PM -45% ± 1% p < 0.001 
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Appendix B.3 – Percent change to the mean hoop stress of the anteromedial meniscal insertion with respect to intact for loosened 
anatomic and loosened nonanatomic repairs and a 1,000 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic -62% ± 12% p = 0.012  Anatomic -40% ± 3% p = 0.002  Anatomic -35% ± 1% p < 0.001 

1 mm A -62% ± 13% p = 0.014  1 mm A -38% ± 3% p = 0.002  1 mm A -34% ± 1% p < 0.001 
1 mm AL -61% ± 13% p = 0.014  1 mm AL -38% ± 3% p = 0.002  1 mm AL -34% ± 1% p < 0.001 

1 mm AM -62% ± 13% p = 0.013  1 mm AM -39% ± 4% p = 0.003  1 mm AM -34% ± 2% p < 0.001 
1 mm L -61% ± 12% p = 0.013  1 mm L -40% ± 2% p = 0.001  1 mm L -35% ± 0% p < 0.001 

1 mm M -63% ± 12% p = 0.012  1 mm M -41% ± 4% p = 0.003  1 mm M -36% ± 1% p < 0.001 
1 mm P -62% ± 11% p = 0.011  1 mm P -43% ± 3% p = 0.001  1 mm P -38% ± 0% p < 0.001 

1 mm PL -62% ± 11% p = 0.011  1 mm PL -41% ± 2% p = 0.001  1 mm PL -37% ± 0% p < 0.001 
1 mm PM -63% ± 11% p = 0.011  1 mm PM -42% ± 3% p = 0.002  1 mm PM -37% ± 1% p < 0.001 

3 mm A -62% ± 14% p = 0.017  3 mm A -35% ± 4% p = 0.005  3 mm A -31% ± 3% p = 0.003 
3 mm AL -61% ± 14% p = 0.016  3 mm AL -36% ± 3% p = 0.002  3 mm AL -32% ± 1% p < 0.001 

3 mm AM -64% ± 14% p = 0.015  3 mm AM -37% ± 5% p = 0.007  3 mm AM -32% ± 4% p = 0.005 
3 mm L -60% ± 12% p = 0.013  3 mm L -39% ± 1% p < 0.001  3 mm L -35% ± 1% p < 0.001 

3 mm M -65% ± 12% p = 0.01  3 mm M -43% ± 5% p = 0.005  3 mm M -37% ± 3% p = 0.002 
3 mm P -64% ± 9% p = 0.007  3 mm P -48% ± 2% p < 0.001  3 mm P -43% ± 1% p < 0.001 

3 mm PL -62% ± 10% p = 0.009  3 mm PL -44% ± 1% p < 0.001  3 mm PL -40% ± 2% p < 0.001 
3 mm PM -65% ± 10% p = 0.007  3 mm PM -48% ± 4% p = 0.002  3 mm PM -42% ± 1% p < 0.001 

5 mm A -63% ± 15% p = 0.019  5 mm A -33% ± 6% p = 0.009  5 mm A -29% ± 4% p = 0.006 
5 mm AL -60% ± 14% p = 0.018  5 mm AL -34% ± 3% p = 0.002  5 mm AL -31% ± 2% p < 0.001 

5 mm AM -66% ± 14% p = 0.015  5 mm AM -37% ± 8% p = 0.014  5 mm AM -32% ± 6% p = 0.011 
5 mm L -60% ± 12% p = 0.012  5 mm L -40% ± 1% p < 0.001  5 mm L -36% ± 1% p < 0.001 

5 mm M -68% ± 11% p = 0.008  5 mm M -46% ± 8% p = 0.009  5 mm M -40% ± 5% p = 0.005 
5 mm P -66% ± 8% p = 0.005  5 mm P -55% ± 2% p < 0.001  5 mm P -50% ± 3% p = 0.001 

5 mm PL -62% ± 9% p = 0.007  5 mm PL -48% ± 1% p < 0.001  5 mm PL -43% ± 3% p = 0.002 
5 mm PM -68% ± 8% p = 0.004  5 mm PM -55% ± 4% p = 0.002  5 mm PM -49% ± 0% p < 0.001 
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Appendix B.4 – Percent change to the mean hoop stress of the anteromedial meniscal insertion with respect to intact for loosened 
anatomic and loosened nonanatomic repairs and a 500 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic -65% ± 16% p = 0.02  Anatomic -37% ± 4% p = 0.004  Anatomic -34% ± 2% p < 0.001 

1 mm A -65% ± 17% p = 0.022  1 mm A -34% ± 4% p = 0.005  1 mm A -31% ± 2% p = 0.002 
1 mm AL -65% ± 17% p = 0.022  1 mm AL -35% ± 4% p = 0.004  1 mm AL -32% ± 2% p < 0.001 

1 mm AM -66% ± 17% p = 0.021  1 mm AM -35% ± 5% p = 0.006  1 mm AM -32% ± 3% p = 0.002 
1 mm L -65% ± 16% p = 0.02  1 mm L -36% ± 4% p = 0.003  1 mm L -33% ± 1% p < 0.001 

1 mm M -66% ± 16% p = 0.019  1 mm M -37% ± 5% p = 0.006  1 mm M -34% ± 2% p = 0.001 
1 mm P -66% ± 15% p = 0.017  1 mm P -39% ± 4% p = 0.003  1 mm P -36% ± 1% p < 0.001 

1 mm PL -65% ± 15% p = 0.018  1 mm PL -38% ± 4% p = 0.003  1 mm PL -35% ± 1% p < 0.001 
1 mm PM -66% ± 15% p = 0.017  1 mm PM -39% ± 4% p = 0.004  1 mm PM -35% ± 1% p < 0.001 

3 mm A -66% ± 19% p = 0.026  3 mm A -31% ± 5% p = 0.009  3 mm A -29% ± 3% p = 0.005 
3 mm AL -64% ± 18% p = 0.025  3 mm AL -32% ± 4% p = 0.004  3 mm AL -30% ± 2% p = 0.001 

3 mm AM -67% ± 18% p = 0.023  3 mm AM -33% ± 6% p = 0.012  3 mm AM -30% ± 5% p = 0.008 
3 mm L -64% ± 16% p = 0.02  3 mm L -36% ± 3% p = 0.002  3 mm L -34% ± 0% p < 0.001 

3 mm M -68% ± 16% p = 0.017  3 mm M -39% ± 7% p = 0.009  3 mm M -35% ± 4% p = 0.004 
3 mm P -67% ± 13% p = 0.012  3 mm P -45% ± 4% p = 0.002  3 mm P -42% ± 1% p < 0.001 

3 mm PL -65% ± 14% p = 0.015  3 mm PL -41% ± 3% p = 0.002  3 mm PL -38% ± 1% p < 0.001 
3 mm PM -68% ± 13% p = 0.013  3 mm PM -44% ± 5% p = 0.005  3 mm PM -40% ± 1% p < 0.001 

5 mm A -67% ± 20% p = 0.028  5 mm A -30% ± 6% p = 0.014  5 mm A -27% ± 5% p = 0.01 
5 mm AL -64% ± 18% p = 0.026  5 mm AL -31% ± 4% p = 0.005  5 mm AL -29% ± 2% p = 0.002 

5 mm AM -70% ± 19% p = 0.023  5 mm AM -33% ± 8% p = 0.02  5 mm AM -29% ± 7% p = 0.017 
5 mm L -64% ± 16% p = 0.02  5 mm L -36% ± 2% p = 0.001  5 mm L -34% ± 1% p < 0.001 

5 mm M -71% ± 15% p = 0.014  5 mm M -42% ± 9% p = 0.014  5 mm M -38% ± 6% p = 0.008 
5 mm P -69% ± 11% p = 0.008  5 mm P -52% ± 3% p = 0.001  5 mm P -48% ± 3% p = 0.001 

5 mm PL -66% ± 13% p = 0.012  5 mm PL -44% ± 2% p = 0.001  5 mm PL -42% ± 3% p = 0.002 
5 mm PM -71% ± 11% p = 0.008  5 mm PM -51% ± 6% p = 0.004  5 mm PM -47% ± 1% p < 0.001 
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Appendix B.5 – Percent change to the total contact area on the medial surface of tibial articular cartilage with respect to intact for 
loosened anatomic and loosened nonanatomic repairs and a 1,000 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic -23% ± 5% p = 0.015  Anatomic -12% ± 2% p = 0.094  Anatomic -10% ± 5% p = 0.073 

1 mm A -23% ± 5% p = 0.017  1 mm A -11% ± 2% p = 0.096  1 mm A -9% ± 5% p = 0.085 
1 mm AL -23% ± 5% p = 0.016  1 mm AL -12% ± 2% p = 0.097  1 mm AL -10% ± 4% p = 0.052 

1 mm AM -23% ± 5% p = 0.017  1 mm AM -11% ± 2% p = 0.093  1 mm AM -9% ± 5% p = 0.096 
1 mm L -23% ± 5% p = 0.014  1 mm L -12% ± 2% p = 0.097  1 mm L -10% ± 4% p = 0.053 

1 mm M -23% ± 5% p = 0.014  1 mm M -11% ± 2% p = 0.09  1 mm M -9% ± 6% p = 0.101 
1 mm P -24% ± 5% p = 0.013  1 mm P -13% ± 2% p = 0.092  1 mm P -10% ± 5% p = 0.061 

1 mm PL -24% ± 5% p = 0.014  1 mm PL -12% ± 2% p = 0.094  1 mm PL -11% ± 5% p = 0.056 
1 mm PM -24% ± 5% p = 0.013  1 mm PM -12% ± 2% p = 0.09  1 mm PM -10% ± 5% p = 0.081 

3 mm A -23% ± 6% p = 0.021  3 mm A -10% ± 2% p = 0.1  3 mm A -9% ± 5% p = 0.088 
3 mm AL -23% ± 5% p = 0.015  3 mm AL -12% ± 2% p = 0.104  3 mm AL -10% ± 5% p = 0.068 

3 mm AM -24% ± 5% p = 0.017  3 mm AM -10% ± 2% p = 0.089  3 mm AM -8% ± 5% p = 0.097 
3 mm L -24% ± 5% p = 0.014  3 mm L -13% ± 1% p = 0.101  3 mm L -11% ± 4% p = 0.04 

3 mm M -24% ± 5% p = 0.012  3 mm M -11% ± 3% p = 0.081  3 mm M -9% ± 6% p = 0.125 
3 mm P -24% ± 4% p = 0.009  3 mm P -14% ± 2% p = 0.089  3 mm P -13% ± 4% p = 0.028 

3 mm PL -24% ± 4% p = 0.009  3 mm PL -14% ± 1% p = 0.096  3 mm PL -12% ± 5% p = 0.044 
3 mm PM -24% ± 4% p = 0.008  3 mm PM -13% ± 3% p = 0.084  3 mm PM -11% ± 4% p = 0.053 

5 mm A -24% ± 6% p = 0.02  5 mm A -10% ± 2% p = 0.104  5 mm A -8% ± 5% p = 0.104 
5 mm AL -24% ± 5% p = 0.017  5 mm AL -12% ± 3% p = 0.109  5 mm AL -10% ± 5% p = 0.064 

5 mm AM -24% ± 6% p = 0.019  5 mm AM -8% ± 4% p = 0.083  5 mm AM -7% ± 6% p = 0.176 
5 mm L -24% ± 4% p = 0.011  5 mm L -14% ± 1% p = 0.104  5 mm L -12% ± 4% p = 0.029 

5 mm M -25% ± 4% p = 0.007  5 mm M -10% ± 4% p = 0.07  5 mm M -8% ± 7% p = 0.164 
5 mm P -25% ± 3% p = 0.005  5 mm P -18% ± 1% p = 0.089  5 mm P -14% ± 4% p = 0.027 

5 mm PL -24% ± 4% p = 0.008  5 mm PL -15% ± 1% p = 0.096  5 mm PL -13% ± 4% p = 0.034 
5 mm PM -26% ± 2% p = 0.003  5 mm PM -15% ± 3% p = 0.079  5 mm PM -13% ± 5% p = 0.043 
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Appendix B.6 – Percent change to the total contact area on the medial surface of tibial articular cartilage with respect to intact for 
loosened anatomic and loosened nonanatomic repairs and a 500 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic -26% ± 6% p = 0.016  Anatomic -8% ± 5% p = 0.097  Anatomic -10% ± 6% p = 0.084 

1 mm A -26% ± 6% p = 0.02  1 mm A -8% ± 6% p = 0.147  1 mm A -9% ± 6% p = 0.132 
1 mm AL -25% ± 6% p = 0.019  1 mm AL -8% ± 6% p = 0.129  1 mm AL -10% ± 6% p = 0.107 

1 mm AM -26% ± 6% p = 0.018  1 mm AM -7% ± 6% p = 0.151  1 mm AM -9% ± 7% p = 0.15 
1 mm L -26% ± 6% p = 0.017  1 mm L -9% ± 5% p = 0.097  1 mm L -11% ± 6% p = 0.081 

1 mm M -26% ± 6% p = 0.019  1 mm M -8% ± 6% p = 0.129  1 mm M -9% ± 6% p = 0.114 
1 mm P -26% ± 6% p = 0.015  1 mm P -10% ± 6% p = 0.099  1 mm P -11% ± 6% p = 0.083 

1 mm PL -26% ± 6% p = 0.015  1 mm PL -9% ± 5% p = 0.072  1 mm PL -11% ± 6% p = 0.081 
1 mm PM -26% ± 6% p = 0.016  1 mm PM -9% ± 6% p = 0.123  1 mm PM -11% ± 5% p = 0.73 

3 mm A -25% ± 7% p = 0.027  3 mm A -7% ± 7% p = 0.211  3 mm A -8% ± 6% p = 0.164 
3 mm AL -25% ± 7% p = 0.023  3 mm AL -8% ± 6% p = 0.125  3 mm AL -9% ± 6% p = 0.117 

3 mm AM -25% ± 7% p = 0.025  3 mm AM -6% ± 8% p = 0.306  3 mm AM -8% ± 7% p = 0.208 
3 mm L -26% ± 6% p = 0.015  3 mm L -9% ± 5% p = 0.084  3 mm L -11% ± 6% p = 0.078 

3 mm M -26% ± 6% p = 0.016  3 mm M -7% ± 6% p = 0.203  3 mm M -9% ± 7% p = 0.175 
3 mm P -26% ± 4% p = 0.007  3 mm P -11% ± 5% p = 0.072  3 mm P -13% ± 5% p = 0.056 

3 mm PL -26% ± 5% p = 0.011  3 mm PL -11% ± 5% p = 0.055  3 mm PL -13% ± 5% p = 0.046 
3 mm PM -27% ± 5% p = 0.01  3 mm PM -11% ± 6% p = 0.082  3 mm PM -11% ± 7% p = 0.119 

5 mm A -25% ± 8% p = 0.028  5 mm A -7% ± 6% p = 0.178  5 mm A -7% ± 6% p = 0.187 
5 mm AL -26% ± 7% p = 0.021  5 mm AL -9% ± 7% p = 0.14  5 mm AL -9% ± 6% p = 0.113 

5 mm AM -26% ± 7% p = 0.025  5 mm AM -6% ± 8% p = 0.305  5 mm AM -7% ± 7% p = 0.202 
5 mm L -26% ± 5% p = 0.013  5 mm L -10% ± 4% p = 0.052  5 mm L -13% ± 5% p = 0.052 

5 mm M -27% ± 5% p = 0.011  5 mm M -6% ± 8% p = 0.323  5 mm M -8% ± 8% p = 0.238 
5 mm P -27% ± 3% p = 0.004  5 mm P -15% ± 5% p = 0.029  5 mm P -15% ± 4% p = 0.021 

5 mm PL -26% ± 4% p = 0.009  5 mm PL -13% ± 4% p = 0.033  5 mm PL -15% ± 5% p = 0.037 
5 mm PM -28% ± 3% p = 0.004  5 mm PM -12% ± 8% p = 0.116  5 mm PM -12% ± 7% p = 0.086 
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Appendix B.7 – Percent change to the cartilage-cartilage contact area on the medial surface of tibial articular cartilage with respect to 
intact for loosened anatomic and loosened nonanatomic repairs and a 1,000 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic 37% ± 6% p = 0.008  Anatomic 53% ± 14% p = 0.023  Anatomic 29% ± 5% p = 0.012 

1 mm A 37% ± 7% p = 0.012  1 mm A 51% ± 13% p = 0.022  1 mm A 28% ± 6% p = 0.015 
1 mm AL 37% ± 7% p = 0.01  1 mm AL 52% ± 13% p = 0.022  1 mm AL 29% ± 6% p = 0.013 

1 mm AM 37% ± 7% p = 0.01  1 mm AM 51% ± 13% p = 0.022  1 mm AM 27% ± 6% p = 0.015 
1 mm L 37% ± 6% p = 0.008  1 mm L 54% ± 14% p = 0.023  1 mm L 30% ± 5% p = 0.011 

1 mm M 37% ± 6% p = 0.008  1 mm M 52% ± 13% p = 0.021  1 mm M 28% ± 6% p = 0.014 
1 mm P 38% ± 6% p = 0.007  1 mm P 57% ± 14% p = 0.019  1 mm P 30% ± 5% p = 0.01 

1 mm PL 38% ± 6% p = 0.008  1 mm PL 56% ± 13% p = 0.018  1 mm PL 31% ± 6% p = 0.013 
1 mm PM 38% ± 6% p = 0.007  1 mm PM 55% ± 14% p = 0.02  1 mm PM 29% ± 6% p = 0.012 

3 mm A 37% ± 8% p = 0.016  3 mm A 46% ± 13% p = 0.026  3 mm A 26% ± 6% p = 0.017 
3 mm AL 37% ± 6% p = 0.01  3 mm AL 50% ± 14% p = 0.025  3 mm AL 28% ± 6% p = 0.017 

3 mm AM 37% ± 7% p = 0.012  3 mm AM 47% ± 12% p = 0.02  3 mm AM 26% ± 6% p = 0.016 
3 mm L 38% ± 6% p = 0.008  3 mm L 55% ± 14% p = 0.021  3 mm L 32% ± 6% p = 0.01 

3 mm M 39% ± 5% p = 0.007  3 mm M 52% ± 14% p = 0.024  3 mm M 28% ± 7% p = 0.018 
3 mm P 39% ± 4% p = 0.004  3 mm P 63% ± 13% p = 0.014  3 mm P 35% ± 5% p = 0.007 

3 mm PL 39% ± 5% p = 0.005  3 mm PL 13% ± 60% p = 0.016  3 mm PL 34% ± 6% p = 0.009 
3 mm PM 39% ± 4% p = 0.004  3 mm PM 59% ± 13% p = 0.017  3 mm PM 32% ± 5% p = 0.008 

5 mm A 37% ± 9% p = 0.018  5 mm A 43% ± 13% p = 0.031  5 mm A 25% ± 6% p = 0.018 
5 mm AL 37% ± 7% p = 0.012  5 mm AL 49% ± 15% p = 0.03  5 mm AL 28% ± 6% p = 0.014 

5 mm AM 38% ± 8% p = 0.015  5 mm AM 41% ± 13% p = 0.03  5 mm AM 24% ± 7% p = 0.029 
5 mm L 38% ± 5% p = 0.006  5 mm L 58% ± 15% p = 0.021  5 mm L 33% ± 5% p = 0.008 

5 mm M 41% ± 4% p = 0.003  5 mm M 51% ± 14% p = 0.023  5 mm M 28% ± 9% p = 0.031 
5 mm P 42% ± 3% p = 0.002  5 mm P 73% ± 14% p = 0.011  5 mm P 40% ± 7% p = 0.009 

5 mm PL 39% ± 4% p = 0.004  5 mm PL 65% ± 15% p = 0.017  5 mm PL 36% ± 6% p = 0.008 
5 mm PM 43% ± 2% p < 0.001  5 mm PM 67% ± 13% p = 0.013  5 mm PM 38% ± 7% p = 0.012 
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Appendix B.8 – Percent change to the cartilage-cartilage contact area on the medial surface of tibial articular cartilage with respect to 
intact for loosened anatomic and loosened nonanatomic repairs and a 500 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic 47% ± 2% p < 0.001  Anatomic 91% ± 34% p = 0.044  Anatomic 37% ± 7% p = 0.013 

1 mm A 46% ± 3% p = 0.002  1 mm A 86% ± 34% p = 0.049  1 mm A 34% ± 7% p = 0.013 
1 mm AL 46% ± 2% p = 0.001  1 mm AL 89% ± 36% p = 0.052  1 mm AL 35% ± 7% p = 0.012 

1 mm AM 46% ± 3% p = 0.001  1 mm AM 86% ± 33% p = 0.047  1 mm AM 34% ± 7% p = 0.016 
1 mm L 46% ± 2% p < 0.001  1 mm L 92% ± 35% p = 0.046  1 mm L 37% ± 7% p = 0.013 

1 mm M 46% ± 3% p = 0.001  1 mm M 90% ± 35% p = 0.047  1 mm M 35% ± 7% p = 0.012 
1 mm P 47% ± 1% p < 0.001  1 mm P 96% ± 37% p = 0.047  1 mm P 38% ± 7% p = 0.012 

1 mm PL 47% ± 1% p < 0.001  1 mm PL 96% ± 39% p = 0.05  1 mm PL 38% ± 7% p = 0.012 
1 mm PM 47% ± 2% p < 0.001  1 mm PM 94% ± 35% p = 0.043  1 mm PM 38% ± 6% p = 0.01 

3 mm A 45% ± 5% p = 0.004  3 mm A 76% ± 27% p = 0.041  3 mm A 31% ± 8% p = 0.02 
3 mm AL 45% ± 4% p = 0.003  3 mm AL 85% ± 35% p = 0.054  3 mm AL 35% ± 7% p = 0.013 

3 mm AM 46% ± 5% p = 0.004  3 mm AM 75% ± 23% p = 0.031  3 mm AM 31% ± 8% p = 0.021 
3 mm L 46% ± 1% p < 0.001  3 mm L 95% ± 38% p = 0.051  3 mm L 38% ± 8% p = 0.015 

3 mm M 47% ± 2% p < 0.001  3 mm M 86% ± 29% p = 0.035  3 mm M 34% ± 7% p = 0.015 
3 mm P 48% ± 3% p = 0.001  3 mm P 109% ± 40% p = 0.042  3 mm P 42% ± 7% p = 0.01 

3 mm PL 47% ± 0% p < 0.001  3 mm PL 103% ± 40% p = 0.047  3 mm PL 42% ± 7% p = 0.009 
3 mm PM 49% ± 1% p < 0.001  3 mm PM 104% ± 35% p = 0.036  3 mm PM 39% ± 7% p = 0.011 

5 mm A 45% ± 6% p = 0.007  5 mm A 71% ± 27% p = 0.046  5 mm A 30% ± 7% p = 0.019 
5 mm AL 46% ± 4% p = 0.003  5 mm AL 85% ± 37% p = 0.057  5 mm AL 34% ± 7% p = 0.014 

5 mm AM 46% ± 5% p = 0.004  5 mm AM 69% ± 23% p = 0.036  5 mm AM 29% ± 7% p = 0.02 
5 mm L 47% ± 0% p < 0.001  5 mm L 96% ± 41% p = 0.056  5 mm L 41% ± 7% p = 0.009 

5 mm M 49% ± 3% p < 0.001  5 mm M 85% ± 23% p = 0.023  5 mm M 33% ± 9% p = 0.025 
5 mm P 51% ± 5% p = 0.004  5 mm P 124% ± 44% p = 0.04  5 mm P 49% ± 7% p = 0.007 

5 mm PL 48% ± 2% p < 0.001  5 mm PL 115% ± 43% p = 0.043  5 mm PL 45% ± 8% p = 0.01 
5 mm PM 52% ± 5% p = 0.003  5 mm PM 114% ± 37% p = 0.033  5 mm PM 44% ± 8% p = 0.012 
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Appendix B.9 – Percent change to the total contact area of the medial meniscus with the femoral and tibial articular cartilage for loosened 
anatomic and loosened nonanatomic repairs and a 1,000 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic -45% ± 15% p = 0.035  Anatomic -35% ± 7% p = 0.014  Anatomic -36% ± 5% p = 0.007 

1 mm A -45% ± 16% p = 0.038  1 mm A -34% ± 8% p = 0.017  1 mm A -35% ± 5% p = 0.008 
1 mm AL -45% ± 15% p = 0.037  1 mm AL -34% ± 8% p = 0.017  1 mm AL -36% ± 6% p = 0.011 

1 mm AM -45% ± 16% p = 0.037  1 mm AM -34% ± 7% p = 0.015  1 mm AM -35% ± 5% p = 0.008 
1 mm L -45% ± 15% p = 0.034  1 mm L -36% ± 7% p = 0.014  1 mm L -37% ± 6% p = 0.01 

1 mm M -46% ± 16% p = 0.038  1 mm M -35% ± 7% p = 0.012  1 mm M -36% ± 5% p = 0.005 
1 mm P -46% ± 15% p = 0.033  1 mm P -37% ± 7% p = 0.011  1 mm P -39% ± 6% p = 0.009 

1 mm PL -46% ± 15% p = 0.035  1 mm PL -37% ± 7% p = 0.014  1 mm PL -38% ± 7% p = 0.01 
1 mm PM -46% ± 15% p = 0.034  1 mm PM -37% ± 6% p = 0.01  1 mm PM -38% ± 5% p = 0.006 

3 mm A -45% ± 16% p = 0.043  3 mm A -30% ± 7% p = 0.016  3 mm A -32% ± 5% p = 0.008 
3 mm AL -45% ± 16% p = 0.038  3 mm AL -33% ± 8% p = 0.019  3 mm AL -35% ± 7% p = 0.014 

3 mm AM -45% ± 16% p = 0.041  3 mm AM -31% ± 5% p = 0.009  3 mm AM -32% ± 4% p = 0.006 
3 mm L -45% ± 15% p = 0.034  3 mm L -36% ± 8% p = 0.017  3 mm L -39% ± 7% p = 0.011 

3 mm M -47% ± 16% p = 0.035  3 mm M -35% ± 5% p = 0.006  3 mm M -36% ± 4% p = 0.004 
3 mm P -48% ± 13% p = 0.023  3 mm P -42% ± 8% p = 0.013  3 mm P -44% ± 8% p = 0.01 

3 mm PL -47% ± 14% p = 0.029  3 mm PL -39% ± 8% p = 0.014  3 mm PL -42% ± 7% p = 0.01 
3 mm PM -48% ± 14% p = 0.025  3 mm PM -39% ± 5% p = 0.006  3 mm PM -41% ± 6% p = 0.007 

5 mm A -45% ± 18% p = 0.047  5 mm A -28% ± 5% p = 0.012  5 mm A -30% ± 4% p = 0.006 
5 mm AL -44% ± 16% p = 0.04  5 mm AL -32% ± 8% p = 0.02  5 mm AL -34% ± 6% p = 0.011 

5 mm AM -47% ± 18% p = 0.045  5 mm AM -27% ± 3% p = 0.003  5 mm AM -30% ± 3% p = 0.003 
5 mm L -45% ± 14% p = 0.031  5 mm L -37% ± 9% p = 0.019  5 mm L -40% ± 7% p = 0.011 

5 mm M -50% ± 14% p = 0.027  5 mm M -34% ± 2% p = 0.001  5 mm M -36% ± 2% p < 0.001 
5 mm P -51% ± 11% p = 0.014  5 mm P -48% ± 9% p = 0.011  5 mm P -49% ± 8% p = 0.01 

5 mm PL -48% ± 12% p = 0.021  5 mm PL -42% ± 10% p = 0.017  5 mm PL -45% ± 8% p = 0.011 
5 mm PM -52% ± 11% p = 0.014  5 mm PM -46% ± 6% p = 0.005  5 mm PM -47% ± 5% p = 0.004 
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Appendix B.10 – Percent change to the total contact area of the medial meniscus with the femoral and tibial articular cartilage for 
loosened anatomic and loosened nonanatomic repairs and a 500 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic -49% ± 16% p = 0.034  Anatomic -35% ± 7% p = 0.013  Anatomic -37% ± 6% p = 0.009 

1 mm A -49% ± 17% p = 0.039  1 mm A -33% ± 6% p = 0.009  1 mm A -34% ± 5% p = 0.007 
1 mm AL -49% ± 17% p = 0.037  1 mm AL -33% ± 6% p = 0.011  1 mm AL -35% ± 5% p = 0.008 

1 mm AM -49% ± 17% p = 0.037  1 mm AM -33% ± 5% p = 0.009  1 mm AM -35% ± 5% p = 0.006 
1 mm L -49% ± 16% p = 0.035  1 mm L -35% ± 7% p = 0.012  1 mm L -37% ± 6% p = 0.01 

1 mm M -49% ± 17% p = 0.036  1 mm M -34% ± 6% p = 0.01  1 mm M -36% ± 6% p = 0.008 
1 mm P -49% ± 15% p = 0.032  1 mm P -37% ± 6% p = 0.01  1 mm P -39% ± 7% p = 0.01 

1 mm PL -49% ± 16% p = 0.033  1 mm PL -36% ± 7% p = 0.012  1 mm PL -39% ± 7% p = 0.011 
1 mm PM -49% ± 16% p = 0.032  1 mm PM -36% ± 6% p = 0.008  1 mm PM -38% ± 7% p = 0.01 

3 mm A -48% ± 19% p = 0.046  3 mm A -29% ± 4% p = 0.006  3 mm A -31% ± 4% p = 0.006 
3 mm AL -48% ± 18% p = 0.043  3 mm AL -31% ± 6% p = 0.012  3 mm AL -34% ± 5% p = 0.008 

3 mm AM -49% ± 18% p = 0.044  3 mm AM -29% ± 4% p = 0.005  3 mm AM -31% ± 3% p = 0.004 
3 mm L -48% ± 16% p = 0.034  3 mm L -36% ± 8% p = 0.015  3 mm L -38% ± 7% p = 0.012 

3 mm M -50% ± 17% p = 0.034  3 mm M -33% ± 4% p = 0.004  3 mm M -35% ± 4% p = 0.004 
3 mm P -51% ± 12% p = 0.017  3 mm P -41% ± 8% p = 0.012  3 mm P -44% ± 8% p = 0.009 

3 mm PL -49% ± 14% p = 0.026  3 mm PL -39% ± 8% p = 0.014  3 mm PL -43% ± 9% p = 0.013 
3 mm PM -51% ± 14% p = 0.023  3 mm PM -40% ± 6% p = 0.008  3 mm PM -41% ± 6% p = 0.006 

5 mm A -49% ± 20% p = 0.051  5 mm A -27% ± 3% p = 0.005  5 mm A -29% ± 3% p = 0.004 
5 mm AL -48% ± 18% p = 0.044  5 mm AL -31% ± 5% p = 0.008  5 mm AL -33% ± 5% p = 0.008 

5 mm AM -50% ± 19% p = 0.047  5 mm AM -27% ± 2% p = 0.001  5 mm AM -30% ± 3% p = 0.002 
5 mm L -48% ± 15% p = 0.031  5 mm L -36% ± 9% p = 0.018  5 mm L -40% ± 7% p = 0.011 

5 mm M -52% ± 16% p = 0.029  5 mm M -33% ± 2% p < 0.001  5 mm M -35% ± 3% p = 0.003 
5 mm P -53% ± 10% p = 0.011  5 mm P -49% ± 10% p = 0.013  5 mm P -49% ± 10% p = 0.013 

5 mm PL -51% ± 13% p = 0.021  5 mm PL -43% ± 10% p = 0.016  5 mm PL -46% ± 9% p = 0.012 
5 mm PM -55% ± 11% p = 0.014  5 mm PM -45% ± 5% p = 0.004  5 mm PM -46% ± 6% p = 0.005 
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Appendix B.11 – Percent change to the peak contact pressure with respect to intact on medial surface of tibial articular cartilage for 
loosened anatomic and loosened nonanatomic repairs and a 1,000 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic 8% ± 3% p = 0.048  Anatomic 29% ± 16% p = 0.094  Anatomic 9% ± 6% p = 0.138 

1 mm A 8% ± 3% p = 0.045  1 mm A 28% ± 16% p = 0.096  1 mm A 9% ± 6% p = 0.146 
1 mm AL 8% ± 3% p = 0.046  1 mm AL 28% ± 16% p = 0.097  1 mm AL 9% ± 6% p = 0.145 

1 mm AM 8% ± 3% p = 0.046  1 mm AM 28% ± 16% p = 0.093  1 mm AM 9% ± 6% p = 0.143 
1 mm L 8% ± 3% p = 0.049  1 mm L 29% ± 17% p = 0.097  1 mm L 9% ± 7% p = 0.14 

1 mm M 9% ± 3% p = 0.048  1 mm M 29% ± 16% p = 0.09  1 mm M 9% ± 6% p = 0.136 
1 mm P 9% ± 4% p = 0.051  1 mm P 30% ± 17% p = 0.092  1 mm P 9% ± 7% p = 0.13 

1 mm PL 9% ± 3% p = 0.051  1 mm PL 30% ± 17% p = 0.094  1 mm PL 9% ± 7% p = 0.134 
1 mm PM 9% ± 4% p = 0.051  1 mm PM 30% ± 17% p = 0.09  1 mm PM 9% ± 6% p = 0.131 

3 mm A 8% ± 3% p = 0.04  3 mm A 26% ± 15% p = 0.1  3 mm A 8% ± 6% p = 0.161 
3 mm AL 8% ± 3% p = 0.043  3 mm AL 27% ± 16% p = 0.104  3 mm AL 8% ± 7% p = 0.155 

3 mm AM 8% ± 3% p = 0.042  3 mm AM 26% ± 14% p = 0.089  3 mm AM 8% ± 6% p = 0.15 
3 mm L 8% ± 3% p = 0.049  3 mm L 29% ± 17% p = 0.101  3 mm L 9% ± 7% p = 0.141 

3 mm M 9% ± 3% p = 0.049  3 mm M 29% ± 15% p = 0.081  3 mm M 9% ± 6% p = 0.129 
3 mm P 9% ± 4% p = 0.057  3 mm P 33% ± 18% p = 0.089  3 mm P 10% ± 7% p = 0.115 

3 mm PL 9% ± 4% p = 0.054  3 mm PL 32% ± 18% p = 0.096  3 mm PL 10% ± 7% p = 0.126 
3 mm PM 9% ± 4% p = 0.056  3 mm PM 32% ± 17% p = 0.084  3 mm PM 10% ± 6% p = 0.115 

5 mm A 8% ± 3% p = 0.035  5 mm A 24% ± 14% p = 0.104  5 mm A 7% ± 6% p = 0.173 
5 mm AL 8% ± 3% p = 0.041  5 mm AL 26% ± 16% p = 0.109  5 mm AL 8% ± 7% p = 0.163 

5 mm AM 8% ± 3% p = 0.038  5 mm AM 24% ± 13% p = 0.083  5 mm AM 7% ± 6% p = 0.155 
5 mm L 8% ± 3% p = 0.05  5 mm L 30% ± 18% p = 0.104  5 mm L 9% ± 7% p = 0.141 

5 mm M 9% ± 4% p = 0.052  5 mm M 29% ± 14% p = 0.07  5 mm M 9% ± 6% p = 0.118 
5 mm P 10% ± 4% p = 0.061  5 mm P 36% ± 20% p = 0.089  5 mm P 11% ± 7% p = 0.1 

5 mm PL 9% ± 4% p = 0.058  5 mm PL 33% ± 19% p = 0.096  5 mm PL 10% ± 7% p = 0.118 
5 mm PM 10% ± 4% p = 0.06  5 mm PM 35% ± 18% p = 0.079  5 mm PM 11% ± 6% p = 0.097 
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Appendix B.12 – Percent change to the peak contact pressure with respect to intact on medial surface of tibial articular cartilage for 
loosened anatomic and loosened nonanatomic repairs and a 500 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic 11% ± 5% p = 0.057  Anatomic 62% ± 53% p = 0.183  Anatomic 12% ± 9% p = 0.143 

1 mm A 11% ± 4% p = 0.054  1 mm A 59% ± 51% p = 0.185  1 mm A 12% ± 9% p = 0.15 
1 mm AL 11% ± 5% p = 0.055  1 mm AL 61% ± 53% p = 0.186  1 mm AL 12% ± 9% p = 0.149 

1 mm AM 11% ± 5% p = 0.055  1 mm AM 59% ± 51% p = 0.182  1 mm AM 12% ± 9% p = 0.147 
1 mm L 11% ± 5% p = 0.057  1 mm L 62% ± 54% p = 0.186  1 mm L 12% ± 9% p = 0.144 

1 mm M 11% ± 5% p = 0.057  1 mm M 61% ± 52% p = 0.18  1 mm M 12% ± 9% p = 0.14 
1 mm P 11% ± 5% p = 0.06  1 mm P 64% ± 55% p = 0.182  1 mm P 13% ± 9% p = 0.135 

1 mm PL 11% ± 5% p = 0.059  1 mm PL 64% ± 55% p = 0.184  1 mm PL 12% ± 9% p = 0.138 
1 mm PM 11% ± 5% p = 0.059  1 mm PM 63% ± 54% p = 0.18  1 mm PM 12% ± 9% p = 0.135 

3 mm A 10% ± 4% p = 0.048  3 mm A 54% ± 48% p = 0.189  3 mm A 11% ± 9% p = 0.164 
3 mm AL 10% ± 4% p = 0.052  3 mm AL 58% ± 52% p = 0.192  3 mm AL 11% ± 9% p = 0.159 

3 mm AM 11% ± 4% p = 0.05  3 mm AM 55% ± 46% p = 0.178  3 mm AM 11% ± 8% p = 0.154 
3 mm L 11% ± 5% p = 0.058  3 mm L 63% ± 56% p = 0.19  3 mm L 12% ± 9% p = 0.145 

3 mm M 11% ± 5% p = 0.058  3 mm M 60% ± 50% p = 0.171  3 mm M 12% ± 8% p = 0.134 
3 mm P 12% ± 6% p = 0.066  3 mm P 70% ± 60% p = 0.18  3 mm P 14% ± 9% p = 0.119 

3 mm PL 11% ± 5% p = 0.064  3 mm PL 68% ± 59% p = 0.185  3 mm PL 13% ± 9% p = 0.13 
3 mm PM 12% ± 5% p = 0.064  3 mm PM 68% ± 57% p = 0.174  3 mm PM 13% ± 9% p = 0.119 

5 mm A 10% ± 4% p = 0.044  5 mm A 51% ± 45% p = 0.192  5 mm A 10% ± 8% p = 0.175 
5 mm AL 10% ± 4% p = 0.05  5 mm AL 57% ± 51% p = 0.196  5 mm AL 11% ± 9% p = 0.165 

5 mm AM 11% ± 4% p = 0.046  5 mm AM 50% ± 42% p = 0.173  5 mm AM 10% ± 8% p = 0.159 
5 mm L 11% ± 5% p = 0.059  5 mm L 64% ± 58% p = 0.192  5 mm L 12% ± 9% p = 0.145 

5 mm M 12% ± 5% p = 0.059  5 mm M 60% ± 47% p = 0.16  5 mm M 12% ± 8% p = 0.123 
5 mm P 12% ± 6% p = 0.071  5 mm P 76% ± 65% p = 0.179  5 mm P 15% ± 9% p = 0.104 

5 mm PL 12% ± 6% p = 0.067  5 mm PL 72% ± 63% p = 0.186  5 mm PL 14% ± 9% p = 0.122 
5 mm PM 13% ± 6% p = 0.069  5 mm PM 73% ± 60% p = 0.17  5 mm PM 15% ± 9% p = 0.101 

  



 

167 

Appendix B.13 – Meniscal extrusion measured at the posterior root of the medial meniscus with respect to intact for loosened anatomic 
and loosened nonanatomic repairs and a 1,000 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic 0.73 ± 0.21 mm p = 0.026  Anatomic 1.32 ± 0.41 mm p = 0.03  Anatomic 1.34 ± 0.18 mm p = 0.006 

1 mm A 0.72 ± 0.19 mm p = 0.023  1 mm A 1.23 ± 0.41 mm p = 0.035  1 mm A 1.26 ± 0.18 mm p = 0.007 
1 mm AL 0.72 ± 0.19 mm p = 0.024  1 mm AL 1.26 ± 0.41 mm p = 0.034  1 mm AL 1.28 ± 0.19 mm p = 0.007 

1 mm AM 0.73 ± 0.20 mm p = 0.023  1 mm AM 1.26 ± 0.41 mm p = 0.034  1 mm AM 1.28 ± 0.18 mm p = 0.006 
1 mm L 0.72 ± 0.21 mm p = 0.026  1 mm L 1.32 ± 0.41 mm p = 0.03  1 mm L 1.34 ± 0.20 mm p = 0.007 

1 mm M 0.74 ± 0.21 mm p = 0.026  1 mm M 1.33 ± 0.41 mm p = 0.03  1 mm M 1.34 ± 0.17 mm p = 0.005 
1 mm P 0.74 ± 0.22 mm p = 0.029  1 mm P 1.43 ± 0.41 mm p = 0.026  1 mm P 1.43 ± 0.18 mm p = 0.005 

1 mm PL 0.73 ± 0.22 mm p = 0.028  1 mm PL 1.39 ± 0.41 mm p = 0.028  1 mm PL 1.40 ± 0.19 mm p = 0.006 
1 mm PM 0.75 ± 0.22 mm p = 0.028  1 mm PM 1.40 ± 0.41 mm p = 0.027  1 mm PM 1.41 ± 0.17 mm p = 0.005 

3 mm A 0.72 ± 0.17 mm p = 0.018  3 mm A 1.10 ± 0.43 mm p = 0.047  3 mm A 1.14 ± 0.21 mm p = 0.011 
3 mm AL 0.71 ± 0.18 mm p = 0.021  3 mm AL 1.17 ± 0.42 mm p = 0.04  3 mm AL 1.22 ± 0.21 mm p = 0.01 

3 mm AM 0.74 ± 0.18 mm p = 0.02  3 mm AM 1.15 ± 0.44 mm p = 0.045  3 mm AM 1.18 ± 0.21 mm p = 0.01 
3 mm L 0.71 ± 0.21 mm p = 0.027  3 mm L 1.34 ± 0.42 mm p = 0.031  3 mm L 1.36 ± 0.23 mm p = 0.01 

3 mm M 0.77 ± 0.22 mm p = 0.026  3 mm M 1.37 ± 0.43 mm p = 0.032  3 mm M 1.37 ± 0.18 mm p = 0.006 
3 mm P 0.78 ± 0.26 mm p = 0.035  3 mm P 1.67 ± 0.42 mm p = 0.021  3 mm P 1.68 ± 0.19 mm p = 0.005 

3 mm PL 0.74 ± 0.24 mm p = 0.032  3 mm PL 1.54 ± 0.42 mm p = 0.024  3 mm PL 1.55 ± 0.22 mm p = 0.007 
3 mm PM 0.79 ± 0.26 mm p = 0.033  3 mm PM 1.61 ± 0.41 mm p = 0.021  3 mm PM 1.61 ± 0.15 mm p = 0.003 

5 mm A 0.73 ± 0.15 mm p = 0.015  5 mm A 1.02 ± 0.45 mm p = 0.06  5 mm A 1.08 ± 0.24 mm p = 0.016 
5 mm AL 0.70 ± 0.17 mm p = 0.019  5 mm AL 1.13 ± 0.43 mm p = 0.046  5 mm AL 1.19 ± 0.24 mm p = 0.013 

5 mm AM 0.78 ± 0.18 mm p = 0.017  5 mm AM 1.10 ± 0.5 mm p = 0.061  5 mm AM 1.13 ± 0.28 mm p = 0.02 
5 mm L 0.71 ± 0.21 mm p = 0.028  5 mm L 1.36 ± 0.43 mm p = 0.032  5 mm L 1.39 ± 0.25 mm p = 0.011 

5 mm M 0.83 ± 0.25 mm p = 0.028  5 mm M 1.46 ± 0.48 mm p = 0.035  5 mm M 1.45 ± 0.24 mm p = 0.009 
5 mm P 0.83 ± 0.30 mm p = 0.041  5 mm P 1.97 ± 0.45 mm p = 0.017  5 mm P 1.98 ± 0.23 mm p = 0.004 

5 mm PL 0.76 ± 0.26 mm p = 0.037  5 mm PL 1.68 ± 0.45 mm p = 0.023  5 mm PL 1.69 ± 0.26 mm p = 0.008 
5 mm PM 0.86 ± 0.30 mm p = 0.039  5 mm PM 1.91 ± 0.42 mm p = 0.016  5 mm PM 1.92 ± 0.12 mm p = 0.001 

  



 

168 

Appendix B.14 – Meniscal extrusion measured at the posterior root of the medial meniscus with respect to intact for loosened anatomic 
and loosened nonanatomic repairs and a 500 N compressive load. 
 

0° Flexion  30° Flexion  60° Flexion 
Anatomic 0.62 ± 0.18 mm p = 0.028  Anatomic 1.14 ± 0.35 mm p = 0.031  Anatomic 1.15 ± 0.12 mm p = 0.009 

1 mm A 0.61 ± 0.17 mm p = 0.025  1 mm A 1.06 ± 0.36 mm p = 0.036  1 mm A 1.08 ± 0.12 mm p = 0.007 
1 mm AL 0.61 ± 0.17 mm p = 0.026  1 mm AL 1.09 ± 0.36 mm p = 0.034  1 mm AL 1.10 ± 0.13 mm p = 0.008 

1 mm AM 0.62 ± 0.18 mm p = 0.026  1 mm AM 1.08 ± 0.36 mm p = 0.035  1 mm AM 1.09 ± 0.11 mm p = 0.006 
1 mm L 0.61 ± 0.18 mm p = 0.029  1 mm L 1.15 ± 0.36 mm p = 0.031  1 mm L 1.16 ± 0.13 mm p = 0.01 

1 mm M 0.63 ± 0.19 mm p = 0.028  1 mm M 1.15 ± 0.36 mm p = 0.031  1 mm M 1.15 ± 0.11 mm p = 0.008 
1 mm P 0.63 ± 0.20 mm p = 0.032  1 mm P 1.24 ± 0.35 mm p = 0.026  1 mm P 1.24 ± 0.12 mm p = 0.01 

1 mm PL 0.62 ± 0.19 mm p = 0.031  1 mm PL 1.21 ± 0.35 mm p = 0.027  1 mm PL 1.21 ± 0.13 mm p = 0.011 
1 mm PM 0.63 ± 0.20 mm p = 0.031  1 mm PM 1.21 ± 0.35 mm p = 0.027  1 mm PM 1.22 ± 0.11 mm p = 0.01 

3 mm A 0.61 ± 0.15 mm p = 0.02  3 mm A 0.93 ± 0.37 mm p = 0.049  3 mm A 0.97 ± 0.14 mm p = 0.006 
3 mm AL 0.60 ± 0.16 mm p = 0.023  3 mm AL 1.01 ± 0.36 mm p = 0.041  3 mm AL 1.04 ± 0.15 mm p = 0.008 

3 mm AM 0.63 ± 0.16 mm p = 0.022  3 mm AM 0.98 ± 0.38 mm p = 0.047  3 mm AM 1.00 ± 0.15 mm p = 0.004 
3 mm L 0.61 ± 0.18 mm p = 0.029  3 mm L 1.16 ± 0.36 mm p = 0.031  3 mm L 1.18 ± 0.16 mm p = 0.012 

3 mm M 0.65 ± 0.20 mm p = 0.029  3 mm M 1.17 ± 0.37 mm p = 0.032  3 mm M 1.17 ± 0.13 mm p = 0.004 
3 mm P 0.66 ± 0.23 mm p = 0.039  3 mm P 1.46 ± 0.36 mm p = 0.02  3 mm P 1.46 ± 0.13 mm p = 0.009 

3 mm PL 0.63 ± 0.21 mm p = 0.036  3 mm PL 1.35 ± 0.37 mm p = 0.024  3 mm PL 1.35 ± 0.16 mm p = 0.013 
3 mm PM 0.67 ± 0.23 mm p = 0.037  3 mm PM 1.40 ± 0.36 mm p = 0.021  3 mm PM 1.39 ± 0.09 mm p = 0.006 

5 mm A 0.62 ± 0.14 mm p = 0.016  5 mm A 0.86 ± 0.40 mm p = 0.064  5 mm A 0.91 ± 0.18 mm p = 0.004 
5 mm AL 0.60 ± 0.15 mm p = 0.021  5 mm AL 0.96 ± 0.38 mm p = 0.048  5 mm AL 1.01 ± 0.17 mm p = 0.008 

5 mm AM 0.66 ± 0.16 mm p = 0.019  5 mm AM 0.93 ± 0.43 mm p = 0.065  5 mm AM 0.95 ± 0.23 mm p = 0.002 
5 mm L 0.61 ± 0.19 mm p = 0.03  5 mm L 1.19 ± 0.38 mm p = 0.032  5 mm L 1.21 ± 0.18 mm p = 0.011 

5 mm M 0.70 ± 0.22 mm p = 0.031  5 mm M 1.24 ± 0.42 mm p = 0.036  5 mm M 1.24 ± 0.21 mm p = 0.003 
5 mm P 0.70 ± 0.27 mm p = 0.047  5 mm P 1.73 ± 0.39 mm p = 0.016  5 mm P 1.74 ± 0.15 mm p = 0.013 

5 mm PL 0.65 ± 0.23 mm p = 0.041  5 mm PL 1.48 ± 0.39 mm p = 0.022  5 mm PL 1.49 ± 0.19 mm p = 0.012 
5 mm PM 0.72 ± 0.27 mm p = 0.044  5 mm PM 1.66 ± 0.37 mm p = 0.016  5 mm PM 1.67 ± 0.05 mm p = 0.005 

 


