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Abstract 

 
The anterior cruciate ligament (ACL) is an important kinematic constraint connecting the 

femur to the tibia to ensure normal knee function. It acts as a checkrein to limit the forward shear 

and internal rotation of the tibia with respect to the femur caused by internal and external forces 

during activities of daily living.  The ACL is particularly stressed during the large rapid loads 

associated with using one foot to land a jump, make a sudden stop or turn during sports like 

basketball, soccer, football, volleyball, and skiing as evidenced by the more than 200,000 ACL 

ruptures each year in the U.S in active people and athletes.  Better identification of the risk factors 

is needed in order to prevent them, as well as the unfortunate chronic knee osteoarthritis than 

inevitably begins within the decade in half the cases no matter how they are treated.  The present 

work builds on recent findings from our laboratory that at least some ACL injuries may be related 

to localized material fatigue of the ligament near its origin from the femur under repetitive loading.  

The goal of this dissertation was to investigate how knee kinematics and certain bone 

morphologies may contribute to the mechanism of ACL injury.  

Young adult cadaveric knees were subjected to in vitro mechanical testing with a custom 

testing apparatus that simulated pivot landings by applying large impulsive simultaneous knee 

compression, a flexion moment and an internal tibial torque. The 3-D kinetics and muscle forces 

were recorded, and tibiofemoral kinematics were measured using a motion capture system during 

these landings.  The measured knee joint movements were used to test the hypotheses that (1) the 

tibiofemoral kinematics obtained from the laboratory motion capture system and wearable inertial 

measurement units are comparable (Chapter 2), and (2) a lateral tibial slope measured from 3T 
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MR imaging correlated significantly with the anterior tibial translation and internal tibial rotation 

(which have previously been shown to be directly proportional to ACL strains during pivot 

landings) (Chapter 3). To better understand why localized fatigue may accumulate near the ACL 

femoral enthesis, (3) a finite element model of the subchondral bone and calcified cartilage shell 

at its femoral enthesis was developed to determine the effect of three common shell profiles 

(concave, flat, convex) to predict the distribution of large tensile and shear stresses on the structure 

(Chapter 4).  Then, using 3D nano CT scans through the subchondral bone of the ACL femoral 

enthesis, we tested the hypotheses that (4-a) sub-maximal repetitive knee loading cause the fatigue 

damage in the bone underlying femoral enthesis (4-b) the thickness of the subchondral bone in the 

most highly stressed region is consistently thicker than elsewhere, and (4-c) lifetime activities 

cause regions with larger predicted tensile stresses to correlate with the trabecular alignment of a 

tensile arcade under the femoral subchondral plate (Chapter 5).  

It was concluded that under strenuous, highly dynamic, repetitive pivot landings (a) the 

wearable IMUs did not reliably measure tibiofemoral motions in all three planes, even in the 

absence of soft tissue motion artifact; (b) that athletes with large lateral tibial slope will experience 

greater anterior tibial translation and internal tibial rotation than those with more moderate slope 

in jump landings. Furthermore, it was also concluded that as evidence of bony adaptation due to 

Wolff’s law, (c) the concave enthesis help to reduce the peak tensile and shear stresses in the 

subchondral shell: and (d) in contrast to previous work on the ligament itself, no overt signs of 

subchondral bone fatigue damage were visible on the nano CT scans at 20 μm resolution of the 

femoral enthesis following repetitive submaximal ACL loading. However, the subchondral bone 

resisting ACL tensile loading of the heavily loaded PL fibers is significantly thicker than elsewhere 
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in the entheses, and there is evidence that the trabecular bone immediately under the AM fibers of 

the ACL aligned to the direction of ACL loading of tension as given Wolff’s law. 
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Chapter 1:  Introduction to the Dissertation Proposal 

 

1.1 Background  

What is the role of the ACL? The anterior cruciate ligament (ACL) connects the distal 

femur to the proximal tibia to help provide stability at the knee joint28. This includes resisting 

forward shear and external rotation of the femur on the tibia during physical activities18,45. The 

ACL is often described as having a ‘two-bundle’ morphology, comprised of anteromedial (AM) 

and posterolateral (PL) bundles, in order to share the loads on the ACL24,30,50.  In terms of 

functional anatomy, the longer AM fiber bundle primarily resists forward tibial shear, while the 

shorter PL fiber primarily resists internal tibial rotation2,24,50,60,86. The PL bundle elongates more 

than the AM bundle during weight-bearing with a knee almost fully extended40. The location where 

the PL fibers are arise from the femur causes the fiber to be shortened by rotating toward the 

insertion onto the tibia as the knee is flexed38.  This could be the reason why more than 40% of 

partial ACL tears occur in isolated PL fibers71; these partial tears can induce functionally unstable 

of the knee and eventually lead to ACL failure54 either by a frank ACL rupture or a failure to 

restrict forward translation of the tibia to less than 3 mm on an “anterior drawer” test in the clinic18.   

What is the composition of the ACL? The major component of ACL is Type 1 collagen 

which can self-assemble into hierarchical structures from fibril-forming collagen molecues59. This 

hierarchical level of collagen organization starts at the nanometer scale with collagen molecules 

assembling to collagen fibrils at the micrometer scale, then into fibers which then forms ligament 
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bundles at the macro-hierarchical structures (Figure 1-1)22. Thus, the heterogeneity of structure 

and composition at the molecular lever contributes to the mechanical strength of the ACL23. 

 

Figure 1-1. Hierarchical structure of Type I collagen in bone, skin, and tendon. Reprinted 

from Chen et al. (2017) 22. 

What is known about how the ACL attaches to bone at each end of the ligament via the 

entheses? The enthesis is the attachment site where the ligament attaches to bone. It is a dynamic 

area that distributes  loads applied to the enthesis during movements10. This insertion has a 

complex and heterogeneous structure and composition in four zones: ligament (L), uncalcified 

fibrocartilage (UF), calcified fibrocartilage (CF), and bone (B)10 (Figure 4-1). The composition 

and structure of the enthesis are determined by the history of the force experienced throughout its 

lifetime31.    
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How common are ACL injuries? Approximately 200,000 anterior cruciate ligament (ACL 

) ruptures occur annually in the U.S.32,53. These are especially seen in athletes who participate in 

sports such as basketball, football, gymnastics, lacrosse, and soccer which have been shown to 

have a high risk for ACL injury37. Indeed over half, 65 %, of ligamentous problems during sports 

are ACL or ACL-related injuries16.   

Non-Contact Injuries: Video analyses have shown that ACL injuries are most often of the 

“non-contact” variety, meaning they occur primarily without direct contact15,57 with another player 

or object; they occur during a dynamic foot plant from a jump landing, a sudden change in 

direction,  abrupt stop, or dynamic valgus 65,75,77.Three-quarters of ACL injuries are of the non-

contact type even in the high contact sports like football15. Therefore, identifying and detecting the 

history of movements or loadings causing ACL injuries is essential to better preventing ACL 

injury.   For example, although video analysis43,57,75,77 has been used to try to better understand 

tibiofemoral kinematics leading to injury, wearable sensors9,26,63,66 offer the potential to make 

better measurements of the injurious tibial femoral motions because of the higher sampling 

frequencies available (i.e., >100 Hz) than the standard 30 or 60 fps video that has mostly been used 

to date. However, both suffer from measurement artefacts caused by soft tissue motion relative to 

the underlyin bones. 

Wearable sensors to predict and/or prevent injury.  Over the past 10 years wearable sensors 

have become more and more widespread for monitoring and recording athletic movements and 

physical activities. One of the commonly used wearable sensors is the inertial measurement unit 

(IMU) which has the advantage of being small, light, and easily attachable to different body 

segments16,37,39. Each IMU consists of a tri-axial linear accelerometer, tri-axial rate gyroscopes 

that measure angular velocity, and a triaxial magnetometers to measure the orientation of the gyro 
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relative to the gravity vector78.  However, research is needed to fill an existing knowledge gap as 

to whether wearable sensors can be used to accurately measure the highly dynamic tibiofemoral 

kinematics that have already been recorded using static gold standard laboratory motion capture 

(mocap) equipment and shown to positively correlate with ACL strain and failure (Chapter 2). 

What are the known risk factors for ACL injury? Non-contact injury risk factors are known 

to include environmental, hormonal, neuromechanical factors, and anatomical factors33,52. 

Environment (extrinsic) risk factors include the type of shoe, the type of playing surface (natural 

or artificial grass surface, hard floor, etc.), interaction with the shoe and playing surface, and 

protective equipment. Hormonal, neuromechanical, and anatomical factors are considered intrinsic 

and have been extensively investigated. For example, female hormones, estrogen levels, influence 

the metabolic48,83, compositional changes, and structural properties85 of the ACL as well as muscle 

stiffness8,58. Neuromechanical factors can be divided into three groups: movement patterns (e.g., 

knee flexion, varus moment, tibial anterior shear, or pivot landings13,19,20,82), muscle activation 

patterns, and muscle stiffness. Lastly, anatomical factors include knee joint morphology (e.g., 

lateral posterior tibial slope (LTS)11,12, femoral alpha angle,5,32 ACL cross-sectional area33,70 and 

femoral intercondylar notch size and shape 42,44,72,74), lower-extremity alignment62,67, and body 

mass index (BMI)73. Despite the extensive studies, ACL injuries continue to occur at a high rate, 

especially in children, so a better understanding of the ACL injury mechanism is needed to prevent 

future ACL injuries and their sequelae.  

What role does repetitive loading play in ACL injury? In training for a sport, repeated 

maneuver is essential for athletes to develop skills and performances.  However, the intensity and 

frequency of the loading cycles can lead the human ACL to fail under higher loading magnitudes 

and/or increased the number of loading cycles47. Recent studies from our laboratory suggest that 
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the ACL can be progressively weakened due to an accumulation of material fatigue damage23 

caused when the rate of fatigue damage accumulation exceeds the rate at which biological 

processes  repair the collagen-based tissue 22.  

Known sex differences in knee morphology in ACL injury risk. The four types of risk 

factors described above also generally contribute to sex differences. Female athletes often 

experience higher rates of ACL injury than male athletes, ranging from two to eight times higher 

depending on the age and sport1,4,37,61.  Many studies of sex differences have focused on whether 

the differences in knee morphology (anatomic factors) could account for the sex difference in ACL 

injuries36,46. For example, a smaller notch-width index3,39,68, smaller medial tibial depth34,35, greater 

lateral tibial slope (LTS) 35,51,76 and a smaller ACL size (volume and cross-sectional area)3,21,27 are 

known sex differences and have been associated with increased ACL injury risk. In addition, a 

steeper LTS has been shown to not only increase the risk for ACL rupture but also increase ACL 

strain during knee loading14,17,76,79, thereby suggesting a causal relationship.  However, the 

relationship between LTS and the resulting tibiofemoral kinematics in the form of anterior-

posterior tibial translation (ATT) and internal tibial rotation (ITR) during a dynamic foot plant is 

poorly understood (Chapter 3).  

Where is most vulnerable region to ACL injury? Clinically, most ruptures occur in the 

proximal third of the ACL near its origin at the femoral enthesis81. A quantitative analysis which 

reveal the significant differences in fibrocartilage quantity and ligament attachment angle between 

the femoral and tibial enthesis of the ACL7 may explain the difference injury rates in the ACL, but 

as we shall see later much still remains unknown. In a recent paper, progression of the ligament 

fatigue damage was exhibited more at the proximal region of the ACL fibers compared than 

midsubstance of distal regions of the ACL41, and the accumulated damage to collagen fibrils and 
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fibers at the ACL femoral enthesis was found as the evidence of  ACL fatigue failure23. During 

knee joint movement, tensional and torsional forces are applied to the ACL, and the stress would 

be transferred to the bone. However, any fatigue evidence in the subchondral bone of ACL femoral 

enthesis is not known. Therefore, we hypothesized that repetitive knee loading would cause fatigue 

damage in the subchondral bone beneath ACL femoral enthesis (Chapter 5) 

What is known about the morphology and osseous landmarks of femoral attachment of the 

ACL?   In general, the ACL femoral attachment is elliptically shaped25,55 on the medial aspect of 

the posterior lateral femoral condylar . The existence of a vascularized fibrous surface membrane 

over the ACL makes the shape of ACL femoral attachment area looks broader and oval with fan-

like extensions anteriorly and posteriorly, but after the removal of the fibrous surface membrane, 

the ACL attachment area appears like a narrower ellipse (Figure 4-2-B) 29. From the ACL femoral 

enthesis, the type 1 collagen fibers narrow in the ribbon-like collagenous body of the ACL (Figure 

4-2-A)29,69 to pass through the enthesis that marks the boundary between bone and ligament. 

Recently, the fiber angle of attachment at the ACL as it arises from lateral femoral epicondyle was 

quantified7, and six different cross sectional profile of human femoral entheses were identified 

from the shape of their tidemarks: concave, convex and a combination of the two6.  

Bone adaptation in ACL injury. The shape and architecture of bones are highly adaptive to 

the history and direction of mechanical strain in the bone, as described by Wolff’s law84.  In what 

follows, for simplicity, we will consider the ACL to be comprised of two bundles, an AM and a 

PL fiber bundle, even if in fact there can be a smooth transition between the two regions.  A finite 

element analysis of the effect of the shape of the femoral enthesis on ACL fiber suggested that the 

shorter PL fiber bundle of the ACL is more highly strained than the longer AM fiber bundle 

because of the scarf attachment angle49. When sectioned perpendicular to the major axis of the 
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ellipse on the ACL attachment area, the most distal regions of femoral entheses were all found to 

have a concave profile, whereas the proximal sections were mostly convex6. As mentioned earlier, 

the AM and PL bundles play different roles as well as different functional anatomy24,50,86, and this 

could be the reason why PL fibers are more often torn than the AM fibers71. From these studies, 

we hypothesized that the different shape of femoral enthesis (a flat enthesis (as a control), a 

concave enthesis and a convex enthesis) can affect the distribution of tensile and shear under ACL 

tension (Chapter 4). It is not known whether the structural failure initiates in the fibers of the ACL 

or in the subchondral femoral bone where those fibers attach to the ACL. One can speculate that 

the femoral bone underneath the origin of the PL fibers may be more vulnerable under ACL tensile 

stress than the bone under the origin of the AM fibers, since strain is larger there49 and stress 

fractures in bone are a well-known problem under repetitive loading (i.e., shin splints)64. 

Furthermore, given Wolff’s law, we hypothesized that the subchondral trabecular bone of the 

enthesis may exhibit a tensile arcade aligned with the tensile fiber loads, and that the bone 

underneath the origin of the PL bundle must be structurally more substantial (thicker and possibly 

denser) than the bone under AM bundle in order to reduce the applied stress. (Chapter 5). 

1.2 Overall objectives and experimental approach 

The objective of this dissertation is to better understand the factors leading to ACL injury 

under dynamic impulsive loading of the human knee known to cause ACL failure.  Particular 

attention will be paid to the detailed ACL bone morphologies (femoral enthesis and lateral tibial 

slope), tibiofemoral kinematics, and any evidence of fatigue damage in the femoral subchondral 

enthesial bone that increase the risk of ACL injury.  

This dissertation utilized a custom in vitro knee loading apparatus developed by Thomas 

Withrow80 and refined by Youkeun Oh56 in their doctoral dissertations to simulate a 3-D impulsive 
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landing applying a combination of knee compression, flexion, and internal tibial torque with 

realistic muscle forces. This is the worst-case loading scenario for the ACL (see Background 

section above). Tibiofemoral kinematics were measured from a laboratory gold standard 

optoelectronic motion capture system as well as IMUs in order to better understand the ACL injury 

mechanism during impulsive knee loading known to be risk for the ACL. To better investigate 

knee morphological factors, we utilized 3T MR images of each knee joint along with nanoCT 

images of the bone beneath the femoral entheses. The lateral tibial slope, a key risk factor (see 

Introduction), was measured from MR images in order to determine its relationship to knee 

kinematics in the experimental knee loading model. A simple finite element model of femoral 

enthesis was developed to understand the bony morphology, and the microscopic anatomical 

characteristics of the femoral enthesis subchondral bone were evaluated using nanoCT to 

understand how donor life history of applied stress affected the structure of the subchondral bone 

architecture because of Wolff’s law and whether repetitive loading increased the risk of fatigue 

damage of ACL femoral subchondral enthesial bone.   

1.3 Organization of the dissertation including working hypotheses 

The dissertation consists of eight chapters. Chapters 2 - 4 represent full-length 

manuscripts published or submitted to peer-reviewed journals.  

Chapter 2 (Published in Sensors, 2022): We tested the hypothesis that the Certus 

optoelectronic motion capture system and wearable IMUs provide comparable measurements of 

the 3D changes in tibial-femoral angle and angular velocity during simulated unipedal jump 

landings. A Bland-Altman analysis was used to calculate the limits of agreement between the 

wearable IMU measurements and those from a Certus lab-based motion capture system. For knee 

angle changes, the IMU data were compared with the gold-standard Certus data, while the tibial 
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and femoral angular velocities derived from the Certus system were compared with the gold 

standard IMU rate gyroscope data.  This study has provided the opportunity to assess the best 

possible dynamic performance of the APDM IMU and Certus motion capture systems, in the 

absence of soft tissue artifacts by eliminating the usual noise generated due to soft tissue 

vibration. The results suggest that these IMUs could not reliably measure these rapid peak 3D 

tibiofemoral angle changes, while the reliability of the Certus measurements of peak tibiofemoral 

angle velocity changes depended on both the plane of measurement and velocity magnitude.   

Chapter 3 (Submitted to OJSM, 2022). The hypothesis was tested that an increased lateral 

posterior tibial slope (LTS), a known risk factor for ACL injury, correlates with increasing anterior 

tibial translation (ATT) and internal tibial rotation (ITR) during a range of strenuous simulated 

pivot landings in young male adult knees in vitro. The results show that a steeper LTS was 

associated with increased ATT and ITR, with ITR increasing at least 2.5 times more than ATT.  

This helps to explain the mechanism by which a large lateral tibial slope increases the risk of ACL 

injury.  Since ACL strain is known to be proportional to ATT and ITR, athletes with larger LTS 

likely repeatedly load their ACLs more than those with lower slopes.  

Chapter 4. Finite element models were used to examine the effect that a flat enthesis (as a 

control), a concave enthesis and a convex enthesis had on the distribution of tensile, compressive 

and shear stress on the top and bottom surfaces of an enthesial shell to determine which shape 

reduced peak stress the most and to find the locations of peak tensile and shear stress which 

could be likely locations for fatigue failure to initiate. The results shown that a concave profile is 

advantageous because it exhibited the lowest tensile and shear stress concentrations of the three 

profiles. The maximum tensile stress located at the proximal end of the enthesis, and the peak 

shear stress was located lateral to the distal end of the concave enthesis.  
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Chapter 5. We investigated the enthesial subchondral bone structural characteristics 

reinforcing the femoral ACL enthesis to address fatigue damage in the subchondral bone. We 

tested the hypothesis that the bone under the PL bundle of the ACL enthesis is denser and thicker 

with a higher bone fraction and cortical bone thickness than under AM bundle because it has to 

carry greater shear strain. Furthermore, we also tested the hypothesis that subchondral trabecular 

bone under the AM fibers aligns with the known direction of ACL tension near full knee 

extension. The results suggest that the bone immediately under the femoral ACL origin adapts to 

a lifetime of loading history in a manner consistent with Wolff’s law, but not suggest any 

evidence of fatigue damage in the subchondral bone under the femoral ACL enthesis at the 20 

μm.   

Chapter 6.  This is a General Discussion of Chapters 2-5 results within the context of 

what is already known in the literature.  

Chapter 7.  Conclusions 

Chapter 8. Suggestions for Future Research 

Appendices: Appendix A provides the comprehensive datasets from Chapter 2-5 of this 

dissertation. Appendix B contains the results for LTS measured by the same observer in relation 

to Chapter 3 (as a secondary analysis).  Appendix C provides the calculated results as fatigue 

evidence on the subchondral bone (Chapter 5- Aim 1). Appendix D and E comprise a collection 

of nano-CT images of the segmented subchondral bone underneath the AM and PL bundles 

(Chapter 5 - Aim 2) and statistical plots for the trabecular directionalities for the ACL in 14 pairs 

(28 knees) of young adult specimens (Chapter 5 - Aim 3).  
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Chapter 2: A Comparison of IMU and Motion Capture Measurements of Tibiofemoral 

Kinematics during Simulated Pivot Landings 

This chapter is published MDPI Sensors, and should be referred as:   

Baek, S.Y.; Ajdaroski, M.; Shahshahani, P.M.; Beaulieu, M.L.; Esquivel, A.O.; Ashton-

Miller, J.A. A Comparison of Inertial Measurement Unit and Motion Capture 

Measurements of Tibiofemoral Kinematics during Simulated Pivot 

Landings. Sensors 2022, 22, 4433. https://doi.org/10.3390/s22124433 

2.1 Abstract 

 Injuries are often associated with rapid body segment movements. We compared Certus 

motion capture and APDM inertial measurement unit (IMU) measurements of tibiofemoral angle 

and angular velocity changes during simulated pivot landings (i.e., ~70 ms peak) of nine cadaver 

knees dissected free of skin, subcutaneous fat, and muscle. Data from a total of 852 trials were 

compared using the Bland–Altman limits of agreement (LoAs): the Certus system was 

considered the gold standard measure for the angle change measurements, whereas the IMU was 

considered the gold standard for angular velocity changes. The results show that, although the 

mean peak IMU knee joint angle changes were slightly underestimated (2.1° for flexion, 0.2° for 

internal rotation, and 3.0° for valgus), the LoAs were large, ranging from 35.9% to 49.8%. In the 

case of the angular velocity changes, Certus had acceptable accuracy in the sagittal plane, with 

LoAs of ±54.9°/s and ±32.5°/s for the tibia and femur. For these rapid motions, we conclude that, 

even in the absence of soft tissues, the IMUs could not reliably measure these peak 3D knee 

angle changes; Certus measurements of peak tibiofemoral angular velocity changes depended on 

both the magnitude of the velocity and the plane of measurement. 
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2.2 Introduction 

There are approximately 200,000 anterior cruciate ligament (ACL) ruptures in the United 

States every year 19. Impulsive 3D knee loads on the order of three to four times the body weight 

(BW) have been shown to cause ACL fatigue failure in vitro during repeated simulated jump 

landings; these combined a knee flexion moment with an in-ternal tibial rotation moment and 

axial compression due to gravitational, inertial, and trans-knee muscle forces 17,21. This type of 

3D loading causes both transitory internal rotation of the tibia relative to the femur as well as a 

forward translation of the tibial plateau relative to the femoral condyle due to the patellofemoral 

mechanism, both of which are known to significantly increase ACL strain during a landing or cut 

5,14,15,21. If one defines these as “high ACL strain” (‘HAS’) loading cycles, one might be able to 

track the number of these HAS cycles imposed weekly by an athlete during practice and thereby 

limit the number and severity of HAS loading cycles before damage ac-cumulates to the point of 

ACL failure due to material fatigue 35. 

Traditionally, laboratory-based optoelectronic motion capture systems have employed 

skin markers to measure the relative 3D motions between the shank and the thigh during the 

athletic maneuvers associated with ACL injuries. Inertial measurement units (IMU), on the other 

hand, are not constrained to a laboratory setting and can also be worn simultaneously by multiple 

individuals. Each IMU consists of a tri-axial linear accelerometer, tri-axial rate gyroscopes that 

measure angular velocity, and a triaxial magnetometer to measure the orientation of the gyro 31. 

The IMU is usually attached directly to the skin or via a Velcro or elastic strap or garment 

around the body segment 6,8. IMUs have been incorporated into many wearable sensor systems in 

order to track joint kinematics during gait analysis, sports, and rehabilitation activi-ties6,24,26 

because they have the advantage of being small, light, and easily attachable to different body 
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segments. It is possible that they could also be used to identify and count HAS loading cycles, 

but they would first have to be demonstrated to have acceptable accuracy and reproducibility in 

the field during impulsive loading maneuvers. 

In terms of accuracy and repeatability, motion capture systems and IMUs have been used 

to validate one another’s results 24,36. In particular, a motion capture system lends itself to 

measuring joint angles because it collects location data of markers via line of sight 18. Angular 

velocities and accelerations calculated from these data are de-rived by mathematical 

differentiation, which is a process that introduces noise on the signal. On the other hand, because 

an IMU contains three orthogonal rate gyroscopes, it has the potential to directly measure 

angular velocities, and only a single differentiation or integration step is required to obtain 

acceleration and position data, respectively. Therefore, motion capture systems and IMUs each 

have their strengths and weaknesses. 

During dynamic tasks such as a jump landing, it is well known that the skin, as well as 

the underlying subcutaneous fat and muscle, will vibrate after ground contact due to their mass 

and viscoelastic coupling to the underlying bone. When the IMU or marker is fastened directly to 

the skin, this vibration leads to a soft tissue motion arti-fact that degrades the kinematic 

recordings of what are meant to represent motions of the underlying bone 3,11. Several authors 

have employed active or passive skin markers tracked by motion capture systems to evaluate the 

accuracy of measuring joint angles or joint angular velocities 8,10,36. There have also been studies 

with magnetic resonance imaging (MRI) 25 and X-ray fluoroscopy measurements 11 of the 

kinematics of the underlying bone to remove the effect from soft tissue, but stereoradiography 

requires a static setup of the X-ray sources in the laboratory, is invasive and unethical for use on 

children or adolescents, and is completely impractical for use in the field. 
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There are published comparisons of quasistatic IMU outputs with known changes in 

angles measured, for example, by a coordinate measuring system 29. However, we are not aware 

of studies that have compared IMU measurements of 3D changes in the knee angle or body 

segment angular velocity with those made with a motion capture system during a dynamic 

activity such as a jump landing. Moreover, none appear to have been made in the absence of a 

soft tissue artifact. However, such measurements can provide a baseline for knowing the 

conditions under which the IMU and motion capture systems can provide reliable data. If one 

removes the soft tissue, for example, cadaver experiments provide just such an opportunity to 

compare the IMU measurement of 3D knee angle changes with those measured using a standard 

motion capture system. Likewise, one can make a similar comparison of 3D tibial and femoral 

angular velocity changes measured via a pair of IMUs (which we, in this paper, consider the gold 

standard because of measuring angular velocity directly) with those measured by differentiating 

the motion analysis system angular data. Since the IMUs and marker triads can be mounted 

directly on the cadaveric tibia and femur with no intervening soft tissue, this setup presents the 

opportunity to compare the best possible 3D performance of the two measurement systems in the 

absence of a soft tissue artifact. 

The goal of this paper was to test the null hypothesis that motion capture system and IMU 

measures of abrupt 3D changes in the tibial–femoral angle and angular velocity during a 

simulated unipedal jump landing are comparable. We tested that hypothesis using a Bland–

Altman analysis to calculate the “limits of agreement” (LoAs) between the two measurement 

system results: the gold standard being the motion capture system displacement data and IMU 

angular velocity data. 
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2.3 Materials and methods 

2.3.1 Specimen procurement and preparation 

A total of nine knees were harvested from six male and three female human donors 

(Table 1) procured from the University of Michigan Anatomical Donation Pro-gram, as well as 

Anatomy Gifts Registry, Science Care, and Gift of Life Michigan. The knee specimens were 

double-bagged and stored in a freezer at −20 ℃, until being removed from the freezer 48 h prior 

to dissection and testing. Thawed knees were dissected at room temperature, leaving intact the 

ligamentous capsular structures and the tendons of the quadriceps, medial hamstrings, lateral 

hamstrings, medial gastrocnemius, and the lateral gastrocnemius muscles. Following dissection, 

the distal tibia/fibula and proximal femur were cut to a standard 20 cm length from the center of 

the knee joint (palpated on the medial meniscus). The proximal femur and distal tibia were then 

potted in polymethylmethacrylate cylinders ready for mounting in the testing apparatus. 

Table 2-1. Demographic data of the knee specimen donors. 
 

Specimen 
No. Gender Side Age 

[yrs] 
Weight 

[kg] Testing condition 

S1 F L 20 86.6 3 BW 100 trials 
S2 F R 28 63.5 4 BW 100 trials 
S3 F R 30 82.1 3 BW 52 trials * 
S4 M L 39 54.4 4 BW 100 trials 
S5 M R 32 68.0 4 BW 100 trials 
S6 M R 32 88.5 3 BW 100 trials 
S7 M R 25 86.2 3 BW 100 trials 
S8 M R 31 92.5 3 BW 100 trials 
S9 M R 33 49.9 4 BW 100 trials 

Total    852 trials 
F: Female, M: Male, L: Left, R: Right, BW: Body Weight.  
* Testing was halted due to ACL failure, defined as a 3-mm increase in cumulative anterior tibial translation. 
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2.3.2 Testing apparatus 

Each cadaveric knee was mechanically tested using the Withrow-Oh 17,20 testing 

apparatus (Figure 1) that simulated repeated single leg pivot landings. In each trial, in order to 

achieve a high enough loading rate to properly simulate a jump landing, a known weight (W, 

Figure 1) was released to impact the distal end of the tibia through a viscoelastic bumper whose 

properties were tuned to shape the temporal history of the impact force to peak at 70 ms 20. Five 

preconditioning trials were used to find the drop height and weight required to simulate a three to 

four times body weight peak impulsive force on that knee. The loads applied to the knee were 

measured using a six-axis (MC3A-1000, AMTI, Watertown, MA, USA) load cell (L, Figure 1) 

located in series with the distal femur, whereas the reaction loads were measured simultaneously 

via an identical load cell located in series with the proximal tibia: these cells monitored the 3D 

input forces and moments, and 3D reaction forces and moments, respectively. The knee was 

initially set up with 15° of flexion held there by the quadriceps pretension, which reflects the 

pretension in the muscle prior to landing a jump. Each specimen was subjected to a maximum of 

100 loading trials or as many trials as could be completed until the ACL failed. Failure was 

defined as a 3 mm or more increase in cumulative anterior tibial translation. The design of the 

apparatus caused the dropped weight to apply, simultaneously, an impulsive compression load, a 

knee flexion moment, and an internal tibial torque (T, Figure 1) to the knee, combined with 

realistic trans-knee muscle forces (Q, G, and H, Figure 1). Clamps were attached to grasp each 

tendon, with only the quadriceps tendon clamp requiring cryocooling to prevent slippage; active 

muscle tensile elasticity was simulated by a length of 2 mm diameter woven nylon rope, and 

each muscle construct was pre-tensed as follows: quadriceps (Q: 180 N), hamstrings (H: 70 N 

each), and gastrocnemius (G: 70 N each) 33,34. 
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Figure 2-1. Diagram of the Withrow-Oh testing apparatus 17,20 showing the locations of 

the fixed active marker triads along with the locations of the virtual active markers 

obtained by manual digitization prior to the experiment. Modified, and reproduced with 

permission from [Oh et al., 2011, The Journal of Bone and Joint Surgery, Inc]. 

 

An optoelectronic imaging system (Optotrak Certus, Northern Digital Inc., Waterloo, 

Ontario, Canada) was used to record the 3D tibiofemoral marker triad kinematics at 400 Hz with 

an accuracy of 0.2 mm RMS 28. A set of three markers (‘Markers’, Figure 1), affixed to a rigid 

body, was attached to the distal femur and proximal tibia, respectively. A 3D digitizer was used 

to identify standard anatomical landmarks on the knee joint (‘Virtual markers’, Figure 1) to 

calculate relative and absolute 3D tibiofemoral kinematics throughout each trial. The motion 

capture and load cell data were automatically synchronized by the Optotrak system. 

A wearable IMU (OPAL, APDM Inc., Portland, OR, USA, Figure 1) was securely 

attached adjacent to the triad near the distal end of the medial tibia and the proximal end of the 
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mid femur using tensioned Velcro straps. Linear acceleration and angular velocities were 

measured at 128 Hz using the two IMUs. After being set up, the knee was first fully extended for 

the initialization process of the two APDM OPAL units to set initial conditions and minimize the 

influence of drift during the angular calculations using the two IMUs. The two IMUs then 

provided continuously recorded data on the triaxial linear accelerations and triaxial angular 

velocities of each bone until the experiment ended.  

Both the Optotrak system and APDM sensors have been validated in the literature for 

given applications 23,27,30.    

2.3.3 Data analysis 

A total of 852 simulated pivot jump landing trials were conducted across all nine 

specimens. The 3D tibial and femoral bone motions were tracked using both the Certus motion 

capture systems and two APDM IMUs.  

2.3.3.1. Knee joint angle calculations 

The 3D tibiofemoral triad marker position data from the Certus system were filtered 

using a 4th order Butterworth low-pass filter with 20 Hz cutoff frequency implemented using 

MATLAB (MATLAB_R2019b; MathWorks, Natick, MA, USA). A custom MATLAB code 20 

was used to calculate relative angles and translation using the method developed by Grood and 

Suntay 13. 

The IMU data from each trial were used to calculate the knee joint angles using the 

proprietary sensor fusion algorithm provided by APDM Opal to determine the orientation of the 

devices using the method of Watanabe et al. 2,31. 

2.3.3.2. Comparison of the knee angles between the two measurement methods 



 26 

The two measurement systems acquire data at different sampling rates, so linear 

interpolation was used to match the IMU sampling rate to that of the motion capture system. The 

peak angle changes from the optoelectronic motion capture system were calculated as the 

difference between the initial and the maximum angle measured (Figure 2a). Similarly, the peak 

IMU angle changes were obtained from the difference between initial resting state and the 

maximum values (Figure 2b) to get the peak angles during each pivot landing.  

 

 

Figure 2-2. Three examples of the time course of the changes in knee flexion angle 

during simulated jump landings. Panel (a) shows measurements from the optoelectronic 

motion capture system, whereas panel (b) shows the calculated angles from the 

accelerometer and gyroscopic data from the IMUs. The peak angle change from the IMUs 

was calculated as the difference between the initial resting state and the maximum angle 

measured. 

 The difference in peak knee angle change measured with the IMUs and the motion 

capture systems was calculated in each plane.  Bland-Altman plots were then used to assess the 



 27 

variation in the IMU derived peak knee angle change compared to the peak knee angle change 

measured using the Certus motion capture system. The mean of the difference (bias) and the 95% 

confidence interval (CI) of the bias (limits of agreement) were also calculated.  

2.3.3.3. Peak tibial and femoral angular velocity change calculations 

The three orthogonal rate gyroscopes in the wearable IMUs on the tibia and femur 

directly measured the time histories of the angular velocities during each impulsive loading 

cycle. For the Certus, the 3D angular velocities in each orthogonal plane were calculated from 

the 3D motions of the femur and tibia Certus marker triads sampled at 400 Hz, as described in 

the Section 2.3.1. The three markers on each bone were oriented in the motion capture system 

frontal plane, to establish a sagittal plane for the bones. These three markers on each bone 

allowed for the generation of unit directional vectors in each axis: anterior–posterior, medial–

lateral, and proximal–distal. The temporal changes in angular rotations were then calculated in 

each direction using a five-point differential method and a fourth order low-pass Butterworth 

filter and 25 Hz calculated cut off frequency32.  

2.3.3.4. Comparison of the peak tibial and femoral angular velocity changes using the 

two measurement systems 

Using the measured peak angular velocity changes from the wearable IMUs, we 

compared the measured peak bone angular velocity changes from the Certus system calculated 

by differentiating the angular position data over the same time span of the simulated jump 

landings. To compare the peak values of the bone angular velocity changes, the averaged means 

of all testing trials for each system and standard deviation were calculated, as well as the percent 

error between the peak angular velocity changes calculated from the Certus system and those 

measured from the IMUs. Bland–Altman plots were used to view the limits of agreement 
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between the bone angular velocities calculated from the Certus system and compared to the IMU 

rate gyro-based measurements. 

2.4 Results 

2.4.1 Measured peak knee angle changes 

Bland–Altman plots comparing IMUs versus the motion capture system for measuring 

the knee flexion, knee internal rotation, and knee valgus angles are shown in Figure 3. The 

measured peak knee angle changes from the IMUs displayed systematic bias in that they were 

underestimated in two of the three planes. As the peak angle change increased, the bias 

decreased, with internal rotation exhibiting the largest peak angle change, but only −0.18° of 

bias. However, the width of the limits of agreements (LoAs) band increased, with large peak 

angle changes (Table 2). For all three orthogonal knee angles, the standard deviation (SD) of the 

angular differences (IMUs-Certus) as a percentage was ~20% in all three directions; specifically, 

19.8%, 25.4%, and 18.3%, respectively. 

Table 2-2. Mean (SD) peak angle changes measured via Certus and IMUs, along with the 

corresponding Bland-Altman Bias and Limit of Agreement results calculated according to 

the formula in the table footnote at bottom right.  

 Flexion Internal Rotation Valgus 
Certus 13.3 (2.9)o 16.7 (2.1)o 6.6 (2.1)o 
IMU 11.2 (3.2)o 16.6 (4.3)o 2.9 (1.1)o 
Bias -2.1o  -0.2o  -3.0o  
LoA (-7.2o, 3.0o) (-8.4o, 8.1o) (-7.6o,0.2o) 

Diff [%]  -15.3% (19.8%) -0.6% (25.4%) -52.8% (18.3%) 
Agreement Range [%] ± 38.8 % ± 49.8% ± 35.9% 

Bias = ∑(𝐼𝐼𝐼𝐼𝐼𝐼 – 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)
𝑁𝑁

 ,   LoA = 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ± 1.96 × 𝑆𝑆𝑆𝑆,  

Diff [%] = ∑(𝐼𝐼𝐼𝐼𝐼𝐼−𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

) × 100 𝑁𝑁⁄ , Agreement Range [%] = 1.96 SD of Diff[%] 
 



 29 

 

Figure 2-3. Bland–Altman plots comparing the measurements from the two IMUs with 

those of the motion capture system for measuring peak knee angle change in each 

direction during simulated jump landings. In this and the following figure, the different 

colors represent data from different knee specimens (S). 

 

2.4.2 Comparison of the tibial and femoral angular velocity changes calculated from Certus 

system data with IMU data 

The Bland–Altman plots comparing the motion capture system versus IMUs out-comes 

for angular velocities by plane for each bone are shown in Figure 4. The bias calculated for the 

femur in all directions was less than that measured for the tibia: 72.7°/s (tibia) vs. −35.8°/s 

(femur) in the sagittal plane, −159.1°/s (tibia) vs. 112.0°/s (femur) in the transverse plane, and 

536.3°/s (tibia) vs. 100.4°/s (femur) in the frontal plane (Figure 4 and Table 3). The width of the 

LoA band was considerably less in the sagittal plane (54.9°/s for the tibia and −32.5°/s for the 

femur) than in the other planes. 
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The bone angular velocity changes in the transverse plane exhibited the largest magnitude 

(Table 3). The average of the IMU measured angular velocity changes was −832.5°/s for the 

tibia, and the difference in the averages measured using the IMUs and those calculated from the 

Certus system exhibited only an 18.9% difference, with an SD of 7.3%. 

The bone angular velocity changes in the transverse plane exhibited the largest magnitude 

(Table 3). The average of the IMU measured angular velocity changes was −832.5 o /sec for the 

tibia, and the difference of the averages measured using the IMUs and those calculated from the 

Certus system exhibited only an 18.9% difference, with an SD of 7.3%. 

Table 2-3. Mean (SD) values for Bland–Altman comparisons of peak angular velocity 

from Certus and IMUs for the three planes. On average, the Certus measurements tended 

to overestimate the IMU measurements. The percentage difference (Diff [%]) is defined 

in the table footnote. 

 Certus  
[o/sec] 

IMU  
[o/sec] 

Certus - IMU  
[o/sec] 

LoA 
[o/sec] 

Diff [%] 

 Sagittal plane 
Tibia 182.3 (32.6) 109.7 (31.5) 72.7 (28.0) (17.8, 127.5) 75.4% (38.6%) 

Femur 159.7 (33.0) 195.5 (41.7) -35.8 (16.6) (-68.3, -3.3) -17.9% (6.5%) 
Transverse plane 

Tibia 673.4 (103.2) 832.5 (120.2) -159.1 (75.9) (-308.0, -10.3) -18.9% (7.3%) 
Femur 188.8 (45.3) 300.8 (131.6) -112.0 (97.1) (-302.3, 78.2) -31.8% (17.4%) 

Frontal plane 
Tibia 684.9 (117.5) 148.6 (38.4) 536.3 (95.8) (348.5, 724.1) 384.4% (121.6%) 

Femur 191.3 (65.1) 90.9 (19.2) 100.4 (60.2) (-17.6, 218.4) 115.5% (75.3%) 
LoA denotes limits of agreement; Diff [%] = Certus–IMU

IMU
.  Diff [%] = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶–𝐼𝐼𝐼𝐼𝐼𝐼

𝐼𝐼𝐼𝐼𝐼𝐼
 

 



 31 

 

Figure 2-4. Bland–Altman plots showing differences, by plane, between Certus system 

and IMU in the angular velocity change for the tibia (top row) and the femur (bottom 

row). The x-axis shows the angular velocities measured via the IMUs, whereas the y-axis 

shows the difference in angles for each plane (left, center, and right panels). The bias was 

negative in the transverse plane, positive in the frontal plane, and mixed in the sagittal 

plane for the two bones. 

2.5 Discussion 

There are two novel aspects to this study. First, we made kinematic measurements over a 

time course that is characteristic of a limb landing on the ground during which time injury can 

result. The first peak in the foot–ground reaction force usually occurs 35–50 ms after ground 

contact 7,9. However, the musculoskeletal response of the more proximal parts of the lower 

extremity limb, of course, lags that peak. For example, if one considers the mechanism of ACL 

injury 35, the magnitude of the increase in ACL strain is proportional to the change in the knee 

flexion angle (via the patellofemoral mechanism) and the change in the internal tibial rotation 
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angle, which both peak ~70 ms following ground contact 20,21. That is why we focused on 

calculating the change in angle and change in angular velocity over that time interval in this study. 

Second, we could find no studies comparing IMU and motion capture system performance 

measuring the kinematics of a human body segment, knee joint peak angle change, or peak bone 

angular velocity changes in the absence of a soft tissue motion artifact. The significance is that our 

experiment provides the opportunity to assess the best possible dynamic performance of the IMU 

and motion capture systems without the artifact caused by soft tissue vibration. Any in vivo 

measurements are certain to exhibit more variability because of noise generated by soft tissue 

movement artifacts. 

Bland and Altman originally developed their eponymous method to compare an 

experimental measurement method with a standard measurement method by introducing the limits 

of agreement approach 4. It has since been adopted for use by many fields 12. The method is useful 

because, unlike a correlation coefficient, it quantifies any bias present, as well as the limits of 

agreement, within 95% of the differences for the experimental method compared to the standard 

method. Of course, the narrower the limits of agreement, the better the experimental method is, 

until the results become interchangeable with one another 22. The peak angle changes in each 

orthogonal plane were slightly underestimated by the IMU measurements. Even though the bias 

was only −0.6% for internal rotation, which exhibited the largest peak angle change of ~16°, the 

peak knee angle difference between measurement methods amounted to ~±40% of the LoA 

(calculated from 1.96×-SD in all three orthogonal planes). This result indicates that the knee angle 

change calculated using these APDM IMUs and their fusion algorithm could not reliably capture 

the peak kinematics of the weight acceptance phase of a movement as dynamic as a unipedal pivot 
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landing. This was true in the absence of a soft tissue artifact, so the presence of such an artifact in 

vivo would only make matters worse.  

The orientation of the Certus camera relative to the lower extremity was found to affect the 

calculated angular velocity changes. This was because the marker triads were essentially placed in 

the knee parasagittal plane parallel with the frontal plane containing the three optoelectronic 

cameras that constitute the Certus system. This provided its best resolution, but the resolution is 

lower in the Certus cameras’ depth plane, orthogonal to its frontal plane 28. The Certus camera 

orientation therefore explains the narrow LoA band in the sagittal plane for the Certus-measured 

angular velocities. With the present setup, when the tibia was forced to internally rotate relative to 

the femur during the pivot landing, the tibial marker triad moved in the Certus camera depth plane, 

whereas the femoral triad moved principally in the Certus frontal plane, hence the smaller bias we 

found in the results for the femur than for the tibia. The exception was internal tibial rotation in 

the transverse plane, perhaps because it had a larger angular velocity change, 832.5 °/sec, 

compared to the motion in the other planes. The upshot is that the orientation of the Certus camera 

relative to the subject will affect the measurement accuracy of certain knee angles. However, as 

can be seen from the results for internal rotation, if angular velocities are sufficiently high, the 

camera orientation was less of an issue. 

A first limitation was that the sampling frequencies of the two measurement systems were 

different. This could have affected the accuracy of the results because of the need for interpolation 

between data points when resampling data at the same rate as the second measurement system. 

However, the changes in angle and angular velocity were relatively smooth, so this should not 

have affected the results materially. A second limitation was that there will have been a slight 

phase difference between when the impact force acts distally on a limb and when it acts more 
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proximally on the knee 16. In this experiment, the order of sensed displacements would have been 

the tibia marker triad first (because of being closer to the point of impact), then the tibial IMU, 

then the femoral IMU, then the femoral marker triad. Such phase differences likely had a minor 

effect on our results because the angle and angular velocities of each system were calculated 

relative to the peak values for each trial. Finally, we employed the generic APDM software 

algorithm to process these data, but a custom-tuned algorithm can improve the results slightly, 

particularly by reducing the phase lag in the generic APDM results due to the rapid acceleration 

profiles 1 associated with HAS cycles. In summary, we do not believe that these limitations 

materially affected the overall results in comparing the two measurement systems. 

2.6 Conclusions 

Due to the fact that the LoAs ranged from 35.9% to 49.8% of the measured joint angle, 

the APDM IMUs could not reliably measure the sudden changes in joint angles that occur during 

simulated pivot landings, even in the absence of soft tissue artifact. Therefore, improvements to 

these IMUs are needed to be able to reliably measure HAS cycles in vitro, let alone in the 

presence of soft tissue in vivo.  
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Chapter 3: On the Relationship between Lateral Tibial Slope and Tibiofemoral Kinematics 
during Simulated Jump Landings in Male Human Cadaver Knees 

 

This chapter has been submitted for publication for OJSM.   

So Young Baek, Mélanie L. Beaulieu, Edward M. Wojtys, and James A. Ashton-Miller.  

 

3.1 Abstract 

Background: It is not known mechanistically whether a steeper lateral tibial slope (LTS) leads 

to both an increase in anterior tibial translation (ATT) as well as internal tibial rotation (ITR) 

during a given jump landing.  

Hypothesis/Purpose: A steeper LTS will result in increased ATT and ITR during simulated 

jump landings applying knee compression, flexion and internal tibial torque of increasing 

severity. 

Study Design: A descriptive laboratory study. 

Methods: Seven pairs of cadaver knees were harvested from young male adult donors [mean 

(SD) age: 25.71 (5.53) years, weight: 71.51(4.81) kg].  The LTS of each knee was measured by a 

blinded observer from 3T MR images. Two sets of 25 impact trials of ~700 N (1 BW ±10%) 

followed by another 2 sets of 25 trials with 1,400 N (2 BW ±10%) were applied to a randomly 

selected knee of each pair. Similarly, on the contralateral knee, two sets of 25 impact trials with 

~1,800 N (2.5 BW ±10%) and after which two more sets of 25 trials with ~2,100N (3 BW ±10%) 

were applied. 3D knee kinematics, including, ATT and ITR, were measured at 400 Hz using 
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optoelectronic motion capture. Two-factor linear mixed effect models were used to determine the 

relationships between LTS and ATT and ITR as impact loading increased.  

Results: As LTS increased, both ATT and ITR also increased during increasingly severe 

landings. LTS had an increasing effect on ATT (coefficient = 0.50 ,95% CI: 0.29-0.71) relative 

to impact force (coefficient = 0.52, 95% CI: 0.50-0.53). Meanwhile, ITR was proportional to 

LTS (coefficient=1.36, 95% CI: 0.80-1.93) under increasing impact force (coefficient=0.49, 95% 

CI: 0.47-0.52). For steeper LTS, the increase in ITR was proportionally greater than ATT. 

Conclusion: In males, a steeper LTS significantly increased both ATT and ITR during jump 

landings.  

Clinical Relevance: A steeper LTS increases ACL strains during jump landings because of the 

increase in both ITR and ATT.  The clinical significance of these findings should be further 

investigated in clinical populations.  

Key Terms: ACL injury, lateral posterior tibial slope, kinematics, jump landing, anterior tibial 

translation, internal tibial rotation  

What is known about the subject: A steeper LTS is a known morphological risk factor for non-

contact injury.  Exactly why this is so is not fully understood.  

What this study adds to existing knowledge:  This is the first evidence that a steeper LTS 

increases both ATT and ITR, and therefore ACL strain, in the knee during jump landings. 

3.2 Introduction 

Approximately 200,000 anterior cruciate ligament (ACL) ruptures occur in the United States 

every year8,25 with most being non-contact injuries29. Video analyses have shown that many of 

these occur during a dynamic foot plant from a jump landing, a sudden change in direction,  

abrupt stop, or ‘dynamic valgus’ 32,39. Environmental, anatomical, hormonal and neuromuscular 
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factors9,24 have all been considered to play a role in the injury. In terms of the anatomic factors, 

particular attention has been paid to individual and sex differences 1,17,35,37,41. The most 

significant morphological risk factors associated with non-contact ACL injuries are an increased 

lateral posterior tibial slope (LTS), a larger femoral alpha angle, a smaller ACL cross-sectional 

area and a smaller femoral intercondylar notch1,3,4,14,15,33,37,38,41.  In particular, a steeper LTS has 

been shown to not only increase the risk for ACL rupture but also increase ACL strain during 

knee loading5,7, thereby suggesting a causal relationship. However, the relationship between LTS 

and the resulting tibiofemoral kinematics in the form of anterior-posterior tibial translation 

(ATT) and internal tibial rotation (ITR) during a dynamic foot plant is poorly understood.   

Because the ACL acts as a kinematic constraint to excessive ATT and ITR20,36, there is 

considerable orthopedic interest in normal and abnormal knee joint motion when evaluating the 

possibility of ACL injury.  For example, attention is often focused on looking for an abnormal 

pivot shift during the Lachman test 13,30, a larger-than normal ATT during the anterior drawer test 

13,30, and whether substantial laxity is found in ITR36. Experimental studies of simulated pivot 

landing in cadaver knees have measured the peak ACL strains in ATT and ITR as well as the 

effect of ACL transection18,27,28. But none of the studies have examined the relationship between 

LTS on the one hand, and the resulting ATT and ITR on the other, during an impulsive knee 

compression loading simulating a pivot landing. Under knee joint axial compression, the anterior 

patellofemoral joint reaction force component acting in the transverse plane on the LTS has two 

possible kinematic effects on the tibia relative to the femur causing: (a) ATT , and also (b) ITR 

relative to the instantaneous center of rotation near the central depression in the medial tibial 

plateau19,21.  
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The purpose of this study was to quantify the relationship between LTS, ATT and ITR 

during jump landing loadings involving the application of impulsive knee compression, flexion, 

and internal tibial torque loading. We tested the hypothesis that a larger LTS correlates with 

increasing ATT and ITR during simulated pivot landings, each of which have been shown 

individually to increase ACL strain18,27,28 and are therefore associated with the risk of ACL 

failure18.  

3.3 Methods 

3.3.1 Specimen procurement and preparation 

After our institutional review board “exempt and non-regulated” determination, fully de-

identified unembalmed young male adult cadaver knees were procured from Anatomy Gifts 

Registry, Science Care, Medcure and Gift of Life [name of State withheld to blind manuscript].  

Limbs were double bagged and stored in a freezer at -20⁰C. Parasagittal radiographs were taken 

of 14 pairs of knees to estimate the LTS, from which 7 pairs were selected to provide the widest 

possible range of slopes in our sample. Care was taken to obtain a purely lateral view of the 

proximal tibia. The lateral tibial slope was measured on the radiographs as the angle between the 

longitudinal axis of the tibia and a line connecting the superior-anterior and the superior-

posterior cortices of the tibial plateau. The longitudinal axis was estimated using a circle method  

presented by Hudek et al.11 Seven pairs of young male knees [mean (SD) age: 25.71 (5.53) yrs, 

weight: 71.51(4.81) kg] (Table 1) were thawed at room temperature for 48 hours before 

dissection and MR imaging (see below for details). Thawed knees were dissected leaving intact 

the ligamentous capsular structures along with the tendons of the quadriceps, medial and lateral 

hamstrings, and medial and lateral gastrocnemius muscles. The distal tibia/fibula and proximal 
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femur were cut 20 cm from the center of the knee joint and potted in polymethylmethacrylate 

cylinders ready for mounting in the testing apparatus. 

 

Table 3-1. Demographic data for the male donors of the seven knees. The lateral 

posterior tibial slopes were measured twice by the blind observer and mean (standard 

deviation, SD) values were calculated. As shown in the right column, the repeated 

measures experimental design called for increasing impact forces, with one knee 

randomly selected to act under low impact, and contralateral knee with relatively high 

impact loading.   

Specimen 
No. 

Age 
[yrs] 

Weight 
[kg] Side LTS [SD] 

[deg] Testing Condition 

P1 33 72.6 Right 8.5 [0.2] 2.5 BW x 50 trials* 
Left 6.0 [0.1] 1 BW x 50 trials + 2 BW x 50 trials 

P2 23 72.6 Right 3.1 [0.6] 2.5 BW x 50 trials + 3 BW x 50 trials 
Left 1.8 [0.0] 1 BW x 50 trials + 2 BW x 50 trials 

P3 25 69.1 Right 3.1 [0.0] 2.5 BW x 50 trials + 3 BW x 50 trials 
Left 1.1 [0.2] 1 BW x 50 trials + 2 BW x 50 trials 

P4 32 64.4 Right 2.7 [2.1] 1 BW x 50 trials + 2 BW x 50 trials 
Left 7.6 [2.2] 2.5 BW x 23 trials -Tibial bone Fracture 

P5 19 71.7 Right 4.8 [1.1] 1 BW x 50 trials + 2 BW x 50 trials 
Left 4.3 [0.2] 2.5 BW x 50 trials + 3 BW x 50 trials 

P6 20 69.9 Right 6.2 [1.1] 1 BW x 50 trials + 2 BW x 50 trials 
Left 4.5 [0.5] 2.5 BW x 50 trials + 3 BW x 50 trials 

P7 28 80.3 Right 6.2 [1.4] 1 BW x 50 trials + 2 BW x 50 trials 
Left 11.5 [0.8] 2.5 BW x 50 trials + 3 BW x 50 trials 

* Due to technical error, inaccurate kinematic data were collected during the first 50 trials.  

 

3.3.2 Magnetic resonance imaging 

Prior to impact testing, T2-weighted 3D sagittal-plane MRIs were taken of the thawed 

cadaver knees with a 3T scanner (Philips Healthcare, Best, the Netherlands). From these images, 
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the LTS was measured in each specimen using a method presented by Hudek et al11 in OsiriX 

software (v. 3.7.1 lite, open-source).  Briefly, in the sagittal plane, the longitudinal axis of the 

tibia was defined by a straight line connecting the center of the two circles drawn within the 

proximal tibia: a first circle was drawn whose lines are in contact with the anterior, posterior, and 

superior tibial cortex bone, and a second circle was drawn whose center is positioned on the first 

circle touching the anterior and posterior cortex of the tibia (Figure 1a). On the sagittal-plane 

slice of the mediolateral center of the lateral tibial plateau, a line was drawn connecting the 

superior-anterior and the superior-posterior cortices of the lateral tibial plateau (Figure 1b). The 

LTS was calculated as the angle between this line and a line perpendicular to the longitudinal 

axis of the tibia (Figure 1b).  To assess measurement reliability, LTS was measured twice by an 

observer blinded to the results of the kinematics. The mean of the two measurements was used 

for analysis (Table 1). Intra- and inter-rater reliability were examined for the LTS measurements 

by using intraclass correlation coefficients (ICC). The primary observer and blinded observer 

each measured LTS twice. Intra-rater and interrater reliability were then calculated within and 

between the LTS measured by each observer and reported using ICCs.  
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Figure 3-1. Measured lateral posterior tibial slope for the right knee of specimen P1. (a) 

To define the tibial longitudinal axis, a method presented by Hudek et al.11 was used on a 

sagittal-plane slice by connecting the centers of the two circles. (b) At the mediolateral 

center of the lateral tibial plateau, the lateral tibial slope (𝛼𝛼) was defined as the angle 

between the tibial longitudinal axis (as defined in (a) and the line connecting the superior-

anterior and the superior-posterior cortices of the lateral tibial plateau. 

3.3.3 Testing apparatus 

The dissected knees were mounted in the Withrow-Oh18,28 testing apparatus (Figure 2) in an 

initial configuration of 15o of knee flexion to simulate a single-leg pivot landing with 1~3 times 

body weight [BW]. The weight (W, Figure 2) was dropped to impact a bumper on the tibial end 

of the construct so as to apply the combination of an impulsive compression load and an internal 

tibial torque both peaking within ~70 msec via the torsional transformer mechanism (T, Figure 
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2).  Use of the weight drop achieves a higher loading rate and larger impulsive load than a robot 

so as to properly match values observed in vivo23.  The quadriceps, medial and lateral hamstring 

and medial and lateral gastrocnemius muscle forces were simulated by tensioning to the 

appropriate value to represent active muscle force needed to maintain 15 degrees of knee flexion 

prior to impact and their tensile stiffness represented by 2 mm diameter woven nylon cords 

elasticity42,43 following impact. To accomplish this cryoclamps (Q, G&H, Figure 2), each with a 

series force transducer, were attached to each tendon, and pre-tensioned as follows: quadriceps 

(Q : 180 N), hamstrings (H : 70 N each), and gastrocnemius (G: 70N each).  As the weight 

impacted the construct, the knee could flex and the tibial plateau was free to translate and 

internally rotate, resisted only by soft tissues and the muscle-surrogates, which could stretch 

under the rapidly rising knee compression, flexion moment and internal tibial torque.  

Two six-axis load cells (L, Figure 2, MC3A-1000, AMTI, Watertown, MA) measured the 

3D applied input forces and moments to the knee at the mid-tibia as well as the 3D reaction force 

and moments at the mid-femur. Impulsive forces and moments were recorded at 2 kHz, while the 

3D tibiofemoral marker triad kinematics were recorded at 400 Hz with an optoelectronic imaging 

system (Optotrak Certus, Northern Digital Inc., Waterloo, Ontario, Canada). A triad of three 

markers (Figure 2) was affixed rigidly to each load cell. A 3D digitizer was used to identify 

anatomical landmarks on the knee joint (“virtual marker”, Figure 2). From this setup, the 3D 

tibiofemoral kinematics were acquired. The absolute and relative 3D translation and rotation 

were then calculated according to Grood and Suntay10.  
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Figure 3-2. Diagram of Withrow-Oh testing apparatus18,28 showing the diode physical 

markers (“Markers”) on the load cells, and the virtual markers on tibial and femoral 

landmarks that were recorded using the 3D digitizing wand of the Certus system. 

3.3.4 Testing protocol 

A cross-sectional, repeated measures, experimental design was used to examine the relationship 

between LTS, ITR and ATT under increasing impact loading severity. It has already been shown 

with this apparatus that repetitive loads with a magnitude of three times BW (3*BW) or more 

simulating pivot landings cause the human ACL to fail due to material fatigue18. So we planned 

to repetitively load the knees with loads less than this magnitude of loading to avoid such failure. 

First, each specimen underwent 5 preconditioning trials to find the drop height and weight in 
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order to simulate the target peak impulsive force on that knee (Table 1). Then the knee was 

subjected to a maximum of 100 loading trials, or as many trials as could be completed until the 

ACL failed.  Repetitive loading was used because of the inherent intra and inter subject 

variability in the response of biological tissues to load-displacement testing6,31.  Therefore, a 

randomly selected knee from each pair was tested in two sets of 25 impact trials applied with 

~700 N (1 BW ±10%) after which two more sets of 25 trials were applied with ~1,400 N (2 BW 

±10%).Similarly, each contralateral knee was tested with two sets of 25 impact trials with 

~1,800N (2.5 BW ±10%) followed by two more sets of 25 trials with ~2,100N (3 BW±10%) in 

order to study how the magnitude of ATT and ITR depended on the magnitude of LTS under a 

range of loading magnitudes (Table 1). Between each set of 25 trials the quadriceps clamp was 

re-cooled using cryogenic gas to prevent slippage. Our simulated jump landing synchronized 

impulsive knee flexion and  internal tibial moments with an impulsive axial compression force. 

This impulsive 3D knee impact load was shown to cause ACL fatigue failure when more than 

100 trials with 3 to 4 times body weight were used18,28. So we employed loads of 3 BW and less 

in the present protocol to avoid ACL fatigue failure within 100 trials.  

3.3.5 Statistical Analysis 

After checking that the usual assumptions were met two, two-factor, linear mixed effect models 

were used to determine the simultaneous effects of LTS on ATT (designated Model A) and LTS 

and ITR (designated Model B) during increasing impact loading. The knee specimen (n=7) and 

side of the knee (right and left) were considered random effects, while the normalized impact 

force in BW and LTS were considered fixed effects. Random intercepts were chosen from the 

linear mixed model with ATT, ITR, and LTS to reflect ATT and ITR being assigned values of 

zero in the absence of a landing impact force, and all values under load being calculated relative 



 48 

to those starting values.  The linear mixed models were analyzed with the lme4 package using 

the open software RStudio for statistical computing (R, v. 4.1.2; Boston, MA). The underlying 

assumptions were found to be satisfied after checking the residuals vs fitted values and the Q-Q 

plots (Quantile-Quantile plot) for each model, respectively. An alpha level of p<0.05 was used to 

calculate results for both the random and fixed effects.  

The simr package used for the power analysis suggested that the planned sample size 

used was acceptable. With the number of knee specimen pairs (n=7) and side of the knee (right 

and left), it showed a power of 100% (95% CI: 96.4 - 100) for the effects of LTS on ATT and 

99.0% (95% CI: 94.6 – 100) for the effect of LTS on ITR.  This seemed reasonable given our 

random effect size (n=13: 7 pairs of knee specimen, side of the knee (right and left), and one 

failed knee).  Significant p values (p<0.001) were found for all the linear mixed model 

coefficients lending credence to the results.  

3.4 Results 

The interrater reliability of tibial slope measurements from the blind observer was 

excellent (ICC = 0.93). Inter-rater reliability for the agreement of measurements was also good 

(ICC = 0.81). A steeper LTS had a significant effect (p-value < 0.001) on both ATT and ITR as 

the normalized impact force (IF/BW) was increased (Table 2). As the LTS increased, the ATT 

was positive correlated with coefficient of 0.50 (95% CI: 0.29-0.71) independent of impact force 

with its coefficient of 0.52 (95% CI: 0.50-0.53). The ITR also had the positive correlation with 

larger coefficient of 1.36 (95% CI: 0.80-1.93) for increasing impact force (coefficient = 0.49, 

95% CI: 0.47-0.52).  The random term significantly affected the response with great confidence 

intervals not includes zero (95% CIs).  
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Table 3-2. Results for the two linear mixed effect models: Model A for LTS and ATT, 

and Model B for LTS and ITR. 

 Model A: ATT ~ LTS + (IF/BW) Model B: ITR ~ LTS + (IF/BW) 
 Coefficient SE t Value P Value Coefficient SE t Value P Value 

(Intercept)         
LTS 0.50 0.099 5.06 <0.001 1.36 0.26 5.11 <0.001 

(IF/BW) 0.52 0.0080 64.75 <0.001 0.49 0.011 46.44 <0.001 
LTS: (IF/BW) -0.011 0.0017 -6.14 <0.001 -0.011 0.0022 -4.61 <0.001 
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Figure 3-3. Scatter plots showing the relationship between normalized impact force and 

ATT (a) and ITR (b). The lines in (a) and (b) indicate the predicted effect of LTS being 

assumed constant at 2o, 4 o, 6 o, 8 o and 10 o in order to help interpret the effect of 

increasing impact force on ATT (a) and ITR (b), respectively, using the results of linear 

mixed model (Table 2).  
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Figure 3-4. Scatter plots representing the relationship between LTS and ATT (a) and ITR 

(b). The three lines in (a) and (b) designate normalized impact. The vertical data scatter 

are the knee kinematic data for the 100 trials for a given LTS associated with each knee. 

The lines show the force assumed constant at 1BW, 2BW, and 3BW to help interpret the 
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effect of LTS on ATT(a) and (ITR) (b) from the results of the linear mixed model (Table 

2).  

3.5 Discussion  

The present results support the primary hypothesis that knees with larger LTS are 

significantly associated with increased ATT and ITR in a loaded condition. Given that Oh et al. 

have already demonstrated that ACL strain was positively correlated with both ATT and ITR28, 

the present results suggest that an athlete with a steeper LTS will systematically experience 

larger loads on their ACL during jump landings than the similar-sized athlete with a lower LTS 

performing an identical jump landing.  For a given load on the ACL, the strain in the ACL will 

depend upon its cross-sectional area and its viscoelastic material properties.  The underlying 

mechanism for the increase in ATT is that, under the impulsive compression loading, the LTS 

causes a reaction force component (equal to the inverse of the tangent of the LTS angle, see 

Introduction) that accelerates the tibia anteriorly relative to the femur and thereby strains the 

ACL28. Simultaneously, the LTS causes a reaction force component on the lateral tibial condyle 

that results in a transverse plane moment that causes the tibial plateau to pivot around an axial 

instantaneous center of rotation on the medial condyle12. Both effects will strain the ACL. 

Furthermore, these results are consistent with previous studies. For example, Wang et al. 

reported that the magnitude of ATT and ITR produced under an axial knee compression force 

was positively correlated with the sagittal tibial slope40, and McLean et al. found that the greater 

slope of LTS was associated with anterior tibial acceleration and peak anterior knee joint 

reaction force which ware directly proportional to ACL strain21,22.  

Strengths of this study include the use of a simulated 3-D impulsive lower leg loading 

that is similar to that during a one footed pivot landing28. Under those conditions, the ground 
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reaction force can reach many times body weight depending on the compliance of the shoe and 

ground surface2. The use of repetitive loading is justified because many athletic training drills for 

the sports most associated with ACL injuries18,44, namely basketball, soccer, football and 

volleyball, require repetitions. Additionally, because only young male knees were studied, there 

were no confounding effects of age, osteoarthritis, trauma or sex16,26.  

Limitations of the study include the use of cadaver knees with representative muscle 

forces in lieu of in vivo experiments; accurate biplanar radiographic kinematic measures are 

feasible for the latter, and could be used to confirm or refute the present findings. A further 

limitation is that we only used male knees, because of a lack of a sufficiently large sample of 

young female knees to be able to study sex differences, but this could be a goal for future studies.  

However, tibial slope is already known to be a significant risk factor for ACL injuries in 

women17,34, so the present results likely underestimate the effects that would be seen in female 

knees. None of the present specimens had LTS greater than 12 degrees, which would be regarded 

as clinically significant. Our estimates of the effect of the LTS are therefore likely 

underestimated relative to those that might have been seen had we been able to include knees 

with LTS greater than 12 degrees. Another limitation was the relatively small sample size of 

seven pairs of knees but the variation in LTS was sufficient to study its effect using rigorous 

statistical methods.  The use of a range of load magnitudes (1-3BW) along with the use of 

repeated measures (loads) helped to counter the effect of biological tissue variability on the 

results. The two-factor linear mixed model used in this study lent itself for analyzing a repeated 

measures experimental design with a limited number of pairs of knees23.  Lastly, we did not 

examine the roles of other known morphological risk factors associated with ACL injury (please 

see Introduction), which include the femoral alpha angle, ACL cross-sectional area and femoral 
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intercondylar notch size, and their effect on the present outcome variables.  The actual ACL 

injury may be caused by a combination of all risk factors. However, with the small sample size 

we only measured the relationship only between LTS and ATT and ITR without considering 

other risk factors, and the results showed that LTS increased ATT and ITR regardless of the 

effect of other injury factors. However, while it is possible that the femoral alpha angle and ACL 

cross-sectional area might correlate with LTS, it is unlikely that they or the notch size would 

have affected the present results qualitatively.  

3.6 Conclusions  

In males, a steeper LTS was associated with both increased ATT and ITR, with ITR 

increasing proportionally more than ATT did.  
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Chapter 4: On the Differences in Stress Distributions in the Mineralized Portion of Convex, 

Concave and Flat ACL Femoral Entheses.   

4.1 Abstract 

Anterior cruciate ligament (ACL) injuries usually occur proximally near the femoral 

enthesis.  Why that is so is not understood. The thin layers of cortical bone and mineralized 

tissue from which the ACL collagen fibers take origin form an oval structural shell having a 

convex, concave and/or flat topography. The posterolateral fibers typically originate from a 

concave topography, while the origin of the anteromedial fibers is more variable. We 

hypothesized that those topographies will markedly affect the resulting shell shear, tensile and 

compression stress distributions for a given ACL load. So we generated three elliptical finite 

element shell model topographies, convex, concave and flat (as control), to which we assigned 

published elastic isotropic properties for cortical bone in tension, shear and compression. The 

results show that the maximum tensile stress was found at the proximal end of the major axis for 

all three enthesial topographies. The convex shell exhibited more than twice the largest tensile 

and shear stress in the concave shell. Likewise, at the proximal end of the shell, the areas of peak 

shear stress for the flat and convex entheses were considerably larger than for the concave case. 

The peak shear stress on the concave shell was found on its lateral surface near the distal end. 

We conclude that a concave enthesis helps to reduce the tensile and shear stress in the shell at the 

origin of the highly loaded posterolateral ACL fibers.   
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4.2 Introduction 

While certain macroscopic tibial and femoral bone morphologies can increase the risk for 

non-contact anterior cruciate ligament (ACL) injury 1,22, much still remains unknown. One 

knowledge gap is why most injuries occur in the proximal third of the ligament near its origin at 

the femoral enthesis 25.  The ACL femoral enthesis has a generally oval-shaped perimeter (Figure 

1)11,20, but Benjamin noted that histological images of a cross-section showed the four layers 

comprising the enthesial structure which can be flat, concave or convex 5.  More recently, six 

different cross-sectional profiles have been identified: concave, convex and a combination of the 

two 2. Let us assume for simplicity that the uncalcified cartilaginous layer of the enthesis resists 

none of the tensile load in the ACL fibers. That leaves the thin cortical bone and mineralized 

cartilage layers, together only ~2 mm thick, to anchor and resist ACL forces reaching 600~2,300 

N of tension 15, or ~ x3 body weight, without failing while also resisting bending and twisting 

moments due to tibiofemoral kinematics 9. 

At the ACL femoral enthesis the Type 1 collagen fibers originate from their fixation in its 

50 - 600 um-thick mineralized region 6 to pass perpendicularly through the tidemark, the 

boundary between bone and ligament. From the tidemark, they turn through ~80 degrees as they 

pass through the ~1 mm thick layer of uncalcified cartilage (Figure 2) 3,5 before narrowing into 

the ribbon-like collagenous body of the ACL (Figure 1) 10,21.  An earlier finite element analysis 

of the effect of varying enthesial shape on ACL fiber strain near the femoral enthesis showed it 

to be greater with concave and lower for convex enthesial shapes, and to be particularly sensitive 

to the acute (or “scarf”) angle of fiber attachment 14.   

In this paper we used a simple finite element model of the “bony” enthesis layers to 

explore how enthesial cross-sectional shape might affect the distribution of stress in the thin shell 
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structure comprised of cortical bone and mineralized cartilage. The significance is that any 

tensile or shear stress concentrations could be likely points of proximal ACL failure initiation, 

whether under simple overload or material fatigue due to repetitive sub-maximal loading 8.  

 

Figure 4-1. (A) Posterolateral view of a left ACL femoral attachment with the 

anteromedial (AM) and posterolateral (PL) bundles seen after removal of the medial 

femoral condyle. (B) Lateral view of the generally oval perimeter of the femoral 

attachment marked from (A). P indicates the proximal and D indicates the distal end of 

the femoral condyle. Reproduced with permission from Ferretti et al. (2007)   
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Figure 4-2. (A) Plastic embedded histological section of the origin of the ACL at its 

femoral entheses stained with Toluidine blue stain. (B) Enlarged view of the tissue within 

the rectangle indicated in (A) showing part of the femoral entheses with its four tissue 

zones: bone; (b), calcified fibrocartilage (cf), uncalcified fibrocartilage (uf) and 

ligamentous tissue (l). The inset at top right in (B) shows a magnified view of the tissue 

within the white rectangle. Reproduced with permission from Fig. 3 in Beaulieu et al. 

(2015) 

An analysis of the bending of thin sheets shows that the stiffness of a sheet is dependent 

upon its initial transverse curvature which makes it considerably stiffer than a flat sheet 18.  

Given that the magnitude of the ultimate stress of cortical bone is known to be reduced by 40% 

in tension, and lower by 65% in shear when compared with compression 12, one enthesial 

topography may reduce peak shear and tensile stresses more than the others.  So we used a finite 

element model to study the effect that a flat enthesis (as a control), a concave enthesis and a 

convex enthesis had on the distribution of tensile, compressive and shear stresses on the medial 

(top) and lateral (bottom) surfaces of an enthesial shell to determine which shape reduced peak 

stresses the most.  For the sake of simplicity, we neglected the tensile arcade of trabeculae that 

can support the mineralized shell portion of the femoral enthesis 23 but, as a check, we ran 
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supplementary simulations to check for how much distributed elastic support in its place affected 

the calculated stress distributions.  

  

4.3 Methods 

Our methodological approach was to generate elliptically shaped models of the three elastic 

homogeneous isotropic thin shells representing the enthesial bone and mineralized region, loaded 

by distributed ACL fiber tension (Figure 3), using the modeling and simulation program, Inspire 

(v2021.2.1, Altair Engineering, Inc., Troy, MI, USA). The assumed geometry of the shell 

corresponded with mean measurements from our nano CT images of 15 young adult donor 

femoral entheses [4 female and 11 males, age: 31.8 (SD: 7.5) yrs], assuming quasilinear elastic 

material properties and applied ACL tensile forces (Table 1).  These images were scanned using 

the nanotom-M (phoenix | x‐ray, Baker Hughes Digital Solutions GmbH, Germany) at 20 μm 

resolution (80 kV, 400 μA, 500 ms exposure time, 3 ave, 1skp, 1500 images, 51 min scan time, 

0.381 mm aluminum filter), and image volumes were reconstructed using datos|x reconstruction 

software (phoenix | x‐ray, Baker Hughes Digital Solutions GmbH, Germany). The geometric 

measurements were made using DragonflyTM software (v2022, ORS, Montreal, Canada). Our 

study used fully de-identified cadaver knees the use of which our institutional review board 

assigned “exempt, not regulated status”.   

Given the strain results from earlier finite element simulations of ACL fiber strain across the 

diameter of an enthesis 14 and a range of ACL ultimate strength from 600 to 2,300 N 15, we 

applied a linearly increasing distributed tensile load in deciles from 10.4 ~11.5 N/mm2 parallel to 

the major axis of the shell (Figure 3, Table 1).  The constraints at the edge of the circular plate in 

the center of which the enthesis was located was assumed to be rigidly supported. For simplicity, 
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the thicknesses of the circular cortical bone plate surrounding the elliptical enthesis and that of 

the shell enthesis model were assumed to be identical. 

 

Figure 4-3. (A) Top (medial) view of the 3D elliptical finite element shell model 

showing the linear increase in distributed stress (see color scale for stress levels, with 

graphs of the tensile ACL stress and force distribution acting on transverse shell sections 

each having a width of 1/10 of its major diameter.  P denotes the proximal end and D 

denotes the distal end of the enthesis shell’s  major axis. The yellow arrow indicates the 

direction of the ACL tension for knee angles near full extension. (B1) Section through the 

concave shell model in the y-z (coronal) plane showing the projected (attachment) scarf 
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angle, ψ, that the ACL fibers subtend relative to the plane of the major axis of the 

enthesis. In this illustration, the ACL emerges from the medial (top) surface of the shell, 

while the lateral surface lies (below) the shell normally supported by trabecular bone (not 

shown).  (B2) shows an x-y (transverse) plane section through the minor axis of the 

enthesis shell model showing the projected scarf angle, 𝜃𝜃.  Assumed values for each 

parameter are given in Table 1. 

Table 4-1. The assigned model enthesial shell geometric and mechanical properties for 

the finite element simulations.  The enthesis shell depth and thickness data were based on 

averaged shell geometry measured on nano CT scans of 15 femoral entheses from adult 

donors between 19 and 40 years (see text for details). 

Parameters Properties Reference 

Enthesis 

dimensions 

Major diameter (L1) 17.2 mm Ferretti 200710 
Minor diameter (L2) 9.8 mm Ferretti  200710 

Depth (d) 1 mm Measured by uCT for this 
study 

Thickness (t) 1.2 mm Measured by uCT for this 
study  

ACL attachment 

angle (o) 

Fiber attachment angle (𝜃𝜃)  
in x-y plane 

24.8 o Beaulieu 20154 

Fiber attachment angle (ψ)  
in y-z plane 7 o Beaulieu 20153 

Mineralized 

shell mechanical 

properties 

Young’s Modulus 17.9 GPa Rho 199319 , 
Morgan 201816 

Yield stress 114 MPa Murphy 201617 
Poisson ratio 0.3 Lai 201513 

Density 170 mg/cm3 Treece 201524 

ACL 

Ultimate tensile strength 600~2300 N Marieswaran 201815 

Applied stress * 10.4 ~ 11.5 MPa 

Based on the flat ellipse 
area and averaged ultimate 

tensile strength ± 5% 
(from row above) 
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*See text for details of stress distribution applied to the model shell 

4.4 Results 

The maximum tensile stress, located at the proximal end of the enthesis, was twice as 

large for the convex as for the concave enthesis (Table 2). The peak shear stress was located 

lateral to the distal end of the concave enthesis.  For the flat and convex entheses the area of the 

maximum shear stress was considerably larger on the medial surface at the proximal end of the 

shells, especially in the case of the convex enthesis. 

Table 4-2. Calculated distributions of tensile, compressive and shear stress values on the 

medial and lateral surfaces of the three model shell entheses. In each cell of the table the 

number in the top left corner is the stress at the proximal end, while the number in the 

low right corner is the stress at the distal end of the major diameter. Maximum tensile and 

shear stress are shown by the deep red color. The small arrow at the center of the plate 

indicates the direction of the ACL tension.  Keys to color map values provide the 

calculated stress values.  
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80.2 MPa 
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39.9 MPa 
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33.0 MPa 

 

 

 

63.0 MPa 
Max tensile: 87.0 MPa 

Max comp.: -119.5 MPa 
Max shear: 67.9 MPa 
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-77.2 MPa 

-81.2 MPa 

 

 

 

-29.5 MPa 

70.4 MPa 

 

 

 

44.2 MPa 

46.8 MPa 

 

 

 

15.8 MPa 
Max tensile: 124.5 MPa 
Max comp.: -100.4 MPa 

Max shear: 70.4 MPa 

Convex 

206.4 MPa 

 

 

 

-72.1 MPa 

-123.7 MPa 

 

 

 

-17.6 Pa 

118.7 MPa 

 

 

 

36.8 MPa 

67.6 Pa 

 

 

 

9.8 MPa 
Max tensile: 240.6 MPa 
Max comp.: -130.7 MPa 

Max shear: 137.6 MPa 

Key to 
color 
maps 

Tensile                                Compressive

  

4.5 Discussion 

The results showed that the concave profile was advantageous because the tensile and 

shear stress concentrations were the lowest of the three profiles. How a concave enthesial shape 
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develops is presently an open question. One might speculate that the type of sport played as a 

juvenile and adolescent could cause different enthesial shapes and trabecular morphology. For 

example, soccer with its sudden stops and changes in direction could load the PL bundle more 

than the AM bundle whereas a runner might load the PL bundle less.  In one study, when 

entheses were sectioned normal to the major axis of the ellipse, the most distal histological 

regions of a series of femoral entheses, where the PL fibers originate, were all found to have a 

concave profile, whereas the proximal sections, where the AM fibers originate, were mostly 

convex 3.  We hypothesize that the existence of the concave profiles may be evidence of a 

longer-term bone adaptive response to reduce tensile and shear stresses. Exactly Raised regions 

on the medial surface of the enthesis could reflect endochondral ossification of an initially flat 

PL enthesis as part of a remodeling strategy to reduce strains, evidence of a repair mechanism, or 

possibly both.  Benjamin speculated that concave entheses were due to bone localized atrophy 5, 

but that mechanism seems unlikely in these younger adult donors.  

In earlier finite element studies of the ACL soft tissue near the femoral enthesis14, the 

shorter PL fibers were predicted to be under systematically greater strain than the longer AM 

fibers given the acute scarf attachment angle (Figure 1).  In this study, when the locations of the 

predicted enthesis model stress concentrations (Table 2) were compared to the morphology of 

nano CT cross-sections of a young adult human femoral ACL enthesis along its major axis 

(Figure 4), the specimen showed obvious thickening of the mineralized shell in the region of PL 

fiber origin. One interpretation is that thickening could be evidence of an adaptive response 

under Wolf’s law to reduce the large shell stresses that were calculated to be present there in all 

the shell models.   
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Whether or not a uniform or linear increase in stress was applied to the shell models 

parallel to the major axis did not change the results qualitatively, so the stress concentrations 

reported here resulted mainly from the initial shell cross-sectional shapes not the assumed strain 

or stress distribution in the ACL fibers.  

  

 

Figure 4-4. Coronal plane section from a nano CT image of a young adult specimen 

shows mineralized region thickening (solid arrow heads) at the origin of the PL fibers 

near the distal (D) end of the enthesis when compared to the thickness at the origin of the 

AM fibers (open arrow heads) at its proximal (P) end. The vertical red lines delineate the 

borders of attachment of the AM and PL fibers.  The yellow arrow shows the direction of 

ACL tension for a knee near full extension.   
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Limitations of the present analysis include the simplifying assumptions of thin shell 

isotropy and homogeneity (see Figures 2 and 4), as well as the omission of an underlying tensile 

trabecular arcade 23, that would act to would stiffen the shell. As a check, we ran simulations 

with the model shells mounted on a homogeneous elastic layer assigned trabecular bone 

properties (E: 350 MPa, Poisson ratio: 0.25 13, Density : 20 mg/cm3 24): this did not change the 

results qualitatively for the tensile stress results. Likewise, the maximum shear stress was still 

located on the medial surface around the distal edge of the major enthesial axis for all three 

shells. The model did not include the effects of ACL fiber splay 20 which was beyond the scope 

of this paper. We also did not study the effect of varying ACL loading direction in the x-z plane 

because ACL injuries mostly happen during jump landings, pivoting, cutting or stopping 

abruptly with the knee near extension 7 which is where we simulated the ACL loading. We did 

not investigate the effect of varying the projection of the scarf angle in the y-z plane because the 

angle we used was the mean angle for women (Table 1). Women represent the worst case in 

terms of the difference in peak load applied at the ends of the major axis because men generally 

have a larger scarf angle (13o )3 and this will result in a smaller systematic difference in strain 

across the ACL major axis 14. Finally, we did not include the layer of uncalcifed cartilage 

through which the ACL fibers bend to form the scarf angle (see Introduction). Benjamin has 

suggested that increases in ACL tension would tend to straighten the bend by deforming the 

cartilage 5 a phenomenon that was beyond the scope of this paper. Because the uncalcified 

cartilage was not assumed to resist ACL fiber tension in the present model, the calculated stress 

distributions in Table 1 represent a worst case scenario.  Adding the uncalcified cartilage layer to 

a model shell might reduce stress values quantitatively, but it would not be expected to change 

the results qualitatively.    
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4.6 Conclusions 

A flat or convex enthesis exhibits regions of high tensile and shear stress, while a 

concave profile is advantageous because it exhibited the lowest tensile and shear stress 

concentrations of the three profiles.  
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Chapter 5: On the Subchondral Bone Architecture of the Young Adult Femoral ACL 
Enthesis under Repetitive Submaximal Loading, and on the Regional Variations in that 

Architecture 
 

5.1 Introduction 

Most anterior cruciate ligament (ACL) injuries occur in the proximal third of ligament 

near its origin at femoral enthesis34,52.  It has been demonstrated that fatigue damage can 

accumulate in the Type 1 collagen of the ACL as it emerges from the bone at its femoral origin12, 

but a current knowledge gap addressed in the first part of this chapter is whether fatigue damage 

can also accumulate in the femoral bone from which that Type 1 collagen originates.  

ACL anatomy: The anatomy of the ACL femoral enthesis shows that the Type 1 collagen 

fibers emerge to pass almost at right angles through the enthesial tidemark, that is the boundary 

between ligament and bone, to curve and narrow into the ribbon-like collagenous body of the 

ACL42. The ACL has popularly been described as having anteromedial (AM) and posterolateral 

(PL) fiber bundles14,20,32, but in reality these are arranged in a continuity of fibers across the 

ligament and are not necessarily divided into discrete bundles1,25,53.  Nonetheless the two-bundle 

description is a useful shorthand for describing ligament function in words and will be used for 

convenience in this chapter. The longer AM fibers are oriented so as to primarily resist posterior 

shear of the tibia relative to the femur caused mainly by quadriceps tension acting via the 

patellofemoral mechanism1,14,53, while the shorter PL fibers primarily resist tibial internal 

rotation relative to the femur1,14,32,41,53. An often underappreciated fact is that in a proximal–to-

distal axial view of the tibial plateau, the line-of-action of the ACL acts tangentially to a radius 
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extending to it from the center of the medial plateau of the tibia; as a result it is well oriented to 

resist, marking the end range of motion, internal rotation of the tibia relative to the femur (Figure 

1). 

 

Figure 5-1. (a) Proximal-distal axial view of the femur (in yellow), tibia (in transparent 

blue) and ACL (in green) with the unloaded right knee near full extension.  In this view the 

lateral (L) and medial (M) condyles are seen on the left and right of the image, and the 

yellow and blue lines are reference lines attached to the femur and tibia, respectively. b) 

This image shows a simulation of the knee with an internal rotation torque applied to the 

tibia about its longitudinal axis. The resulting strain in the ACL finite element model is 

shown in red as it resists axial rotation of the tibia about the center of rotation on the medial 

condyle (where the blue and yellow lines now cross).  In terms of functional anatomy, note 

how the ACL is optimally located to act as a checkrein, not only to limit excessive posterior 

translation of the femur relative to the tibia due mainly to the patellofemoral mechanism, but 

also, importantly, internal tibial rotation in the knee, the last being perhaps underappreciated 

in the literature. (Still images reproduced from a video animation of a finite element model 

by Oh (2011)37).     

L M L M 
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The ACL femoral enthesis has been noted to have six different cross-sectional shapes in 

adults2. A finite element analysis examined the effect of those shapes of the femoral enthesis on 

ACL fiber strain and demonstrated that the origin of the PL fibers had to resist larger strain than 

the origin of the AM fibers whenever tension is placed on the ACL near full knee extension. This 

is because the PL fibers have shorter slack lengths than the AM fibers do, as a result of the scarf 

angle of ACL attachment at the femoral enthesis30. Interestingly, in a histological study, the 

distal-most regions of the femoral entheses, from where the PL fibers originate, were all found to 

have parabolic concave profiles, while the proximal section, from where the AM fibers originate,  

were mostly found to have a convex profile2. The different functional roles of the AM and PL 

bundles and their different strain profiles could be the reason why more than 40 % of partial 

ACL tears occur in the PL bundle43, which we know to be especially strained under internal 

tibial rotation38. So, if no fatigue damage is found in the bone under the femoral enthesis in the 

first half of this chapter, the second half of this chapter is directed toward analyzing regional 

variations in the bone supporting the femoral ACL enthesis. Specifically, we wanted to establish 

whether the subchondral bone beneath the origin of the PL fibers exhibits architectural evidence 

of greater strength and stiffness under ACL tensile and torsional loading than that beneath the 

origin of the AM fibers as a result of bone adaptations according to Wolff’s law.  

The four ACL femoral enthesis zones: The ACL originates from femoral bone through a 

series of four adjacent zones: bone, calcified fibrocartilage, uncalcified fibrocartilage and finally 

the ligament proper6.  These four anatomic plate-like zones, which collectively are called the 

enthesis, represent a systematic gradation of increasingly more flexible materials in bending and 

shear as the collagen fibers of the ACL emerge from the enthesis.  This particular anatomical 

arrangement of the enthesis is thought to minimize stress concentrations and distributed forces 
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across the entire ACL attachment area5; it is also possible that the assembly serves to absorb 

shock when the ACL acts as a checkrein to forcibly limit the end range of two coupled 

tibiofemoral knee motions: namely anterior shear and internal rotation of the tibia relative to the 

femur10,24.  

Can the subchondral bone fatigue? The ACL is composed mainly of Type 1 collagen self-

assembled into highly organized hierarchical structures having a heterogeneous composition40.  

While the anterior cruciate ligament itself can fail under a single overload, it has recently been 

shown that damage to collagen fibrils and fibers can accumulate in the fibrils and fibers at the 

femoral enthesis under repetitive sub-maximal loading12.  However, it is not known whether 

fatigue damage can accumulate in the bone underlying the femoral or tibial entheses and that will 

be addressed in the first part of this chapter.  

Subchondral bone architecture: The subchondral bone underlying the femoral enthesis 

has a decidedly heterogeneous structure, being divided into a subchondral cortical plate, less than 

a mm thick, that is supported by architectural networks of subchondral trabecular bone plates and 

rods27,54. The subchondral cortical plate provides mechanical stiffness to support the overlying 

articular cartilage8,9 and resist tension in the ACL. The subchondral trabecular bone is more 

metabolically active than the subchondral cortical plate and there is evidence that it can adjust its 

architecture so as to minimize local mechanical strains according to Wolff’s law13,49. The 

uncalcified cartilage, calcified cartilage and subchondral cortical and trabecular bone act as a 

remarkable unit to transfer substantial mechanical loads at the joint end ranges of tibial internal 

rotation and anterior shear motion relative to the femur21,29.   

Subchondral bone loading: Comparatively little is known about subchondral cortical bone 

and trabecular bone stress distributions at the femoral enthesis under ACL loading.  In limiting 
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tibiofemoral bending and twisting motions the tensile stress in the ACL alone can reach 600 ~ 

2,300 N31, or x3 body weight, before failure15. Obviously, such large loads place great stress and 

strain on the femoral and tibial entheses lying in series with it. Given Wolff’s law49, the shape 

and architecture of the femoral enthesial bone should adapt its architecture and shape under daily 

loads thereby revealing the directions of principal stress and strain.  We therefore hypothesize 

that tensile and torsional strains on the ACL leave telltale signs in the subchondral bone structure 

underneath the ACL attachment area that reflect how the bone had to orient and strengthen itself 

under the loads on it imposed by the donor physical activity pattern. 

Measures of subchondral bone fatigue damage:  We sought to employ two types of 

measures of bone fatigue failure. A subjective measure: We visually scanned the nano CT 

images for signs of obvious microcracks separating one or more trabecular plate or rod leaving 

the two parts in close approximation but not touching46,48,50,51. Objective measures:  These 

included traditional measures of bone quality with bone mechanical properties including bone 

volume fraction (BV/TV), bone mineral density (BMD), cortical bone thickness (Ct.Th), and 

trabecular bone thickness (Tb.Th) 11,22,33,39,45,47. In theory at least these should suffice to record 

either the presence of voids or areas of compaction in trabecular bone of the type observed under 

compressive fatigue loading by Hansson et al. (1988)23 or under tensile-compressive fatigue 

loading by Lin et al. (2020.)28. 

Hypotheses to be tested:  

• H1, a null hypothesis, that sub-maximal repetitive knee loading known to substantially 

strain the ACL would not cause visible fatigue damage in the subchondral bone under the 

femoral enthesis.  

• H2, a null hypothesis, that there would be no significant difference between at the 

subchondral bone under the usually more highly stressed PL bundle of the ACL enthesis 

and under AM bundle in BV/TV, BMD, Ct.Th, and Tb.Th.  
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• H3, that the trabeculae of the subchondral bone have preferred directionality, visible as 

an arcade, as a telltale of the most common direction of principal stress applied by the 

donor’s activities.  

5.2 Methods 

5.2.1 Sample preparation  

We gathered and tested fully de-identified cadaver knees under an “exempt, not regulated 

status” approval from the University of Michigan Institutional Review Board. Fourteen pairs of 

unembalmed adult human cadaver knees of similar age and weight donors (3 female and 11 

male, age: 31.79 ± 7.31 years, weight: 68.89 ± 8.59 kg) were harvested from Anatomy Gifts 

Registry, Science Care, Medcure and Gift of Life Michigan, and frozen at - 20oC in thick, sealed, 

double polyethylene bags until they were needed.  

To investigate the fatigue evidence on the bone, one knee of each of seven pairs of knees 

was randomly reserved as an (internal) untested control knee, while the contralateral knee was 

used for repetitive mechanical loading under 3 times body-weight (BW). In addition, one each of 

the remaining seven pairs of knees was selected for 1 BW lower impact repetitive loadings, 

while the contralateral knee was tested with 3 BW. This mechanical testing employed the same 

apparatus and protocol described in Chapters 2 and 3.  

After testing, the knees were refrozen double bagged and stored at -20 deg C until 

needed. They were then thawed in the bags at room temperature and the femoral portion of the 

ACL.  Using a pathology bandsaw (EXAKT 312 Pathology Saw, Norderstedt, Germany) each 

femoral enthesis was extracted and trimmed to provide a femoral ACL subchondral bone 

specimen with a volume of about 1 cm3 which had an intact ACL enthesis along with ~5 mm 

thick of subchondral cancellous bone. Specimens were then fixed in 10% neutral buffered 
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formalin in a 15 ml Falcon tube for 72 hours, and once fixed were stored in 70% EtOH until the 

next step.  

5.2.2 Image scanning 

A Nonotom-M computed tomography system (phoenix | x‐ray, Baker Hughes Digital 

Solutions GmbH, Germany) was used for making high resolution (20 μm voxel size) scans of 

each specimen with consistent acquisition parameters (80 kV, 400 μA, 500 ms exposure time, 

1,500 images, 51 min scan time, 0.381 mm aluminum filter). Image volumes were reconstructed 

using datos|x reconstruction software (phoenix | x‐ray, Baker Hughes Digital Solutions GmbH, 

Germany). The results of the reconstruction were generated via DragonflyTM software (v2022, 

Object Research Systems, Montreal, Canada) to process the image analysis. 

5.2.3 Volumetric analysis 

Using Dragonfly, each image of femoral ACL subchondral bone specimen was reoriented 

with a major axis defined parallel  to the nearly straight anterior border of ACL formed by the 

lateral intercondylar ridge emanating from the lateral wall of intercondylar notch (dashed line in 

Figure 1a)19. Based on that major axis, the ACL attachment area was then defined (yellow 

ellipse, Figure 1a) with the lateral bifurcate ridge and dimensions of the ACL insertion site 

estimated from the mean dimensions described by Ferretti et al. in who employed 16 cadaveric 

knees from eight adult humans19. The subchondral cortical plate porosities in the nano CT 

images are an anatomical feature associated with transfer of tissue turnover products associated 

with concentric layers of bone surrounding them16.  
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Figure 5-2. Definition of regions of interest (ROI) for the regional analyses of subchondral 

bone architecture: (a) ACL attachment area was defined by an ellipse with its major axis 

parallel with the lateral wall of intercondylar notch (dashed line). The intercondylar notch 

(EF) line was assumed parallel with the major axis (AB) of the yellow ellipse denoting the 

enthesial attachment area. AR was defined as the length of the AM fiber attachment, while 

BR was defined as the length of the PL attachment area. Similarly, CD was defined as the 

width of the ACL attachment area, which included the AM and PL bundles. All these 

dimensions were taken from Ferretti et al. (2007) 19. (b) ROI for H1 and H2: the quantitative 

comparison between the AM and PL fiber origins. (c) ROI for H 3: the directionalities 

differences of the trabecular alignments in the direction of ACL tensile loading.  

We tested null hypothesis that there would be no significant difference between tested 

and control knees, and between lower impact loads and higher impact loads tested knees in 

Ct.Th, Tb.Th, BV/TV, and BMD of the AM area, PL area, and difference between PL and AM 

areas (PL-AM), respectively. A two-sided Mann-Whitney U test was performed using MATLAB 
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(R2021b; MathWorks, Natick, MA, USA). Differences with alpha level of p<0.05 were 

considered statistically significant. 

2) To test H2 and quantitatively compare the architecture of the trabecular between 

beneath the AM and PL fibers, 5 mm3 cubes were defined and examined as ROIs centered on the 

AM and PL bundle attachment within the boundary of the ACL origin (Figure 1b). Dragonfly 

was used to calculate Ct.Th, Tb.Th, BV/TV, and BMD, and MATLAB was used for a two-sided 

Mann-Whitney U test. We tested the null hypotheses that there would be no significant 

difference in Ct.Th, Tb.Th, BV/TV, and BMD at the AM and PL sampling sites, respectively.  

3) To test H3 we divided the ACL attachment area into four Areas (Figure 1b) to 

compare the subchondral trabecular bone orientation intensity according to the direction of ACL 

tensile loads. Hence a 5 (aligned with the major axis) x 4 x 3 (depth) mm3 cuboid was identified 

beneath the subchondral cortical plate. Then, 150 images (directions of depth) per each area were 

extracted using DragonflyTM to analyze the directionality of the trabeculae. Directionalities were 

calculated using ImageJ (NIH open source software) with a directionality plugin based on 

Fourier spectrum analysis18. Each image was divided into square volumes to compute their 

Fourier spectra, and then analyzed in polar coordinates (Figure 2b). The number of structures in 

each direction (o) were computed to obtain the histogram required to quantify the directionality 

distribution.  

The ROI 1 and 2 were selected to be large enough to capture substantial portion of the 

AM and PL enthesis with the subchondral trabeculae, but not so large that they also captured part 

of the large compressive arch associated with the femoral condyle8 (Figure 5.3.(a)). (Capturing 

part of the large compressive arch would have compounded any differences between the AM and 

PL ROIs.)  
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Figure 5-3. ROIs of the nano CT images of subchondral femoral enthesis bone. (a) Coronal 

plane images of the 5 m3 cubes sectioned at the center of AM and PL area, while the colored 

images at right show an example of the segmentation of the cortical bone plate (Cyan) and 

trabecular bone (Magenta) in each volume. (b) Sagittal plane images of the 5 x 4 x 3 (depth) 

m3 cuboids under the ACL attachment area; the trabecular directionalities were analyzed in 

each image section using an ImageJ directionality plugin. The color wheel at top right 

illustrates the orientation of trabeculae by color and direction.    

5.3 Results 

5.3.1 Quantitative comparison of subchondral bone under the AM and PL fiber origins (H1) 

Subjectively, we did not observe obvious microcracks in trabecular plates or rods at 20 

μm resolution.   

Objectively, there were slightly differences in the average values between the control 

knees and 3 BW tested knees, as well as between the 1 BW tested knees and the 3 BW tested 

knees, separately (Table 1). However, the null hypotheses were supported for all factors with 



 84 

p>0.05: there were no significant difference between tested and control knees in Ct.Th (AM area: 

p =1 , PL area: p = 0.3, PL-AM: p=0.38 ), Tb.Th (AM area: p =1 , PL area: p =0.53 , PL-AM: p= 

0.71), BV/TV (AM area: p = 0.71, PL area: p =0.46 , PL-AM: p=0.71), and BMD (AM area: p 

=0.38 , PL area: p =0.13 , PL-AM: p=0.23). The same was true when comparing the effect of 

lower impact loads with higher impact loads: Ct.Th (AM area: p =0.46 , PL area: p =0.71 , PL-

AM: p=0.71), Tb.Th (AM area: p =1 , PL area: p =1 , PL-AM: p=0.31), BV/TV (AM area: p = 

0.71, PL area: p =0.38 , PL-AM: p= 0.16), and BMD (AM area: p =0.1 , PL area: p =0.3 , PL-

AM: p=0.38).  

 

Table 5-1. Mean [SD] values for calculated results for AM and PL subchondral bone ROIs. 

 

PL AM 

Control 
knee 

Higher 
impact 
loads 

Lower 
impact 
loads 

Higher 
impact 
loads 

Control 
knee 

Higher 
impact 
loads 

Lower 
impact 
loads 

Higher 
impact 
loads 

Ct.Th 
[mm] 

0.42 
[0.080] 

0.36 
[0.077] 

0.36 
[0.075] 

0.34 
[0.081] 

0.29 
[0.072] 

0.28 
[0.021] 

0.25 
[0.069] 

0.28 
[0.078] 

Tb.Th 
[mm] 

0.21 
[0.029] 

0.20 
[0.027] 

0.22 
[0.038] 

0.22 
[0.054] 

0.20 
[0.029] 

0.20 
[0.021] 

0.21 
[0.045] 

0.22 
[0.058] 

BV/TV 0.49 
[0.13] 

0.46 
[0.12] 

0.42 
[0.061] 

0.41 
[0.093] 

0.34 
[0.039] 

0.34 
[0.058] 

0.35 
[0.073] 

0.36 
[0.085] 

BMD 
[mg/cc] 

1372.3 
[329.4] 

1152.6 
[124.2] 

1208.2 
[114.7] 

1128.9 
[41.3] 

1265.0 
[341.5] 

1084.4 
[128.6] 

1159.0 
[101.8] 

1099.6 
[43.8] 

 

5.3.2 Quantitative comparison of subchondral bone under the AM and PL fiber origins (H2) 

H2 was rejected for the bone volume fraction and cortical bone thickness in that the bone 

volume fraction was significantly greater under the PL than under the AM fiber origin (Figure 

3a), p < 0.001 mean (SD) PL: 0.45 (0.10) vs AM: 0.35 (0.06)). In addition, the cortical bone 
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thicknesses were significantly different under the PL and AM origins (Figure 3b), p < 0.001 

mean (SD) PL: 0.37 (0.08) vs AM: 0.27 (0.06)). There was also a trend in the BMD (p=0.08 

mean (SD) PL: 1215.5 (200.5) vs AM: 1152.0 (193.8)), but not in the trabecular bone thickness 

(p = 0.44, mean (SD) PL: 0.21 (0.04) vs AM: 0.21 (0.04)).  

 

Figure 5-4. Subchondral bone results beneath the AM and PL fiber origins: (a) BV/TV and 

(b) Ct.Th.  Solid line denotes median, box: 1st – 3rd Quartile range, whiskers: 5 – 95% of 

data, dot: outliers, dashed line: mean) 

5.3.3 Directionality of subchondral bone trabeculae (H3) 

 Figure 4 shows histograms for each area’s trabecular directionalities. Areas 1 and 2 under 

the most proximal-posterior end of the ACL attachment region exhibited left skewed histograms 

with orientation intensities range between 10o~ 40o: 13.3 % frequencies were in the 20o ~40o 

range for Area 1 and 13.6 % frequencies were in the 10o~30o range for Area 2.  On the other 

hand, the anterior-distal areas exhibited symmetric histograms (Area 3: 12.6 % and Area 4: 

12.6% within the – 10o and 10o range). 
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Figure 5-5. Histogram showing trabecular directionalities, clockwise, by Area of interest. 

The inset at upper left shows the locations of each measured Area.  
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5.4 Discussion 

Neither our subjective visual inspection nor our quantitative nano CT measures revealed 

significant differences in subchondral bone architecture at any level of fatigue loading (H1). So, 

we conclude that, at the 20 μm resolution level of imaging resolution at least, the architecture 

and regional differences in bone architecture under the ACL femoral subchondral bone were 

unaffected by fatigue loading.  It is still possible that at higher resolution, namely 2 μm or better, 

that such fatigue damage may still be observed. But in a specimen we rescanned at 8 μm 

resolution, BV/TV decreased only slightly compared than 20 μm (BV/TV: 0.42 (PL, 20 μm) vs 

0.41 (PL, 8μm) and 0.39 (AM, 20 μm) vs 0.33 (AM, 8 μm).  

Because our methods did not reveal fatigue evidence at the 20 μm resolution we must 

conclude, for the present at least, that it is the Type 1 collagen near the femoral enthesis that is 

most susceptible to low cycle fatigue damage accumulation under repetitive loading (see 

Introduction) and not the subchondral plate bone nor the subchondral trabecular bone beneath the 

femoral enthesis.  

Damage propagation in older femoral trabeculae has been was found under compressive, 

torsional and combined loading at 20 μm, and microcracks were revealed through trabecular 

plates50. So, we are currently embedding all the enthesial tissues reported in this Chapter in 

polymethylmethacrylate and staining them with Basic Fuchsin26 to examine them histologically 

under higher power magnification to double check for the presence of microcracks in the 

fatigued specimens (and controls). Studies in the literature of the trabeculae show that there are 

more susceptible to microcrack and crack propagations35,36 under shear 17 than under tensile and 

compressive loading. Therefore, if we had had greater resolution than 20 μm we might have 
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expected to see evidence of microcracks underneath PL bundle rather than the AM bundle given 

the results in Chapter 4. 

The most interesting result in this study is the obvious thickening of the subchondral 

cortical ACL femoral enthesis plate beneath the origin of the PL fibers, which was accompanied 

by an increase in bone volume fraction there (H2). This result not only is consistent with the PL 

bundle fibers in the donors habitually carrying greater strain than the AM bundle fibers30, but 

also is evidence of the bone’s adaptive response that is consistent with Wolff’s law: stiffening 

and strengthening of the bone to reduce peak strains. Furthermore, there were regional 

differences in the trabecular bone directionality under the ACL when the attachment area was 

divided into the four regions (H3). In Chapter 4, to better understand the stresses on the endplate 

under ACL tension, we ran a theoretical simulation using a simple finite element biomechanical 

model of an ACL attached to a uniform subchondral plate with the mean compound scarf angle 

of 7o in the proximal-distal and 24.8 o in the anterior-posterior directions3,4. The maximum 

tensile stress was predicted to be located at the proximal-posterior end of the femoral enthesis 

(this is equivalent to AM Areas 1 and 2 (Figure 1c), while the distal-anterior end (the PL region, 

Areas 3 and 4 in Figure 1c) was under greater shear stress. This was because of scarf angle 

results in the shorter PL fibers undergoing systematically greater tensile strain than the AM 

fibers. The trabeculae in the bone under the region with greater tensile stress (i.e., Areas 1 and 2) 

were clearly aligned with the line of action of the ACL in a slightly flexed knee.  This results 

also reflects Wolff’s law and the need to stiffen the trabecular bone arcade there that is placed 

under tensile stress.  The line of action of the ACL, of course, changes with the degree of knee 

flexion, but ACL injuries most often happen near full knee extension7 which was why we 

assumed a knee flexion angle of 15o in this Chapter.   



 89 

  Since the variables Ct.th, BV/TV, BMD, and Tb.th were not normally distributed, for 

Ct.th, BV/TV, and BMD were all right skewed with a peak near PL/AM ratio equal to 1 with 

most results larger than 1 (PL/AM ratio >1), we used a two-sided Mann-Whitney U test.  The 

results led the hypotheses for Ct.th and BV/TV to be rejected, and the BMD result exhibited only 

a trend (p = 0.008). So we can conclude that the subchondral trabecular bone orientation was 

more affected by the ACL line of action and tension than was the thickness of the subchondral 

trabecular plate.  

This study had several limitations.  First, the knee donors’ physical activity and disease 

history were unknown; this could have added variability to the results which could have 

obscured certain trends.  Second, we assumed ACL attachment area dimensions on the nano CT 

images corresponded with the intercondylar ridge measurements of Ferretti et al. (2007) 19 and 

the subchondral plate porosities16. Since our donors likely differed in size, shape and lifetime 

physical activities, their actual attachment area may have differed slightly, but perhaps not 

systematically, thereby adding variability to the results. Although every effort was made to be 

consistent in segmenting the ROI on the nano CT images, there was also likely some variability 

between specimens in doing this. We used a uniform 5 mm3 cube and a 5 × 4 × 3 mm3 cuboid as 

the ROI, so for narrow ACL attachment areas, we could have included regions not directly 

loaded by ACL tensile stress.  We only tested young adult human cadaver knees (age range: 19 ~ 

40 yrs), and too few women. It remains to be seen whether a similar study conducted in the knees 

of juveniles or adolescents during periods of rapid bone growth44 would show similar results, and 

whether there a sex difference exists.  Lastly, it is likely that the objective measures, BV/TV, 

BMD, Ct.Th, and Tb.Th., of bone quality are simply not sensitive enough to pick up microcracks 

of the type observed by Wu et al. (2013)50 that did not progress completely through the 
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trabecular plate or rod walls.  That is why we are currently using an alternative, histological, 

method to check for the presence of them in these specimens.   

5.5 Conclusions 

1) At the 20 μm nano CT resolution employed for this study, none of the variables 

suggested any evidence of fatigue damage accumulation in the sub-chondral bone beneath the 

femoral ACL enthesis in knees subjected to repetitive loading.  Therefore, for the present at least, 

we must conclude that ACL tears are unlikely to be due to an accumulation of femoral 

subchondral plate or bone damage under repetitive sub-maximal ACL loading.  

2) The ACL femoral subchondral bone under PL fibers had significantly thicker cortical 

bone plates and a denser bone volume fraction in the region in which a theoretical biomechanical 

model (Chapter 4) has earlier demonstrated characteristically higher shear strains than in the 

region under the AM fibers.  

 3) The ACL femoral subchondral trabeculae bone in the volume 3 mm below the origin 

of the AM fibers, which a simple finite element model (Chapter 4) has shown carries the greatest 

tensile stress, exhibited a tensile arcade aligned in the direction of ACL line-of-action near full 

knee extension, reflecting adaptations consistent with Wolff’s law.  
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Chapter 6: General Discussion 

 

This dissertation addressed four knowledge gaps in ACL injury mechanisms pertaining to 

knee kinematics and bone morphologies. First, although ACL strain is known to be directly 

correlated with quadriceps muscle force and the 3-D external loads applied to the knee in vitro 

and in silico62, muscle forces and loads on the ACL are not presently possible to measure in 

living athletes, and especially in children because they would require invasive measurements. 

Instead, kinematic measurements of the upper and lower leg during specific dynamic sports 

maneuvers, when ACL injuries are known to occur, are the gold standard. Yet unless these are 

based on laboratory-based biplanar cineradiographic measurements, augmented by MR 

reconstructions of the limb soft tissues19, these measurements universally contain artefacts 

caused by movements of the skin and soft tissue relative to the underlying bones during the 

ground impact associated with jump landings that cause ACL injury. Likewise, second, while 

there have been many clinical studies of the relationship between LTS and ACL injury, we are 

not aware of studies that have reliably examined the correlation between LTS and tibiofemoral 

kinematics during a dynamic maneuver such as a jump landing because of the above soft tissue 

motions. Third, it is unknown whether repetitive sub-maximal loading can cause fatigue damage 

to accumulate in the subchondral bone beneath the ACL enthesis, as has been shown to 

accumulate in the most proximal part of the ligament near the femoral ACL enthesial tidemark15.  

After all bone is well known to be susceptible to accumulating fatigue damage in the case of 

tibial shaft stress fractures44 and bony avulsions near tendon insertions in children46, so it is 
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possible that an ACL tear could initiate as fatigue damage accumulated in the subchondral bone 

beneath the ACL enthesis and then spread to the ligament proper across the tidemark. Lastly, 

fourth, if that fatigue damage accumulated in bone, it might be expected to accumulate in the 

“weakest” bone, namely the thinnest part of the enthesial subchondral plate or thinnest or most 

sparse sub-chondral trabeculae.  That brings up the possibility that there could be regional 

differences in the subchondral plate and trabeculae triggered adaptations according to Wolff’s 

law during an individual’s life according to the physical activities they subjected their knees to. 

So we examined this once we found an absence of evidence for subchondral bone fatigue failure.  

6.1 Knee kinematics to predict and prevention ACL injury during maneuvers  

About 70% of ACL injures are of the non-contact type injuries30 caused by foot plants  

during pivot landings, abrupt stops or sudden changes in direction49,58 . These maneuvers place 

3-D external dynamic loads on the knee as well as internal forces from tensed trans knee muscle 

forces (i.e., quadriceps, hamstrings, etc)61,62. Large tibiofemoral dynamic forces are incurred at 

the knee during these maneuvers and so understanding the tibiofemoral kinematics associated 

with ACL injuries is essential to understanding the mechanisms of ACL injuries. Previous work 

in our laboratory has examined the correlations between axial tibial torque, varus/valgus 

moment, quadriceps force, ACL fatigue loading history and certain tibiofemoral morphologies 

during repetitive sub-maximal jump landings in vitro35,45,62,63.   

In this dissertation we sought to understand the ACL injury mechanism a little more by 

measuring tibiofemoral kinematics during simulated pivot landings in the most severe ACL 

loading case: an internal tibial torque combined with a knee abduction moment45 under dynamic 

knee compression, based on many years of previous research in our laboratory. ACL strain is 

known to be proportional to changes in knee flexion angle, quadriceps and hamstring tension, 
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anterior translation and internal rotation of the tibia relative to the femur during a landing or 

cut3,25,45,61,62.  Clinically, an increase in 3 mm of anterior translation of the tibia relative to the 

femur is associated with 85% of complete tears revealed by the anterior drawer test13,18.  This 

just underlines how important an intact ACL is in acting as a checkrein in preventing excessive 

shear translation in the knee joint of more than a few mm under large internal and external knee 

forces and moments.  

Traditionally motion capture systems have been used to measurement knee joint 

kinematics in a controlled laboratory environment.  But this is not practical in outdoor settings 

where players are relatively much farther from the fixed cameras using visible or infrared light, 

thereby reducing measurement resolution. In addition, these camera systems have difficulty 

tracking multiple players simultaneously because other player can inadvertently block light 

reaching given cameras.  Given the advent of better and better wearable sensors, we sought to 

test the reliability of wearable sensors to measure tibiofemoral kinematics when compared to the 

motion capture system used in Chapter 2. An IMU, of course, consists of a tri-axial linear 

accelerometer, tri-axial rate gyroscopes, and tri-axial magnetometer60, and usually attached 

directly to the skin or around the body segment5,17.  The significance of Chapter 2 is that our 

experiments essentially minimized the measurement noise usually generated by soft tissue 

movement artifacts so we could to assess the best possible dynamic performance of the IMU and 

motion capture systems. However, the results showed large LoA of ~ 40 % for all three 

orthogonal knee peak angle changes, so we concluded that this standard IMU and its associated 

data manipulation algorithms could not reliably measure these peak knee angle changes during 

dynamic pivot landings even in the absence of soft tissue artefacts, let alone with them. For the 

calculated angular velocities changes from the motion capture system, the orientation of the 
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camera did affect the results because the parasagittal plane of the knee provided a smaller LoA 

when oriented parallel with the frontal plane of the camera. The custom-tuned algorithm using 

the QC method to reduce the phase lag in the rapid acceleration profile can improve the results 

slightly better than a commercial algorithm normally used for gait analysis1.  Therefore, 

improved measurement techniques may be needed to measure the external forces and torques on 

the feet or shoes12,16,41  as an alternative to IMUs.  Based on the correlation between ACL strain 

and tibiofemoral kinematics, additional studies could help predict why ACL injury occurs during 

certain maneuvers using these improved measurement techniques.  

Non-contact ACL injury risk factors are normally divided in to associations with 

environmental, hormonal, neuromechanical, and morphological factors (please see 

Introduction)22. We were particularly interested in the morphological risk factors that affect knee 

kinematics. A large femoral alpha angle, a smaller ACL cross sectional area, a smaller femoral 

intercondylar notch and a steeper lateral tibial slope28,31,51,56 have a combined effect on knee joint 

movement and have been linked to increasing risk of ACL injuries. Because the original data 

stemmed from a unique longitudinal controlled study from Dr. Beynnon’s University of Vermont 

group examining cause and effect40, we chose to focus on LTS by examining the relationship 

between tibiofemoral kinematics and LTS measured via MRI. Tibial slope was defined as the 

angle between a tibial anatomic reference axis and a line of the posterior-inferior surface of the 

tibial plateau11. There are several methods to measure LTS, including the midpoint method23 and 

the circle method24. We used knees whose femora and tibiae were cut mid-shaft, so we used the 

circle method since it is independent of proximal tibia length and is the most repeatable 

method34. To select the widest possible range of slopes, we screened the knees by measuring 
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posterior tibial slope (PTS) with parasagittal radiograph before thawing the knees to test them. 

Figure 6.1 shows the association we found between PTS and LTS. 

 

 

Figure 6-1. Scatter plots for LTS measured by MRI vs PTS measured by radiograph, dotted 

line shows the linear regression between tibial slopes measured by MRI and radiograph. 

Although this result was not statistically significant with R2=0.42 at this small group size, 

previous studies on the relationship between PTS by radiograph and ACL injury55 would allow 

us to use PTS by radiograph as pre-measurements to select the target knees. If more samples 

were used to track the measurements with radiograph and MRI and the relationship between 

tibiofemoral kinematics, it would be more practical with radiographs, but they have the 

drawback that while they are cheap, they are invasive and contraindicated in children, especially.  

We eliminated variability caused by anatomical or hormonal factors associated with sex 

by using only young male adult knee of similar age and weight32,43, so the results may 

underestimate the effect in females because ACL strain is greater in females with their larger 

LTS than males33. This would need to be checked in a larger study including female knees. The 

results in Chapter 3 showed that a steeper LTS significantly increased both ATT and ITR during 



 100 

jump landings, with ITR increasing proportionally more than ATT did. These results are 

consistent with previous studies: the sagittal tibial slope was positively correlated with the 

magnitude of ATT and ITR under axial knee compressive loadings59, and the steeper LTS was 

associated with anterior tibial acceleration and peak anterior knee joint reaction forces38.  

MTS is known as one of the ACL injury risk factors29,32.  We measured MTS and 

compared the effect of LTS, MTS (Figure 6-2 (a)) and the differences between LTS and MTS 

(Figure 6-2 (b)). The correlation between LTS and MTS (R2 = 0.16) was low. However, the 

results of the linear mixed model with MTS suggested that a steeper MTS also had a significant 

effect (p-value<0.001) on both ATT and ITR (Table 6.1). The results were similar to the linear 

mixed model using LTS in that ITR increases proportionally more than ATT. The difference 

between LTS and MTS was highly correlated with LTS (R2= 0.89). However, the results of the 

linear mixed model showed that the coefficient of LTS-MTS on both ATT and ITR had large p-

values (p>0.1) and was not significant. 

 

Figure 6-2. Scatter plots for the relationship between (a) measured LTS and MTS and (b) 

LTS and the difference between LTS and MTS. 



 101 

Table 6-1. Results for the two linear mixed effect models: Model A for MTS and ATT, and 

Model B for MTS and ITR. 

 Model A: ATT ~ MTS + (IF/BW) Model B: ITR ~ MTS + (IF/BW) 
 Coefficient SE t Value P Value Coefficient SE t Value P Value 

(Intercept)         
MTS 1.68 0.20 8.47 <0.001 3.04 0.29 10.35 <0.001 

(IF/BW) 0.53 0.012 43.00 <0.001 0.40 0.016 24.49 <0.001 
MTS: (IF/BW) -0.014 0.0029 -4.71 <0.001 0.013 0.0038 3.42 <0.001 
 

Therefore, perhaps athletes with steeper LTS should limit the number of knee joint 

loading cycles they incur in practices by monitoring them with IMUs. This would help prevent 

ACL overuse injury due to too much accumulated fatigue damage in the proximal ligament in a 

given time period.  Indeed, the monitoring of 3D knee kinematics in athletes could well be 

crucial for mitigating the risk of non-contact ACL injuries.  

6.2 Lack of evidence for fatigue damage in the subchondral bone of the femoral ACL 

enthesis and evidence for regional adaptation of that subchondral bone 

Damage of the Type1 collagen constituting the ACL can accumulate nearest the femoral 

enthesis under repetitive loadings as one possible step toward ligament fatigue failure15,27. But we 

tested an alternative hypothesis that the failure could instead start in the subchondral bone near the 

femoral enthesis of the ACL. So we examined the bone morphology of the subchondral bone beneath 

the ACL femoral enthesis both subjectively and objectively for signs of bone fatigue failure 

(Chapters 4 and 5).  

The results of Chapter 4 and 5 showed that 1) a concave enthesial topography helps to 

reduce the tensile and shear stress under at the femoral enthesis, 2) there was no subjective or 

objective evidence of fatigue damage in the subchondral bone under ACL femoral enthesis at 20 

nano CT μm resolution, 3) the subchondral bone under PL fiber had significantly thicker cortical 
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plate thickness and denser BV/TV than AM fibers, and 4) the ACL femoral subchondral 

trabeculae bone in the volume 3 mm below the enthesis has a tensile arcade aligned in the 

direction of ACL line of action near full knee extension under the proximal posterior area (AM 

fibers) and the region carries greater tensile stress than does the distal anterior area (PL fibers).  

The knees we tested were from young adult human cadavers (age range: 19~40 yrs) in 

the age range when ACL injury occur29 after cessation of rapid bone growth53. Therefore, we 

may assume these adult knee bones had already adapted to physical stresses of activities of daily 

living to form the femoral enthesis subchondral plate, whether concave or convex, and any 

regional differences in cortical thickness and volume under the origin of the AM and PL bundles.  

Although we demonstrated accumulation of low-cycle Type 1 collagen fatigue damage 

near the ACL femoral enthesis 15,27 using the same experimental apparatus, at 20 μm resolution 

at least, we were unable to either see or measure any evidence of fatigue damage accumulation in 

the subchondral plate or trabecular bone.  The quantitative measures we used, BV/TV, Ct. Th, 

Tb. Th and BMD, have previously been shown to be significantly affected in the femoral ACL 

subchondral bone in the injured knee following ACL rupture than in healthy control knees10,39,47.  

But they were not sensitive enough to pick up any evidence of fatigue damage in the femoral 

subchondral bone at 20 μm resolution. In one study of small proximal femoral trabecular bone 

explants from old adults that were placed under compressive, torsional or combined loading, 

propagating damage was found at this resolution66.  So we conclude that either the loading 

magnitude we used in our experiment was insufficient to cause microcracks or the 20 μm 

resolution was insufficient, or microcracks do not form in the subchondral bone under this type 

of loading.  To eliminate one of these three possibilities, we are currently conducting a 

histological study that will enable us to use much higher resolution imaging to check for 
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microcracks.  The significance of these in the clinic would be that failure of the bone due to an 

accumulation of fatigue damage could be picked up on MR imaging as inflammation and then a 

suitable rest period would allow the injured bone to heal given the vascularity in that region.   

Although we could not find any evidence of fatigue damage accumulation in the 

subchondral bone, the other topological and bone quality results were consistent with the 

previous research showing adaptations to resist large ACL tensile stresses.   As described by 

Wolf’s law, the shape and architecture of bones are highly adaptive to the history and direction 

of mechanical stress in the bone64.  One histology study showed that the posterolateral entheses 

from 15 human knees were all found to have concave topographies, while the anteromedial 

entheses were mostly convex4. More than 40% of partial ACL tears occur in the PL fibers52 

which are subjected to larger shear strains than the AL fibers36. This suggests that either the PL 

fibers are subjected to more strain, or they are weaker than the AM fibers, or both.  Our results 

suggest that the subchondral bone of ACL femoral enthesis adapted via Wolff’s law to support 

ACL tensile loadings via different regional morphologies, and certain bone morphologies may be 

more resistant to fatigue damage accumulation and ACL tensile loads than others.  

As a hard-soft tissue interface, entheses are susceptible to acute or overuse injuries in 

sports. These include Achilles tendinopathies, tennis and golfer’s elbow, and jumper’s knee, 

because of stress concentrations7. Entheses develop under mechanical influences during growth 

and these influences affect the regional distributions of fibrocartilage and entheseal new bone 

formation6,8.   

According to the simple femoral enthesis FE model (Chapter 4), the proximal-posterior 

region was found to be mainly under tensile stress, while the distal anterior area was mainly 

shear stress. This insight leads to the results of the nano CT imaging in Chapter 5. Although 
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there was no significantly difference between the trabecular bone thickness on the AM and PL 

area, the directionality of subchondral trabecular bone from the images, which are parallel to the 

ACL femoral attachment, was higher in the proximal posterior area (AM) than the distal anterior 

area (PL).  Suzuki et al. (2020) cut his ethesial specimens perpendicular to the ACL attachment 

area, and their results also showed the posterior proximal region had a greater orientation 

intensity of the trabecular bone. Therefore, we may say that the trabecular bone was oriented 

along the ACL tensile direction in three dimensions, and also say that the trabeculae adapt their 

directionality more than their thickness to resist the ACL tensile loading.  We also assumed that 

the thicker and denser bone underneath PL area of the ACL femoral enthesis is required to 

support considerable shear stress. From these results, we can conclude that, in general, the 

density factors such as bone volume fraction and cortical thickness were adapted to withstand 

shear stress, while tensile stress affected trabecular architectural structures more than density. In 

the full extension of the knee position, the PL bundle experiences more elongation than AM 

bundle due to the scarf attachment angle26 and this may be the reason why the subchondral bone 

beneath PL bundle is denser.  This, given that the AM bundle primarily resists forward tibial 

shear, while the PL bundle shorter than AM bundle primarily resists internal tibial rotation2,37,65. 

In Chapter 4, we used the simple finite element model to identify which topology has the 

best resistance to ACL tension and how the stress is distributed through the model subchndral 

plate for an ACL attachment angle at 15o of knee flexion. However, the line of action of ACL 

tension changes with the knee flexion, and the most vulnerable position of the ACL to injury is 

near full knee extension9.  We did not examine the effect of ACL bending or torsion on these 

stress distributions and trabecular supports. In addition, we did not examine possible sex 

differences in the elastic properties of the bone in these young adults. Mechanical properties of 
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bone do play a role related to cracks or fracture under fatigue loading67. There is no significant 

sex difference in the overall composition of bones48, but bone morphologies are the primary 

factor affecting sex differences43. Therefore, our model for young humans might be effected by 

sex differences in bone morphology.   A more detailed model considering these conditions will 

be able to demonstrate more detailed results of how the subchondral cortical plate supports the 

ACL loads, where the most vulnerable regions under tensile or shear stress is, and whether to 

expect crack propagation under fatigue loading. Despite our simple analysis, our studies of the 

stress distribution on the ACL femoral subchondral cortical plate have indicated that certain bone 

morphologies have adapted to resist ACL tension when we pair the model with the nano CT 

images. This also help predict where an initiating region of bone microcrack formation might lie.  

6.3 Strengths and Limitations 

A strength of this dissertation is the use of healthy young human cadaver knees in the age 

range when most ACL injuries occur. Their age effectively eliminated the confounding effects of 

any age-related degeneration of the ACL or its entheses57, but did not include adolescents with 

growing bones who are also at known risk for ACL injury53.  A limitation of this dissertation was 

that all the experiments had to be performed in vitro.  While we minimized the number of free-

thaw cycles of the specimens, they will have slightly affected the tissue material properties 

because of some inevitable dehydration, although internal structures like the ACL and its 

entheses would be much less affected than the peripheral structures, and the effects of freeze-

thaw cycles only become of concern over 10 cycles21 which we did not approach.  Even though 

the actions of the major knee muscles and external forces and moments were simulated prior to 

and during the first 100 ms of the jump landing, the biological response of the human tissues14, 
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the function of ankle which absorbs energy50, and interactions between quadriceps and 

hamstrings could not be simulated20,42.   

In Chapters 2 and 3, the tibiofemoral kinematics were measured from repetitively loaded 

knees with a maximum of 100 trials or as many trials as could be completed until the ACL failed 

with less than 3 BW. This lower load protocol was designed to avoid ACL failure due to material 

fatigue35 which occurred under same sub-maximal repetitive loading but with larger loads. 

Despite the wish to avoid any fatigue damage, microdamage has been observed at the loads we 

used in the form of an accumulation of collagen unraveling14,27.  In Chapter 3, microdamage of 

ACL due to repeated loadings could have affected the results about the relationship between LTS 

and kinematics. So, we added the loading trials as fixed effects in the linear mixed effect models 

that we used. The results showed that loading trials has only 3% coefficient compared with BW 

and LTS with p<0.01. Therefore, we may say these repetitive loads did not significantly affect 

the results.  

While our cadaver experiments utilized knees from young adult donors, unfortunately our 

sample included few young female knees. In Chapter 3, all 7 pairs of knees were from young 

men. On the one hand it can be considered a strength by eliminating variability due to sex effects 

such as hormonal and anatomical differences between male and female32. However, it is already 

known that female has steeper LTS33 than male and LTS is a significant risk factor for ACL 

injuries in women54. So our results likely underestimated the effect of LTS on tibiofemoral 

kinematics in female knees. In addition, none of our knees had an LTS of 12 degree or more 

which is the clinical threshold for taking action.  If we had been able to include those knees >+12 

degrees, we would have observed a stronger LTS effect.  In Chapter 5, we also tested young 

adult knees with similar ages and body weights from 3 females and 11 males. A limitation was 
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that the donors’ disease history and physical activity were unknown. Although we performed a 

paired test by comparing paired knees (Chapter 5, Aim 1), AM and PL region (Chapter 5, Aim 

2), and 4 regions (Chapter 5, Aim 3), variability may include a sex difference which could have 

obscured certain trends.  

Clinically, more than 3 mm of forward translation of the tibia is considered to signal an 

ACL rupture13.  Many previous studies have predicted ACL injury from microscale damage to 

ACL strain27,35,45. In this research, we used tibiofemoral kinematics to examine the ACL injury 

mechanism because ACL strain is known to be positively correlated with ATT and ITR45. The 

measurement of tibiofemoral kinematics has the advantage of being able to be measured during 

exercise without disturbing the knee or ligaments to make real-time measurements. So, although 

we did not demonstrate high correlations between IMU and the motion capture kinematic 

measures, our results indicate that improved algorithms for wearable sensors during highly 

dynamic landings such as those studied in Chapter 2 would be worthwhile.   

Despite these limitations, we believe the general trends of our main results should remain 

valid. This dissertation took a step closer to predicting ACL injuries from tibiofemoral 

kinematics of athletes in maneuvers by examining the reliability of wearable sensors during a 

highly dynamic maneuver, and examined why a larger LTS increases the risk for ACL injury 

whether under a single overload or repetitive sub-maximal loading. Furthermore, based on 

Wolff’s law, it was demonstrated how the femoral subchondral bone appears to have adapted 

over the donor’s life to best support its ACL enthesis under the large ACL loads that occur when 

it acts as a checkrein. 
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Chapter 7: Conclusions  

 

Based on the results presented in Chapter 2 - 5 we conclude:  

1) Because the LoAs ranged from 35.9 % to 49.8 % of the measured joint angles, the APDMR 

IMUs could not reliably measure the sudden changes in joint angles that occur during 

simulated pivot landings, even in the absence of soft tissue artifacts (Chapter 2). 

2) A steeper LTS was associated with greater ATT and ITR, with ITR increasing proportionally 

more than ATT did (Chapter 3). 

3) The finite element modeling showed that a concave femoral enthesis is advantageous in 

reducing the peak tensile and shear stresses in that structure under ACL tension near full knee 

extension, the knee posture most often used in jump landings and contact the ground during 

sudden deceleration maneuvers (Chapter 4).  

4)  At 20 μm resolution, none of the nano CT variables suggested any evidence of fatigue 

damage in the subchondral bone plate or trabeculae beneath the femoral ACL enthesis under 

sub-maximal repetitive loading, but rather leads to fatigue damage accumulation in the ACL 

approximately 50 um distal to the femoral enthesial tidemark, as demonstrated in other papers 

from our group. (Chapter 5). 

5) The subchondral bone at the origin of the PL bundle of the ACL femoral enthesis is denser 

and thicker, with a higher volume fraction and cortical bone thickness, than at the AM bundle 

origin. We speculate this is to resist higher shear strains under the PL bundle. (Chapter 5). 
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6) The subchondral trabecular bone below the origin of ACL femoral enthesis exhibited a tensile 

arcade aligned in the direction of ACL line of action near full knee extension. We take this as 

evidence of Wolff’s law leading to stiffening of the structure thereby reducing bone strains 

(Chapter 5). 
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Chapter 8: Suggestion for Future Research 
 

The ultimate goal of this research was to better understand the mechanism of ACL injury, 

so more ACL injuries could be predicted and prevented. The dissertation focused on knee 

kinematics during a simulated jump landing and how certain bone morphologies might 

contribute to ACL injury. There are still many questions and knowledge gaps remaining.  

1) The wearable IMUs could not reliably measure tibiofemoral kinematics in all three 

planes under during pivot landings (Chapter 2). In a related study, a custom tuned algorithm did 

improve the results slightly1. It remains a challenge to increase the correlation between data from 

motion capture systems and wearable sensors. One possibility would be for the wearable sensor 

to continuously monitor its location relative to the underlying bone thereby removing the 

problematic soft tissue artifact.   

2) Both ATT and ITR are positively correlated with ACL strain10. To take advantage of 

findings in Chapter 3, one might be able to use a 1T office MRI to measure LTS and alpha angle 

2 in order to identify athletes who have steeper-than-normal LTS and alpha angles.  

3) We identified a steeper LTS was associated with increased ATT and ITR in Chapter 3 

with 7 pairs of male human knees. However, it is already known that females have a steeper LTS 

and it is a known risk factor for ACL injuries in women9,12.  Therefore, studies need to be done 

that include females and larger sample sizes.  
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4) The relationship between LTS and tibiofemoral kinematics was examined in Chapter 

3. However, several risk factors affect the ACL injury simultaneously including smaller notch-

width index7,8, smaller ACL cross sectional area size5,11, smaller medial tibial depth6, and 

increased femoral alpha angle2,4. Therefore, it would be worthwhile to examine the relationship 

between these anatomical factors and tibiofemoral kinematics.  

5) The results of the finite element analysis in Chapter 4 showed that the concave profile 

of femoral enthesis has the lowest tensile and shear stress concentrations among the three 

profiles, and also suggested where the highest tensile and shear stress are applied to the 

subchondral cortical plates. However, we did not apply torsional stress to the ACL and did not 

add the effect of subcortical trabecular bone. Future research could investigate in detail where 

the stress concentrations occur under different loading conditions. 

6) Regional adaptation of the subchondral bone in the femoral ACL enthesis was 

revealed in Chapter 5 with the cortical bone plates thickening and trabecular bone orientation in 

the young adult knees. Therefore, it would be interesting to know how and where in this changes 

occur in growing children.  

7) As the results of Chapter 5 show, no evidence of fatigue damage in the subchondral 

bone beneath the ACL femoral enthesis was found at 20 μm resolution. Therefore, it would still 

be worth imaging the subchondral bone at a higher resolution and that could be done using 

histology and staining techniques to rule out any fatigue failures in subchondral bone. Once that 

is done, we will know that up to 3 times body-weight loading only causes fatigue failure on the 

collagen fibrils and fibers of the ligament3 near the femoral enthesis, but not in the bone beneath 

it. 
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Appendix A: Comprehensive Datasets for the Dissertation 

This Appendix includes the demographic data for donors and datasets as well as the 

representative data for statistical analyses for Chap 2 - 5 in this dissertation. Donor information 

and testing conditions for Chap 2 - 5 are shown in Table A.1-A.3. The testing data for the final 

pivot trials of each set for Chap 3 are shown in Table A.4. The measured LTS results from both 

the primary and blinded observer for Chap 3 are presented in Table A.5. Quantitative data from 

the femoral enthesis subchondral bone analyses for Chap 4 are presented in Table A.6.  
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Table A-1. Demographic data for the donors of the seven knee pairs in Chapter 2 

Specimen 
No. Donor ID Source* Gender Side Age 

[yrs] 
Height 
[cm] 

Weight 
[kg] 

BMI 
[kg/m2] Testing condition 

S1 #35588 U-M F L 20 165 86.6 31.8 3 BW 100 trials 

S2 #40374 U-M F R 28 170 63.5 21.9 4 BW 100 trials 

S3 #90932 U-M F R 30 173 82.1 27.5 3 BW 52 trials  

S4 #182486 SC M L 39 180 54.4 16.7 4 BW 100 trials 

S5 #182515 SC M R 32 180 68.0 20.9 4 BW 100 trials 

S6 #19011797 AGR M R 32 180 88.5 27.2 3 BW 100 trials 

S7 GOL22 GOL M R 25 180 86.2 26.5 3 BW 100 trials 

S8 GOL21 GOL M R 31 175 92.5 30.1 3 BW 100 trials 

S9 #91814 U-M M R 33 155 49.9 20.8 4 BW 100 trials 

* Source 

 U-M : University of Michigan Anatomical Donation Program 
 AGR : Anatomy Gifts Registry 
 SC : Science Care 
• GOL : Gift of Life Michigan 
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Table A-2. Demographic data for the donors of the seven knee pairs for Chapter 3 

Specimen 
No. Donor ID Source* Age 

[yrs] 
Height 
[cm] 

Weight 
[kg] 

BMI 
[kg/m2] Side Testing condition 

P1 #20030211 AGR 33 160 72.6 28.3 
Right 2.5 BW x 50 trials 

Left 1 BW x 50 trials + 2 BW x 50 trials 

P2 #201506 SC 23 160 72.6 28.3 
Right 2.5 BW x 50 trials + 3 BW x 50 trials 

Left 1 BW x 50 trials + 2 BW x 50 trials 

P3 GOL29 GOL 25 152 69.1 29.8 
Right 2.5 BW x 50 trials + 3 BW x 50 trials 

Left 1 BW x 50 trials + 2 BW x 50 trials 

P4 #2101627 MC 32 142 64.4 32.0 
Right 1 BW x 50 trials + 2 BW x 50 trials 

Left 2.5 BW x 23 trials -Tibial bone fracture 

P5 #911614 MC 19 158 71.7 28.7 
Right 1 BW x 50 trials + 2 BW x 50 trials 

Left 2.5 BW x 50 trials + 3 BW x 50 trials 

P6 #200241 SC 20 154 69.9 29.5 
Right 1 BW x 50 trials + 2 BW x 50 trials 

Left 2.5 BW x 50 trials + 3 BW x 50 trials 

P7 #20030426 AGR 28 177 80.3 25.6 
Right 1 BW x 50 trials + 2 BW x 50 trials 

Left 2.5 BW x 50 trials + 3 BW x 50 trials 
*Source 
 AGR : Anatomy Gifts Registry 
 SC : Science Care 
 MC :  Medcure 
 GOL : Gift of Life Michigan  
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Table A-3. Demographic data for the donors of the seven knees pairs for Chapters 5 

Specimen 
No. Donor ID Source

* Gender Age 
[yrs] 

Height 
[cm] 

Weight 
[kg] 

BMI 
[kg/m2] Side Testing condition 

S1 #91635 U-M F 40 110 49.9 41.2 
Right 3 BW x 7 trials -Tibial bone fracture 

Left Control knee 

S2 #00003 U-M F 36 122 55.3 37.2 
Right 2.5 BW x 50 trials + 3 BW x 50 trials 

Left Control knee 

S3 #2101635 MC M 39 134 60.8 33.9 
Right 2.5 BW x 50 trials + 3 BW x 50 trials 

Left Control knee 

S4 #912935 MC F 40 156 70.8 29.1 
Right Control knee 

Left 3 BW x 3 trials -Tibial bone fracture 

S5 #200129177 AGR M 37 170 77.1 26.7 
Right Control knee 

Left 2.5 BW x 50 trials + 3 BW x 50 trials 

S6 #19040316 AGR M 38 154 69.9 29.5 
Right Control knee 

Left 2.5 BW x 50 trials + 3 BW x 50 trials 

S7 #93409 SC M 35 177 80.3 25.6 
Right Control knee 

Left 2.5 BW x 50 trials + 3 BW x 50 trials 

P1 #20030211 AGR M 33 160 72.6 28.3 
Right 2.5 BW x 50 trials 

Left 1 BW x 50 trials + 2 BW x 50 trials 

P2 #201506 SC M 23 160 72.6 28.3 
Right 2.5 BW x 50 trials + 3 BW x 50 trials 

Left 1 BW x 50 trials + 2 BW x 50 trials 

P3 GOL29 GOL M 25 152 69.1 29.8 Right 2.5 BW x 50 trials + 3 BW x 50 trials 



 125 

Left 1 BW x 50 trials + 2 BW x 50 trials 

P4 #2101627 MC M 32 142 64.4 32.0 
Right 1 BW x 50 trials + 2 BW x 50 trials 

Left 2.5 BW x 23 trials - Tibial bone 
fracture 

P5 #911614 MC M 19 158 71.7 28.7 
Right 1 BW x 50 trials + 2 BW x 50 trials 

Left 2.5 BW x 50 trials + 3 BW x 50 trials 

P6 #200241 SC M 20 154 69.9 29.5 
Right 1 BW x 50 trials + 2 BW x 50 trials 

Left 2.5 BW x 50 trials + 3 BW x 50 trials 

P7 #20030426 AGR M 28 177 80.3 25.6 
Right 1 BW x 50 trials + 2 BW x 50 trials 

Left 2.5 BW x 50 trials + 3 BW x 50 trials 
*Source 
 U-M : University of Michigan Anatomical Donation Program 
 MC : Medcure 
 AGR : Anatomy Gifts Registry 
 SC : Science Care 
 GOL : Gift of Life Michigan 
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Table A-4. Testing data for the final pivot trials of each data set for Chapter 3 

Specimen 
No. Side 

1st 25 trials 2nd 25 trials 3rd 25 trials 4th 25 trials 
ATT 
[mm] ITR[o] IF/BW ATT 

[mm] ITR[o] IF/BW ATT 
[mm] ITR[o] IF/BW ATT 

[mm] ITR[o] IF/BW 

P1 
Right 13.5 24.6 2.4 12.3 25.1 2.4  

Left 8.4 20.3 1.1 7.5 18.9 1.0 12.4 24.2 2.2 11.9 24.3 2.1 

P2 
Right 9.1 21.3 2.3 9.6 21.5 2.4 11.4 22.5 2.8 11.2 21.9 2.7 

Left 6.5 16.8 1.0 6.6 16.8 1.0 14.6 21.4 2.2 13.4 20.4 2.1 

P3 
Right 10.8 22.1 2.7 10.5 22.3 2.7 12.4 26.4 3.0 12.3 24.7 3.0 
Left 5.0 21.7 1.0 4.7 20.9 1.0 8.4 26.3 2.0 8.4 26.4 2.0 

P4 
Right 5.0 13.4 0.9 4.8 13.5 0.9 8.8 18.3 1.7 9.0 18.4 1.7 
Left Tibia bone fracture  

P5 
Right 7.6 19.0 0.9 7.2 17.9 0.9 11.3 21.2 1.9 11.6 21.4 1.8 
Left 9.7 21.4 2.6 11.0 22.7 2.8 11.0 22.4 2.9 11.3 23.5 3.0 

P6 
Right 6.8 14.3 1.0 7.5 15.6 1.1 12.7 20.3 2.2 13.0 21.0 2.2 
Left 15.8 23.4 2.7 15.2 23.2 2.7 18.2 26.3 3.0 18.5 26.5 3.0 

P7 
Right 4.1 13.7 1.0 4.1 13.7 0.9 7.4 16.8 1.8 7.8 16.8 1.9 
Left 12.1 17.5 2.4 11.8 17.5 2.5 11.6 17.3 2.4 12.2 17.1 2.6 
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Table A-5. LTS measured by the blinded observer (Chapter 3) and the observer who conducted 
the testing 

Specimen 
No. Side 

LTS [o] by the blinded observer  LTS [o] by the observer who 
conducted the testing 

1st 
measured 

2nd 
measured 

mean 
[SD] 

1st 
measured 

2nd 
measured 

mean 
[SD] 

P1 
Right 8.61 8.38 8.5 [0.2] 7.49 7.70 7.6 [0.1] 

Left 5.97 6.09 6.0 [0.1] 6.06 6.00 6.0 [0.0] 

P2 
Right 2.65 3.51 3.1 [0.6] 5.37 3.50 4.4 [1.3] 

Left 1.84 1.83 1.8 [0.0] 1.70 5.90 3.8 [3.0] 

P3 
Right 3.09 3.05 3.1 [0.0] 3.39 1.80 2.6 [1.1] 

Left 1.20 0.96 1.1 [0.2] 1.84 2.01 1.9 [0.1] 

P4 
Right 1.19 4.13 2.7 [2.1] 11.74 5.50 8.6 [4.4] 

Left 9.14 6.02 7.6 [2.2] 9.33 5.80 7.6 [2.5] 

P5 
Right 5.67 4.09 4.8 [1.1] 4.22 4.20 4.2 [0.0] 

Left 4.42 4.10 4.3 [0.2] 4.42 4.50 4.5 [0.1] 

P6 
Right 5.40 6.98 6.2 [1.1] 6.06 1.70 3.9 [3.1] 

Left 4.16 4.86 4.5 [0.5] 2.80 6.00 4.4 [2.3] 

P7 
Right 7.19 5.21 6.2 [1.4] 8.52 8.70 8.6 [0.1] 

Left 12.11 10.96 11.5 [0.8] 10.46 8.80 9.6 [1.2] 
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Table A-6. Quantitative data of femoral subchondral ACL bone analyses for Chapter 5 

Specimen 
No. Side BVF BMD [mg/cc] Ct.th [mm] Tb.th [mm] 

PL AM PL AM PL AM PL AM 

S1 
Right 0.39 0.32 954 893 0.31 0.26 0.17 0.19 

Left 0.41 0.36 1422 1379 0.37 0.35 0.20 0.17 

S2 
Right 0.60 0.30 1120 946 0.48 0.27 0.22 0.19 

Left 0.57 0.30 1194 1075 0.49 0.23 0.21 0.18 

S3 
Right 0.37 0.25 1097 1034 0.30 0.30 0.20 0.18 

Left 0.44 0.34 2065 1984 0.48 0.42 0.22 0.20 

S4 
Right 0.63 0.37 1170 978 0.51 0.31 0.25 0.23 

Left 0.62 0.40 1329 1215 0.44 0.29 0.21 0.22 

S5 
Right 0.41 0.31 1171 1102 0.33 0.22 0.20 0.21 

Left 0.54 0.42 1239 1176 0.38 0.25 0.21 0.23 

S6 
Right 0.30 0.28 1146 1109 0.31 0.23 0.17 0.18 

Left 0.36 0.36 1094 1125 0.35 0.30 0.17 0.18 

S7 
Right 0.64 0.39 1438 1228 0.42 0.28 0.24 0.25 

Left 0.35 0.36 1236 1201 0.27 0.38 0.24 0.20 

P1 
Right 0.42 0.39 1153 1145 0.31 0.28 0.20 0.21 

Left 0.48 0.32 1279 1182 0.34 0.24 0.20 0.20 

P2 
Right 0.48 0.38 1204 1157 0.39 0.27 0.25 0.22 

Left 0.53 0.37 1196 1160 0.50 0.27 0.24 0.20 

P3 
Right 0.31 0.27 1103 1048 0.20 0.19 0.16 0.17 

Left 0.43 0.26 1051 986 0.31 0.18 0.19 0.16 

P4 
Right 0.41 0.27 1262 1052 0.33 0.18 0.18 0.17 

Left 0.31 0.24 1118 1177 0.38 0.21 0.16 0.14 

P5 
Right 0.37 0.35 1246 1236 0.27 0.26 0.23 0.22 

Left 0.38 0.37 1075 1073 0.32 0.28 0.21 0.23 

P6 
Right 0.41 0.45 1062 1076 0.34 0.38 0.23 0.24 

Left 0.41 0.40 1115 1101 0.33 0.42 0.24 0.21 

P7 
Right 0.52 0.43 1361 1296 0.41 0.30 0.29 0.30 

Left 0.57 0.49 1134 1121 0.46 0.35 0.31 0.33 
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Appendix B: The Results for LTS Measured by the Observer who Conducted the Testing 

in relation to Chapter 3 as the Secondary Analysis 

To assess measurement reliability, LTS was measured by an observer blinded to the knee 

testing results. As a supplementary analysis of Chapter 3, LTS was also measured by the same 

observer as conducted the experimental biomechanical testing (Table A.5), and the statistical 

analysis was also performed in the same way as in Chap 3.   

Table B-1 shown the results for the linear mixed model with ATT, ITR, and LTS which 

were used for random intercepts to reflect ATT and ITR being assigned values of zero in the 

absence of a landing impact force, and all values under load being calculated relative to those 

starting values.   

Table B-1. Results for the linear mixed effect model using random intercepts. 

 Model C1. ATT ~ ITR  Model C2. ITR ~ ATT  
 Coefficient SE t Value P Value Coefficient SE t Value P Value 

(Intercept) -9.10 1.47 -6.21 <0.001 11.62 0.95 12.23 <0.001 
ITR (ATT) 0.94 0.061 15.34 <0.001 0.88 0.057 15.55 <0.001 

Similar to the Chapter 3 results, a steeper LTS had a significant effect on ATT and ITR, 

respectively, as normalized impact force (IF/BW) was increased (Table B-2).  The effect of LTS 

on ATT can be seen from its positive coefficient of 0.38 (95% CI: 0.19-0.57) independent of 

impact force with its coefficient of 0.46 (95% CI: 0.44-0.48). The effect of LTS on ITR is seen 

from its larger positive coefficient of 0.94 (95% CI: 0.51-1.36) for increasing impact force 

(coefficient = 0.43, 95% CI: 0.41-0.46).  
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Table B-2. Results for the linear mixed effect model for LTS measured by the observer who 
conducted the testing, as well as ATT and ITR. 

 Model A. ATT ~ LTS + BW Model B. ITR ~ LTS + BW 
 Coefficient SE t Value P Value Coefficient SE t Value P Value 

(Intercept)         
LTS 0.38 0.089 4.23 <0.001 0.94 0.20 4.66 <0.001 
BW 0.46 0.0095 48.12 <0.001 0.43 0.013 34.66 <0.001 

LTS:BW 0.0003 0.0015 2.06 0.04 0.0029 0.0019 1.49 0.14 
 

 

Figure B-1. Scatter plots showing the relationship between normalized impact force and ATT (a-

1), and LTS versus ATT (a-2). Normalized impact force versus ITR, and LTS versus ITR are 

shown in (b-1) and (b-2), respectively. The lines indicate the LTS being assumed constant at 2o, 

4o, 6o, 8o and 10o in order to examine the effect of increasing impact force effect on ATT (a-1) 

and ITR (b-1), respectively. In ATT (a-2) and ITR (b-2) the normalized impact force was 

assumed constant at 1BW, 2BW, and 3BW in order to identify the effect of LTS on ATT. 
 

 A power analysis was also performed to determine whether the sample size used was 

acceptable. With the knee specimen (n=7) and side of the knee (right and left), it showed power 

of 84% (95% CI: 75.32 - 90.57) for the effects of LTS on ATT (Figure B-1-a). Therefore, this 
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analysis had over 80% power with our random effect size (n=13, 7 pairs of knee specimens), side 

of the knee (right and left), and one failed knee. However, the power for examining the effect of 

LTS on ITR (Figure B-1-b) had only 74.00% (95%CI: 64.27 - 82.26), so it was slightly 

underpowered with this model and sample size. Figure B-2 shows if we had used more than 10 

pairs of knees, we would achieve better power for both the ATT and ITR effects. An alternative 

way to raise power would have been to increase the number of trials, which would increase the 

power to 90.00% (95% CI: 82.38 - 95.10) for ATT with same specimen number.  Interestingly, 

the effect of impact force on ATT and ITR had 100 % power regardless of number of specimens. 

This was because impact force was an input variable, and ATT and ITR were outputs that were 

highly correlated during these simulated pivot landings.   

 

Figure B-2. Power calculations for the effect of LTS on (a) ATT and (b) ITR for different 

sample sizes. The vertical dashed line denotes the sample size used for this study: n=13 (7 pairs 

of knees, each with a right and left side, one knee failing via bone fracture). 
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Inter-rater reliability was examined for the LTS measurements by using intraclass 

correlation coefficient (ICC), and it was acceptable (ICC = 0.81) for the agreement of 

measurements.  

 Although there are numerical differences between two sets of results, the conclusion that 

a steeper LTS was associated with both increased ATT and ITR, with ITR increasing 

proportionally more than ATT did was the same.  
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Appendix C : Measured Morphometric of the Subchondral Bone of the Femoral Enthesis (Chapter 5- Aim 1) 

 

 

 

Figure C-1. Subchondral bone plate (Ct.Th) and trabeculae (Tb.Th) morphology, as well as overall 
subchondral bone morphology (BV/TV and BMD) results beneath the AM, PL fiber origins. The 
difference between PL and AM (PL-AM) control and tested knee, and low and high impact tested 
knee parameters is given in the bottom row. Solid line denotes median, box: 1st – 3rd Quartile range, 
whiskers: 5 – 95% of data, dot: outliers, dashed line: mean) 
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Appendix D: Nano CT Images of Sections through the ACL Femoral Enthesis from all 

Specimens (Chapter 5 - Aim 2).  

 

Figure D-1. Sample nano CT image of Specimen P1R. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane.  

In this and following images, AM and PL denote anteromedial and posterolateral, respectively. 
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Figure D-2. Sample nano CT image of Specimen P2R. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 

  



 136 

 

Figure D-3. Sample nano CT image of Specimen P3R. A-1) Transverse plane for AM bundle, A-

2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-4. Sample nano CT image of Specimen P4R. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-5. Sample nano CT image of Specimen P5R. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-6. Sample nano CT image of Specimen P6R. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-7. Sample nano CT image of Specimen P7R. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-8. Sample nano CT image of Specimen P1L. A-1) Transverse plane for AM bundle, A-

2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-9. Sample nano CT image of Specimen P2L. A-1) Transverse plane for AM bundle, A-

2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-10. Sample nano CT image of Specimen P3L. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-11. Sample nano CT image of Specimen P4L. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-12. Sample nano CT image of Specimen P5L. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-13. Sample nano CT image of Specimen P6L. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 

  



 147 

 

Figure D-14. Sample nano CT image of Specimen P7L. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-15. Sample nano CT image of Specimen S1R. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-16. Sample nano CT image of Specimen S2R. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-17. Sample nano CT image of Specimen S3R. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-18. Sample nano CT image of Specimen S4R. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-19. Sample nano CT image of Specimen S5R. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-20. Sample nano CT image of Specimen S6R. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane  
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Figure D-21. Sample nano CT image of Specimen S7R. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-22. Sample nano CT image of Specimen S1L. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 

 

 

  



 156 

Figure D-23. Sample nano CT image of Specimen S2L. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-24. Sample nano CT image of Specimen S3L. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-25. Sample nano CT image of Specimen S4L. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 

 

  



 159 

 

Figure D-26. Sample nano CT image of Specimen S5L. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-27. Sample nano CT image of Specimen S6L. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Figure D-28. Sample nano CT image of Specimen S7L. A-1) Transverse plane for AM bundle, 

A-2) transverse plane for PL bundle, B) sagittal plane, and C) coronal plane 
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Appendix E: Collection of Directionality Density Plots of All Specimens (Chapter 5 - Aim 3) 

 

Figure E. Directionality density for Specimens. Figure 5-1-(c) shows the location of measured area (ROI). (Cont.) 
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Figure E. Directionality density for Specimens. Figure 5-1-(c) shows the location of measured area (ROI). (Cont.) 



 164 

 

Figure E. Directionality density for Specimens. Figure 5-1-(c) shows the location of measured area (ROI). (Cont.) 
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Figure E. Directionality density for Specimens. Figure 5-1-(c) shows the location of measured area (ROI). (Cont.) 
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Figure E. Directionality density for Specimens. Figure 5-1-(c) shows the location of measured area (ROI). (Cont.) 
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Figure E. Directionality density for Specimens. Figure 5-1-(c) shows the location of measured area (ROI). (Cont.) 
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Figure E. Directionality density for Specimens. Figure 5-1-(c) shows the location of measured area (ROI). (Cont.) 
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Figure E. Directionality density for Specimens. Figure 5-1-(c) shows the location of measured area (ROI).  
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