
 

 

 

3D Dynamic in vivo Imaging of Joint Motion: Application to Measurement of Anterior 
Cruciate Ligament Function 

 
by 

Zoë Alexandra Englander 

Department of Biomedical Engineering 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 
Louis E. DeFrate, Supervisor 

 
___________________________ 

Amy L. McNulty 
 

___________________________ 
Elizabeth K. Bucholz 

 
___________________________ 

Jocelyn R. Wittstein 
 

___________________________ 
Kathryn R. Nightingale 

 

Dissertation submitted in partial fulfillment of 
the requirements for the degree of  

Doctor of Philosophy in the Department of 
Biomedical Engineering in the Graduate School 

of Duke University 
 

2019 
 



 

 

 

 

ABSTRACT 

3D Dynamic in vivo Imaging of Joint Motion: Application to Measurement of Anterior 
Cruciate Ligament Function 

 
by 

Zoë Alexandra Englander 

Department of Biomedical Engineering 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 
Louis E. DeFrate, Supervisor 

 
___________________________ 

Amy L. McNulty 
 

___________________________ 
Elizabeth K. Bucholz 

 
___________________________ 

Jocelyn R. Wittstein 
 

___________________________ 
Kathryn R. Nightingale 

 

An abstract of a dissertation submitted in partial 
fulfillment of the requirements for the degree 
of Doctor of Philosophy in the Department of 

Biomedical Engineering in the Graduate School of 
Duke University 

 
2019 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright by 
Zoë Alexandra Englander 

2019 
 



 

 

iv

Abstract 

More than 400,000 anterior cruciate ligament (ACL) injuries occur annually in the 

United States, 70% of which are non-contact. A severe consequence of ACL injury is the 

increased risk of early-onset of osteoarthritis (OA). Importantly, the increased risk of OA 

persists even if the ACL is surgically reconstructed. Due to the long term consequences 

and high financial burden of treatment, injury prevention and improved reconstruction 

techniques are critical. However, the causes of non-contact ACL injuries remain unclear, 

which has hindered efforts to develop effective training programs targeted at preventing 

them. Improved understanding of the knee motions that increase the risk of ACL injury 

can inform more effective injury prevention strategies. Furthermore, there is presently 

limited in vivo data to describe the function of ACL under dynamic loading conditions. 

Understanding how the ACL functions to stabilize the knee joint under physiologic 

loading conditions can inform design criteria for grafts used in ACL reconstruction. 

Grafts that more accurately mimic the native function of the ACL may help prevent 

these severe long term degenerative changes in the knee joint after injury.  

To this end, measurements of in vivo ACL function during knee motion are 

critical to understanding how non-contact ACL injuries occur and the function of the 

ACL in stabilizing the joint during activities of daily living. Specifically, identifying the 

knee motions that increase ACL length and strain can elucidate the mechanisms of non-
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contact ACL injury, as a taut ligament is more likely to fail. Furthermore, measuring 

ACL elongation patterns during dynamic activity can inform the design criteria for 

grafts used in reconstructive surgery. To obtain measurements, 3D imaging techniques 

that can be used to measure dynamic in vivo ACL elongation and strain at high temporal 

and spatial resolution are needed.  

Thus, in this dissertation a method of measuring knee motion and ACL function 

during dynamic activity in vivo using high-speed biplanar radiography in combination 

with magnetic resonance (MR) imaging was developed. In this technique, 3D surface 

models of the knee joint are created from MR images and registered to high-speed 

biplanar radiographs of knee motion. The use of MR imaging to model the joint allows 

for visualization of bone and soft tissue anatomy, in particular the attachment site 

footprints of the ligaments. By registering the bone models to biplanar radiographs 

using software developed in this dissertation, the relative positions of the bones and 

associated ligament attachment site footprints at the time of radiographic imaging can 

be reproduced. Thus, measurements of knee kinematics and ligament function during 

dynamic activity can be obtained at high spatial and temporal resolution. 

We have applied the techniques developed in this dissertation to obtain novel 

dynamic in vivo measurements of the mechanical function of the knee joint. Specifically, 

the physiologic elongation and strain behaviors of the ACL during gait and single-

legged jumping were measured. Additionally, the dynamic function of the patellar 
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tendon during single legged jumping was measured. The findings of this dissertation 

have helped to elucidate the knee kinematics that increase ACL injury vulnerability by 

identifying the dynamic motions that result in elongation and strain in the ACL. 

Furthermore, the findings of this dissertation have provided critical data that may 

inform design criteria for grafts used in reconstructive surgery such that reconstructive 

techniques better mimic the physiologic function of the ACL.  

The methodologies described in this dissertation can be applied to study the 

mechanical function of other joints such as the spine, and other soft tissues, such as 

articular cartilage, under various loading conditions. Therefore, these methods may 

have a significant impact on the field of biomechanics as a whole, and may have 

applicability to a number of musculoskeletal applications. 
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1. Introduction  

1.1 Summary 

Anterior cruciate ligament (ACL) rupture is a very common musculoskeletal 

injury. Is it estimated that more than 400,000 injuries occur each year in the United States 

(Kibler, 2009). 70% of these injuries are non-contact (Griffin et al., 2006), meaning the 

integrity of the ligament is compromised without any contact in addition to impact with 

the ground. The consequences of OA are severe, and include knee pain, loss of mobility, 

and reduced quality of life (Hunter et al., 2008). Importantly, there is extensive evidence 

of increased incidence and faster progression to early onset osteoarthritis (OA) following 

ACL injury (Lohmander et al., 2007; Roos et al., 1995; Von Porat et al., 2004). While 

studies have indicated that ACL reconstruction is successful in restoring knee function 

as compared to non-operative treatments (Freedman et al., 2003; Krych et al., 2008; Lee 

et al., 2008), several clinical evaluations have questioned the ability of ACL 

reconstruction to prevent degenerative changes in the joint or reduce the long-term risk 

of OA (Englund and Lohmander, 2004; Fithian et al., 2002; Grossman et al., 2005; 

Lohmander et al., 2007). Given the typically young age of those who sustain these 

injuries (Leathers et al., 2015), ACL injury is of great concern due to the high potential of 

long term disability and financial burden of medical costs.  

Despite the high prevalence and severe long term consequences of these injuries, 

the causes of non-contact ACL injury are not well understood and high injury rates 
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persist. A variety of approaches have been used to investigate motion patterns 

associated with ACL injury and several injury mechanisms have been proposed. 

However, there is currently no consensus in the literature on which biomechanical 

factors cause non-contact ACL injury (Boden et al., 2000; Dai et al., 2014; Olson et al., 

2015; Yu and Garrett, 2007). Furthermore, prior to the studies described in this 

dissertation (Englander et al., 2019a; Englander et al., 2019d; Englander et al., 2019e; 

Englander et al., 2018; Englander et al., 2019f), there was very limited in vivo data to 

describe physiologic ACL function under dynamic loading conditions. Understanding 

how the ACL functions to stabilize the knee joint under physiologic loading conditions, 

for example during gait, can inform design criteria for graft constructs used in ACL 

reconstruction. Grafts that more accurately mimic the native function of the ACL during 

common activities of daily living may help prevent severe long term degenerative 

changes in the knee joint after injury (DeFrate, 2017). 

To this end, measurements of in vivo ACL function during knee motion are 

critical to understanding how non-contact ACL injuries occur and the role of the ACL in 

stabilizing the joint during activities of daily living. To obtain these measurements, 

three-dimensional (3D) imaging techniques that can be used to study dynamic in vivo 

ACL function at high temporal and spatial resolution are needed. Thus, in this 

dissertation a method of measuring knee kinematics and ACL function during dynamic 

activity in vivo using high-speed biplanar radiography in combination with magnetic 



 

3 

resonance (MR) imaging (Englander et al., 2018) was developed. Specifically, in this 

technique 3D surface models of the knee joint are created from MR images and 

registered to high-speed biplanar radiographs captured during knee motion. The use of 

MR imaging to model the joint allows for visualization of bone anatomy as well soft 

tissues, such as the ACL. Therefore the attachment site footprints of the ACL on the 

femur and tibia can be modeled in addition to the bony anatomy (Abebe et al., 2009; 

Abebe et al., 2011). By registering the bone models to the biplanar radiographs using 

software developed in this dissertation (Englander et al., 2018), the relative positions of 

the bones and associated ligament attachment site footprints at the time of radiographic 

imaging can be reproduced (Li et al., 2004a). Thus, measurements of ACL length and 

strain during dynamic activity can be obtained. Similar principles can be applied to 

measure the deformation of other ligaments and soft tissue structures, such as the 

patellar tendon, using this method. 

I have applied the techniques developed in this dissertation to obtain novel in 

vivo measurements of the mechanical function of the knee joint during dynamic activity. 

Specifically, the native elongation and strain behavior of the ACL during both normal 

gait (Englander et al., 2019d; Englander et al., 2018; Englander et al., 2019f) and single 

legged jumping (Englander et al., 2019a) were characterized. Additionally, the dynamic 

in vivo function of the patellar tendon during single legged jumping was measured 

(Englander et al., 2019e). Thus, the findings of this dissertation have helped to elucidate 
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knee kinematics that increase ACL injury vulnerability by identifying the dynamic 

motions that result in tensile loading of the ACL, as a taut ligament has a greater 

propensity for failure. Furthermore, the findings of this dissertation have provided data 

that may inform design criteria for grafts used in ACL reconstruction surgery, such that 

reconstructive techniques may better reproduce the physiologic function of the ACL.  

1.2 Background 

1.2.1 The anterior cruciate ligament (ACL)  

The knee joint is comprised of three main bones, the femur, tibia, and patella, as 

well as four major ligaments, the medial and lateral collateral ligaments (MCL and LCL), 

and the anterior and posterior cruciate ligaments (ACL and PCL). The ligaments are 

bands of thick connective tissue (Duthon et al., 2006) that act as ropes to stabilize the 

knee joint. The ACL is one of the most studied structures in the musculoskeletal system, 

and is unfortunately a structure that is frequently injured during athletic maneuvers 

(Ryder et al., 1997). The ACL attaches to the femur on the posterior aspect of the lateral 

femoral condyle and to the tibia lateral to and in front of the medial intercondylar 

tubercle (Petersen and Zantop, 2007) (Figure 1).  
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Figure 1: Magnetic resonance image (MRI) of the knee joint in the sagittal 
(left) and coronal (right) planes. The anterior cruciate ligament (ACL) (yellow arrow) 
attaches to the femur on the posterior aspect of the lateral femoral condyle and to the 

tibia lateral to and in front of the medial intercondylar tubercle. (A = anterior, P = 
posterior, L = lateral, M = medial) 

ACL microstructure is comprised of bundles of collagen fibers, consisting of 

mostly type I collagen, and matrix network made up of proteins, glycoproteins, and 

glycosaminoglycans that interact in a complex manner to allow the ACL to withstand 

multiaxial and tensile loads (Duthon et al., 2006). The key functions of the ACL are to 

resist the anterior translation of the tibia relative to the femur (Butler et al., 1980) (Figure 

2), as well as to resist rotation of the knee joint (Duthon et al., 2006).  
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Figure 2: The anterior cruciate ligament (ACL) is a primary restraint to anterior 
tibial translation. Anterior tibial translation refers to the tibia moving anteriorly with 

respect to the femur, and results in ACL elongation. 

 Cadaver studies have suggested that the ACL may consist of two functional 

bundles, the anterior medial (AM) bundle and posterior lateral (PL) bundle (Girgis et al., 

1975; Petersen and Zantop, 2007). These functional bundles are defined by their strain 

behavior in response to knee flexion. However, other studies have indicated that there 

may be three or more functional bundles (Amis and Dawkins, 1991). Thus, 

differentiation of the functional ACL bundles is a subject of debate, as some studies have 

indicated that there are no histological differences between the segments of the ACL 

(Odensten and Gillquist, 1985) while others have described the ACL as continuum of 

fascicles with linearly varying mechanical properties (Skelley et al., 2017). However, it 

has been generally accepted in the literature that the ACL consists of two bundles that 
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function reciprocally with regard to flexion. Specifically, it has been suggested that the 

anterior medial (AM) bundle is lax (unloaded) in flexion and taut (loaded) in extension, 

while the posterior lateral (PL) bundle is taut in flexion and lax in extension (Amis and 

Dawkins, 1991; Girgis et al., 1975). However, several in vivo imaging studies have 

suggested both bundles function in parallel with respect to knee flexion and both are 

taut when the knee is extended (Englander et al., 2019a; Englander et al., 2019d; 

Englander et al., 2018; Englander et al., 2019f; Jordan et al., 2007; Li et al., 2004a; Utturkar 

et al., 2013; Wu et al., 2010) during a variety of loading scenarios. Thus, the functional 

anatomy of the ACL is yet to be fully defined. 

The ACL does not typically heal when torn, therefore reconstruction is a 

common surgical treatment. Reconstructive techniques aim to restore knee stability and 

normal kinematics during activities of daily living, which can be severely compromised 

in ACL deficient knees (Andriacchi and Dyrby, 2005; Dennis et al., 2005; Espregueira-

Mendes et al., 2012; Gao and Zheng, 2010; Georgoulis et al., 2003; Logan et al., 2004). 

Reconstructive surgeries have been shown to improve functional outcomes, but studies 

have suggested that these procedures do not fully restore normal ACL function (Nordt 

et al., 1999; Papannagari et al., 2006b; Ristanis et al., 2003; Scanlan et al., 2010; Tashman 

et al., 2004) or prevent long term degenerative changes in the knee joint (Luc et al., 2014; 

Von Porat et al., 2004). In an effort to improve the efficacy of ACL reconstruction, there 

has been a focus on creating more anatomically accurate reconstructions, both through 
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improved graft placement strategies (Abebe et al., 2009; Abebe et al., 2011; DeFrate, 

2017) or through reconstruction with double-bundle grafts (Cha et al., 2005; Kim et al., 

2006; Sakane et al., 1997). It has been suggested that a double-bundle graft may more 

accurately reflect the structure of the native ACL by reproducing the reciprocal 

functionality of the AM and PL bundles, and thus improve deficits in kinematics that 

exist with single-bundle ACL reconstruction (Cha et al., 2005). However, there remains a 

lack of in vivo data describing the native function of the ACL and its bundles. Therefore, 

there little normative data to compare to the function of the ACL graft. Thus, the goal of 

improved reconstructive surgery may be aided by in vivo measurements of native ACL 

function during activities of daily living. 

1.2.2 Summary of proposed ACL injury mechanisms  

Non-contact ACL failure usually occurs during a landing or cutting maneuver, 

however the knee motions that lead to ACL rupture are unclear. ACL rupture occurs 

when the ligament experiences excessive loading past its failure tolerance (Smith et al., 

2011).  Improved understanding of the motions and loading patterns on the ACL that 

lead to injury can inform improved injury prevention programs (Griffin et al., 2000; 

Noyes and Barber Westin, 2012). Varied methodologies have been utilized to 

understand ACL function and knee kinematics leading to ACL injury; including, but not 

limited to, ex vivo cadaveric studies (Arms et al., 1984; Berns et al., 1992; Butler et al., 

1980; DeMorat et al., 2004; Draganich and Vahey, 1990; Dürselen et al., 1995; Hashemi et 
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al., 2010; Kanamori et al., 2002; Kiapour et al., 2015; Levine et al., 2013; Li et al., 1999; Li 

et al., 1998; Li et al., 2004c; Markolf et al., 1995; Meyer and Haut, 2005; Shoemaker et al., 

1993; Torzilli et al., 1994; Withrow et al., 2006), kinematic studies using motion capture 

in conjunction with force plates and/or electromyography (EMG) (Chappell et al., 2002; 

Hewett et al., 2005; Kipp et al., 2011; Malinzak et al., 2001; Shultz et al., 2009; Yu et al., 

2006), analysis of video footage of ACL injury (Boden et al., 2009; Hewett et al., 2009; 

Krosshaug et al., 2007b; Krosshaug et al., 2007c; Olsen et al., 2004), in vivo analysis of 

ACL function using implanted strain gauges (Beynnon et al., 1992; Cerulli et al., 2003; 

Fleming et al., 2001; Lamontagne et al., 2008), and in vivo analysis using imaging 

techniques (DeFrate et al., 2007; Fayad et al., 2003; Kim et al., 2015; Li et al., 2005; Nunley 

et al., 2003; Patel et al., 2014; Speer et al., 1992; Taylor et al., 2013; Taylor et al., 2011a; 

Utturkar et al., 2013; Viskontas et al., 2008). Additionally, it has been shown that women 

have a higher risk for ACL injury as compared to their male counterparts (Prodromos et 

al., 2007; Quatman and Hewett, 2009). Based on this finding, many studies have 

compared movement patterns between sexes, with the thought that differences in 

kinematics between sexes may be indicative of movement patterns that play a role in the 

injury mechanism (Chappell et al., 2002; Hewett et al., 2005; Hewett et al., 2009; 

Krosshaug et al., 2007b; Malinzak et al., 2001; Nunley et al., 2003; Quatman and Hewett, 

2009; Shultz et al., 2009).  
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A proposed injury mechanism involves excessive anterior shear force acting on 

the tibia when the knee is positioned in extension, resulting in anterior tibial translation 

(Kim et al., 2015; Speer et al., 1992; Viskontas et al., 2008). As a primary function of the 

ACL is to resist anterior tibial translation (Butler et al., 1980) (Figure 2), aberrant 

translation of the tibia relative to the femur loads the ACL, increasing its strain and 

putting it at risk of rupture. Multiple studies have attributed anterior tibial translation to 

activation of the quadriceps muscle (Arms et al., 1984; Berns et al., 1992; Beynnon et al., 

1992; DeMorat et al., 2004; Draganich and Vahey, 1990; Fleming et al., 2001; Markolf et 

al., 1995). Furthermore, studies have suggested that quadriceps force acts via the patellar 

tendon, which is oriented anteriorly to the tibia at low flexion angles (DeFrate et al., 

2007; Englander et al., 2019c; Nunley et al., 2003) (Figure 3). Specifically, the patellar 

tendon is oriented to produce an anterior tibial shear force when the knee is positioned 

in extension, and a posterior tibial shear force when the knee is flexed. 
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Figure 3: The patellar tendon is oriented to produce an anterior tibial shear 
force when the knee is positioned in extension, and a posterior tibial shear force 

when the knee is flexed. Red arrows represent force acting on the patellar tendon. The 
light blue arrow is the shear component of the force, and the dark blue arrow is the 

normal component. 

Other studies have implicated the anterior component of axial compressive 

loading, due the posteriorly directed incline of the tibial plateau (Giffin et al., 2004), as a 

cause for anterior tibial translation, particularly at low knee flexion angles (Li et al., 1998; 

Meyer and Haut, 2005; Torzilli et al., 1994). Another proposed contributing factor to 

anterior translation is low hip flexion angle, which may reduce hamstring co-contraction 

(Boden et al., 2009; Hashemi et al., 2011; Li et al., 1999; Shimokochi and Shultz, 2008; 

Shultz et al., 2009). It has been suggested that hamstring co-contraction may have a 

protective effect on the ACL by counter-balancing anterior tibial shear force.  

Internal rotation of the tibia relative to the femur has also been implicated in the 

mechanism of ACL injury (Fleming et al., 2001). Internal rotation may occur due to the 

medial orientation of the patellar tendon relative to the femur at low knee flexion angles 

(DeFrate et al., 2007). Studies have also proposed the combination of internal rotation 

and anterior translation (Markolf et al., 1995) due to quadriceps contraction (Fleming et 

al., 2001; Markolf et al., 2004) at low hip flexion angles (Kipp et al., 2011) as factors that 

may lead to ACL injury.  

An additional mechanism often cited in the literature is “valgus collapse” (Boden 

et al., 2009; Hewett et al., 2005; Krosshaug et al., 2007b; Krosshaug et al., 2007c; Olsen et 
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al., 2004; Patel et al., 2014; Withrow et al., 2006). The valgus collapse mechanism of ACL 

failure involves the knee buckling inward, which is sometimes referred to as increased 

knee abduction. This mechanism is often supported by data from videographic analysis 

studies. The valgus collapse mechanism has been studied in combination with anterior 

shear force (Berns et al., 1992; Markolf et al., 1995), as well as in combination with 

internal tibial rotation (Kanamori et al., 2002; Kiapour et al., 2015).  

Proposed factors thought to be involved in non-contact ACL injury are 

summarized in Figure 4. 

 

Figure 4: Proposed biomechanical factors involved in ACL injury include low 
knee flexion angle, the posteriorly directed slope of the tibial plateau, excessive 

valgus angulation or internal rotation. 
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1.2.3 Literature review on ACL function and injury mechanisms 

A review of studies regarding ACL mechanics and injury mechanisms, 

categorized by methodology, is presented in the proceeding sections.  

1.2.3.1 Ex vivo experiments using cadaver knee specimens 

A commonly utilized method in the study of ACL mechanics and ACL injury 

mechanisms is ex vivo experiments using cadaveric knee specimens (Li et al., 2004c; 

Markolf et al., 2004). These studies attempt to simulate the dynamic loads experienced 

by the knee joint and ACL during in vivo loading or during an ACL injury. Simulated 

muscle loads and knee kinematics can be controlled systematically using this 

methodology, allowing the response of the ACL to be characterized under different 

loading conditions.  

Cadaver studies have been critical to understanding the role of the ACL in 

stabilizing the knee joint. In 1980, Butler et al. (Butler et al., 1980) investigated the rank 

order of importance of knee ligaments in resisting the anterior-posterior drawer test, 

which is a test that is commonly used to diagnose ACL injury (Katz and Fingeroth, 

1986). The anterior drawer test looks for anterior displacement of the tibia relative to the 

femur due to the application of anterior tibial shear force with the knee in a flexed 

position. This study determined that the ACL provides an average of 86% of total 

resisting force to anterior drawer. This indicated that the primary function of the ACL is 

to prevent the anterior translation of the tibia. In agreement with these findings, Berns et 



 

14 

al. (Berns et al., 1992) measured strain within the AM bundle of the ACL in response to 

pure anterior-posterior force, medial-lateral force, varus-valgus torque, and internal-

external axial torque applied at varying flexion angles. This study found that anterior 

tibial force was the primary determinant of strain in the ACL, and strain was 

significantly higher at 30° of flexion than 0° of flexion.  

Multiple cadaver studies have investigated the role of quadriceps force (Arms et 

al., 1984; Berns et al., 1992; DeMorat et al., 2004; Dürselen et al., 1995; Shoemaker et al., 

1993), hamstring force (Draganich and Vahey, 1990; Li et al., 1999), and axial 

compression (Torzilli et al., 1994) on anterior tibial translation, and thus ACL strain. In 

general, these studies applied various loading scenarios to the quadriceps tendon with 

the knee in varying flexion angles, and measured the resulting anterior-posterior tibial 

displacement or ACL strain. Arms et al. (Arms et al., 1984) found that simulated 

isometric contraction of the quadriceps increases AM ACL strain from 0-45°of knee 

flexion. This finding was similar to those of a later study by Durselen et al. (Dürselen et 

al., 1995), which found that quadriceps activation significantly strained the ACL with 

the knee flexed between 20-60°. Shoemaker et al. (Shoemaker et al., 1993) similarly found 

that quadriceps force significantly affected tibial anterior displacement and ACL strain; 

and along these lines, DeMorat et al. (DeMorat et al., 2004) found that aggressive 

quadriceps loading with the knee in slight flexion produces significant anterior tibial 

translation and subsequent ACL injury. Additionally, cadaver studies have been used to 
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investigate the effect of hamstrings co-contraction on ACL strain (Draganich and Vahey, 

1990; Hashemi et al., 2011; Li et al., 1999). These studies applied an antagonistic 

hamstring load in addition to quadriceps load, and suggested that hamstrings co-

contraction is effective in reducing excessive forces in the ACL.  

As another example of such an experiment, Li et al. (Li et al., 2004c) studied the 

isolated effect of quadriceps and hamstring loads on forces in the ACL in porcine knee 

joints. The knee specimens were mounted on a testing system with a robotic 

manipulator and 6 degree-of-freedom (DOF) load cell. After installation, the robot 

determined the path of least resistance in the unloaded knee, based upon flexing the 

knee in 1° increments and determining the position that minimized all forces and 

moments applied to the knee in the other 5 DOF. The muscle loads were applied to the 

knee by hanging weights from a rope and pulley system while controlling the knee 

flexion angle. After application of a muscle load, the robot moved the knee in 5 DOF 

with fixed flexion angle until an equilibrium position was obtained; this new 

equilibrium position represented the kinematic response of the knee to the applied 

muscle load. This study found that the force on the ACL peaked at 30° of flexion, and 

the ACL carried significantly less load at high flexion angles. In contrast, Markolf et al. 

(Markolf et al., 1995) found that while anterior tibial force was most directly related to 

the force in the ACL, ACL force dramatically decreased with increasing knee flexion 

angle.  
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Cadaver studies have also suggested that axial compressive forces on the knee 

caused by ground reaction forces may play a role in regulating anteriorly directed force 

on the tibia, and thus ACL strain (Meyer and Haut, 2005; Torzilli et al., 1994). Studies by 

Markolf et al. (Markolf et al., 1981) and Torzilli et al. (Torzilli et al., 1994) reported 

increased joint stability (decreased anterior tibial translation) when an axial compressive 

force was applied in combination with anterior tibial force. However, Li et al. (Li et al., 

1998) found that although axial compressive force applied in combination with 

anteriorly directed force did indeed decrease anterior tibial translation, this was 

accompanied by a significant increase in force in the ACL. This suggested that axial 

compressive loading combined with anterior tibial loading with the knee in flexion puts 

the ACL at high risk for injury. Fleming at al. (Fleming et al., 2001) found that ACL 

strain significantly increased as the anterior shear force at the proximal end of the tibia 

and the knee internal rotation moment increased, while knee valgus and external 

rotation moments had little effect on ACL strain when combined with an axial 

compressive force meant to simulate weight-bearing. 

 Other studies have attempted to understand the effect of valgus torque, or knee 

abduction moment, on ACL strain (Kanamori et al., 2002; Kiapour et al., 2015; Levine et 

al., 2013; Withrow et al., 2006). Withrow et al. (Withrow et al., 2006) found that ACL 

strain resulting from axial impulsive compressive loading increased when the knee was 

in valgus and flexion as compared to isolated flexion. In another study, ACL strain was 
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measured as a function of knee valgus, and the inter-relationship between knee valgus 

and internal tibial rotation was investigated. Valgus torque significantly increased knee 

valgus rotation and ACL strain, but generated very little coupled internal tibial rotation. 

However, applied internal tibial torque significantly increased not only ACL strain, but 

also generated coupled knee valgus rotation. Although this study found that both knee 

valgus and internal tibial torques contribute to increased ACL strain, knee valgus 

rotation had the greatest impact on ACL strain (Kiapour et al., 2015). Levine at al. 

(Levine et al., 2013) found that at ACL failure, knee abduction (valgus) moment 

significantly contributed to peak ACL strain; however this study also suggested that 

knee abduction when combined with other modes of loading (i.e. anterior tibial shear, 

internal tibial rotation or a combination) can also cause ACL injury. Similarly, Kanamori 

et al. (Kanamori et al., 2002) applied valgus torque at low knee flexion angles in 

combination with varying levels of internal and external tibial torque. This study 

suggested that a minimal amount of internal torque combined with valgus torque would 

be sufficient to cause an ACL injury.   

Cadaver studies are advantageous as they allow researchers to understand how 

the ACL responds in controlled and isolated loading scenarios. However, while these 

studies do provide very valuable insight into how specific loading scenarios affect the 

ACL, it is very difficult to accurately reproduce the highly complex dynamic muscle and 

ground reaction forces experienced by the joint during in vivo loading. Thus, 
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measurements of dynamic in vivo ACL loading during activities of daily living would 

complement this previous literature. 

1.2.3.2 Motion capture integrated with force plates and/or electromyography (EMG) 

Mechanisms of non-contact ACL injury and knee kinematics leading to injury 

have been investigated in studies that utilize motion capture techniques in combination 

with force plates and/or electromyography (EMG) (Chappell et al., 2002; Hewett et al., 

2005; Kadaba et al., 1989; Malinzak et al., 2001; Shultz et al., 2009; Yu et al., 2006). In 

these experiments, optical reflective markers are attached to bony landmarks, and joint 

motions are recorded using video cameras while force plates are used to measure 

ground reaction forces. Subsequently, inverse dynamic calculations are used to 

determine joint-resultant forces and moments (Robertson et al., 2013). EMG detects the 

electric potential generated by active muscles, and may be combined with motion 

capture to understand muscle activation during activity (Robertson et al., 2013). The 

combination of these techniques is useful as it allows for quantitative analysis of 3D 

trajectories of the joints, as well as the forces and moments experienced throughout 

activity. This allows researchers to investigate extrinsic factors that may play a role in 

ACL injury, such as altered motor control strategies during movement (Chappell et al., 

2002).  

Studies using these techniques have compared movement patterns between male 

and female athletes. Given higher rates of ACL injury in women as opposed to males, 
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these differences in kinematics may be indicative of high-risk knee motions. Several 

studies have provided evidence supporting increased valgus as a risk factor for ACL 

injury (Chappell et al., 2002; Hewett et al., 2005; Malinzak et al., 2001). Malinzak et al. 

(Malinzak et al., 2001) suggested that female recreational athletes have smaller knee 

flexion angles and greater knee valgus angles during the stance phases of running and 

cutting tasks than did males. Chappell et al. (Chappell et al., 2002) compared knee 

kinematics between male and female recreational athletes while performing forward, 

vertical, and backward stop jump tasks and found that women exhibited greater 

anterior shear force than did men during landing, as well as less knee flexion and 

greater valgus moments. Hewett et al. (Hewett et al., 2005) also implicated higher valgus 

angles in female athletes as a potential explanation for the elevated risk of ACL injury in 

women relative to men. In this study, neuromuscular control during jump-landing in 

205 female athletes who participated in various sports was measured using motion 

capture prior to the start of the season. Of these 205 athletes, nine ultimately sustained 

ACL injury. The study found that knee abduction angle at jump-landing was higher in 

those who were injured versus those who were not, as well as a 2.5 higher knee 

abduction moment and 20% higher ground reaction force, suggesting that dynamic 

valgus and high abduction loads increase the risk of ACL injury.  

While the effects of hip angle flexion on ACL injury risk have not been as well 

studied as the effects of knee flexion angle, several studies using these methodologies 
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have included analysis of hip kinematics. These studies suggest that landing on an 

extended hip may contribute to risk for knee injury (Kipp et al., 2011; Pollard et al., 2010; 

Shultz et al., 2009). Shultz et al. (Shultz et al., 2009) found higher anterior tibial shear 

forces in subjects who exhibited both less hip flexion excursion and more knee flexion 

excursion during a drop jump task, with excursion referring to the difference between 

peak and initial angles. These findings are potentially in agreement with those of Yu et 

al. (Yu et al., 2006) which indicate that hip and knee flexion angular velocities, which are 

active flexion motions that are distinct from flexion angles, are significantly correlated 

with ground reaction forces and anterior tibial shear forces during landing of a stop 

jump task. Kipp et al. (Kipp et al., 2011) similarly suggest that active hip flexion is 

related to knee abduction moment during the stance phase of landing, and that knee 

internal rotation torque is related to overall hip flexion during stance.  

While these methodologies are useful for studying motion patterns during 

various activities, there is often significant error in the measurements made using optical 

reflective markers arising from movements between the skin and underlying bony 

structure (Benoit et al., 2006). In a study by Benoit et al. (Benoit et al., 2006) the authors 

compared knee joint motion during walking measured using intra-cortical bone pins 

inserted into the femur and tibia to those made using reflective markers mounted to the 

skin. This study demonstrated that while the results from the skin markers were 

repeatable, large errors were observed in both rotational and translation measurements 
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obtained using skin markers. Furthermore, surface EMG data may be contaminated by 

noise that arises from the skin-electrode interface, external sources, and movement 

artifacts that result from the muscle moving relative to the skin (De Luca et al., 2010). 

Thus, direct in vivo measurement of knee kinematics and ACL loading using imaging 

would complement these previous studies. 

1.2.3.3 Analysis of injury videos  

Analysis of videographic footage of injury situations may provide of information 

on the kinematics involved in ACL injury. These studies may use expert analysts to 

make judgments regarding such variables as player action, player attention, foot 

placement, knee flexion-extension, knee varus-valgus, hip flexion-extension, hip 

adduction-abduction, approach velocity and initial velocity (Krosshaug et al., 2007b). 

Using this technique, Krosshaug et al. (Krosshaug et al., 2007b) determined that female 

players landed with significantly more knee and hip flexion and had a much higher 

relative risk of sustaining a valgus collapse than did male players. However, another 

study found that knee and hip flexion angles were consistently underestimated using 

the simple visual analysis methodology (Krosshaug et al., 2006). Therefore, this group 

subsequently investigated a model-based image-matching analysis technique as an 

improvement over simple visual inspection in determining joint positions at time of 

injury (Krosshaug et al., 2007c). This technique involved matching a skeletal model and 

model of the surroundings to the background image, frame by frame, and obtaining 
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joint angles, as well as velocity, and acceleration of the center of mass from the skeletal 

model. This study also implicated valgus loading at a low flexion angle as a key 

causative factor for ACL injury (Krosshaug et al., 2007c). 

The valgus collapse mechanism of ACL injury is consistently referenced by 

studies using videographic analysis. Hewett et al. (Hewett et al., 2009) analyzed the 

combined positioning of the trunk and knee in approximately the coronal and sagittal 

planes during ACL injury and compared these results with uninjured controls, as well as 

between females and males. In this study, the authors measured joint angles by drawing 

lines on still frames based on anatomical landmarks, a technique that could potentially 

be confounded by difficulties in identifying these landmarks or by variabilities in 

camera angles (Hewett et al., 2009). Lateral trunk and knee abduction angles were found 

to be higher in females as compared to males during ACL injury. Boden at al. (Boden et 

al., 2009) compared data from ACL injured individuals to controls performing similar 

maneuvers, and similarly determined that knee abduction and increased hip flexion 

angles may be risk factors for ACL injury. Olsen at el. (Olsen et al., 2004) identified 

forceful valgus collapse as the mechanism for ACL injury by studying video footage of 

ACL injury in female team handball athletes. This study found that valgus collapse 

occurred with the knee at full extension, combined with external or internal rotation of 

the tibia. 
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Despite this consistent implication of the valgus collapse mechanism from 

studies using videographic analysis techniques, it is important to note that it is very 

difficult to determine the exact point in time of the ACL rupture from video footage. For 

instance, Krosshuag et al. (Krosshaug et al., 2007b) observed that subjects landed in a 

neutral position during injury, and subsequently progressed into valgus collapse during 

the loading phase, after the estimated time of rupture. This may indicate that the 

observed valgus collapse is potentially the result of the joint losing stability because of 

the ACL rupture, rather than the mechanism of ACL rupture itself. Furthermore, due to 

variability in the position and orientation of the camera relative to the injured athlete 

and challenges associated with identifying anatomic landmarks that reflect the motion 

of the underlying bones, it is difficult to determine knee kinematics during ACL injury 

from videos alone (Englander et al., 2019b). Therefore, in vivo measurements of ACL 

function obtained using imaging, with the goal of identifying knee kinematics that load 

the ACL may provide more insight into how ACL ruptures occur. 

1.2.3.4 Measuring in vivo ACL strain using implanted transducers  

There have been a number of studies utilizing arthroscopically implanted strain-

transducers to study ACL biomechanics and strain in vivo. This technique is uniquely 

advantageous as it allows for direct measurement of ACL strain while performing 

activity, which avoids the issue of inaccuracy of simulated or calculated forces that is 

present in cadaveric or motion capture studies; however, this is a highly invasive 
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methodology. After implantation, the strain transducer measures the displacement of 

the ligament during movement or resulting from applied force (Beynnon et al., 1992; 

Cerulli et al., 2003; Lamontagne et al., 2008).  

Using this technique, Beynnon et al. (Beynnon et al., 1992) measured ACL strain 

in vivo during the anterior drawer and Lachman tests in 10 subjects who were due to 

have an arthroscopy or arthroscopic menisectomy. The anterior drawer test looks for 

anterior displacement of the tibia relative to the femur due to the application of anterior 

tibial shear force, with the knee in a flexed position, while the Lachman test looks for 

anterior displacement as a result of the application of anterior tibial shear force with the 

knee in an extended position (Katz and Fingeroth, 1986). During this experiment, knee 

flexion angle was controlled by fixing the thigh and moving the tibia to the desired 

position. A load cell was used to apply loads to the tibia. Additionally, ACL strain due 

to quadriceps contraction and as a function of knee flexion angle (changed both 

passively and actively) were obtained. It was determined that the Lachman test created 

more ACL strain that did the anterior drawer test and that the AM bundle of the ACL 

was strained at low flexion angles during isometric quadriceps contraction, but not at 

high flexion angles. The results of this study indicate that the ACL is most strained at 

low flexion angles, a finding which is in line with much of the literature discussed 

previously (Arms et al., 1984; Berns et al., 1992; Draganich and Vahey, 1990; Markolf et 

al., 1995). 
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Cerulli et al. (Cerulli et al., 2003) measured ACL strain in one individual during a 

rapid deceleration task. Interestingly, this study found that strain begins to increase 

during the flight phase, prior to landing, and reaches a peak that is congruent with the 

peak ground reaction force. This study proposed that the increase in strain during the 

flight phase may be due to preparatory muscle activation of the quadriceps muscles 

prior to landing. Importantly, the strain level remained high during the standing portion 

of the landing, during the time where the subject is standing with the knee only slightly 

flexed. Lamontagne et al. tested the role of the hamstrings muscles in protecting the 

ACL during jumping, cutting and stopping maneuvers using an in-vivo strain 

transducer (Lamontagne et al., 2008). Similar to Cerulli et al., this study found that these 

maneuvers generate a high level of ACL elongation, initiating just before foot contact 

with the leg fully extended. Once again, these studies support the hypothesis that low 

flexion angle is a high-risk landing position for the ACL due to the high level of strain 

occurring while the knee is extended (Arms et al., 1984; Berns et al., 1992; Draganich and 

Vahey, 1990; Markolf et al., 1995). However, these methods require highly invasive 

implantation of strain transducers to measure ACL function.  

On the other hand, the novel imaging methodology described in this dissertation 

provides measurements of dynamic in vivo ACL function without the risk of invasive 

surgery. Furthermore, imaging based techniques allow for simultaneous measurement 
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of 6 DOF kinematics in addition to measurement of ACL elongation patterns. Thus, 

imaging studies can be used to identify the specific kinematics that lead to ACL loading. 

1.2.3.5 In vivo measurements using imaging techniques 

Studies have used imaging techniques to study ACL function and make 

inferences about high-risk knee positions. These methods include, but are not limited to, 

3D modeling of the knee joint using segmentation of bones from MR images, often in 

combination with static (DeFrate et al., 2007; Englander et al., 2019c; Li et al., 2005; 

Taylor et al., 2013; Taylor et al., 2011a; Utturkar et al., 2013) or high-speed biplanar 

radiography (Englander et al., 2019a; Englander et al., 2019d; Englander et al., 2019e; 

Englander et al., 2018; Englander et al., 2019f) and analysis of bone-bruising patterns on 

MRI images of ACL injured patients (Kim et al., 2015; Owusu-Akyaw et al., 2018; Patel et 

al., 2014; Speer et al., 1992; Viskontas et al., 2008).  

3D models of the femur and tibia can be constructed by segmenting the cortical 

bone from MR images (DeFrate et al., 2007; Li et al., 2005; Taylor et al., 2013; Taylor et al., 

2011a; Utturkar et al., 2013) and compiling them into 3D surface models of the joint. The 

use of MR imaging to model the joint allows for visualization of bone anatomy as well as 

of the attachment site footprints of the ACL. By registering the bone models to biplanar 

radiographs, the relative positions of the bones and associated ligament attachment site 

footprints at the time of radiographic imaging can be reproduced. By measuring the 

distances between ligament attachment sites for each knee position, measurements of 
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ACL length and strain can be made for various knee postures. Using these techniques, 

the knee postures that may increase ACL injury risk can be identified by determining 

the knee positions and kinematics that result in ACL elongation and increased strain, as 

a taut ligament may have a greater propensity for failure.   

Using this technique, Li et al. (Li et al., 2005) measured ACL elongation during 

quasi-static weight-bearing knee flexion as a function of flexion angle. The authors 

found that the length of the ACL decreased with flexion, and that the tibial insertion of 

the ACL twisted internally relative to the femoral insertion as flexion increased. More 

specific to ACL injury mechanism, the combined MRI and biplanar fluoroscopy 

technique was used to measure ACL strain during static knee positions that mimic knee 

movements that are thought to occur during ACL injury (Utturkar et al., 2013). The ACL 

length was measured during full extension, 30° of flexion, and in a position meant to 

mimic the valgus collapse position, which is discussed extensively in the literature. This 

position consisted of 30° of knee flexion, internal rotation of the hip, and 10° of external 

tibial rotation. The authors determined that strain was at a maximum with the knee in 

full extension, decreased with the knee at 30° of flexion, and was at its lowest with the 

knee in valgus collapse position (Utturkar et al., 2013). These findings suggest that 

landing on an extended knee would put the ACL at higher risk for rupture than would 

the valgus collapse position, which is in contrast to findings of studies using 
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videographic analysis (Boden et al., 2009; Hewett et al., 2009; Krosshaug et al., 2007c; 

Olsen et al., 2004). 

To achieve dynamic measurements of ACL elongation and strain, static biplanar 

radiography and MR based 3D modeling has been combined with optical marker-based 

motion capture (Taylor et al., 2013; Taylor et al., 2011a). Specifically, by determining the 

relative positions of the bones and optical markers, the kinematics obtained from motion 

capture can be superimposed onto the 3D model of the joint. These studies have 

determined that in general the ACL is elongated when the knee is positioned at a low 

flexion angle, both during jump landing (Taylor et al., 2011a) and gait (Taylor et al., 

2013). Another method of studying dynamic ACL function is to obtain a series of 

biplanar radiographs of the joint as a participant performs an activity, and manually 

register the bone models to the radiographs (Wu et al., 2010). Using this technique, Wu 

et al. measured ACL elongation during the stance phase of gait, and also determined 

that the ACL was elongated a low flexion angles. As part of this dissertation, high-speed 

biplanar radiography was used to obtain dynamic measurements of ACL elongation and 

strain at high temporal and spatial resolution (Englander et al., 2019a; Englander et al., 

2019d; Englander et al., 2018; Englander et al., 2019f). 

Imaging has further been used to understand how quadriceps force may act 

through the patellar tendon to cause anterior translation of the tibia relative to the 

femur. Nunley et al. (Nunley et al., 2003) assessed the patellar tendon shaft angle under 
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weight-bearing conditions using radiographic imaging. This study found that females 

had a higher patellar tendon tibial shaft angle than did men, and that at low flexion 

angles the patellar tendon is oriented anteriorly relative to the tibia, producing an 

anterior shift in the tibia during quadriceps contraction. This finding is in line with other 

studies in the literature that implicate anterior tibial translation (Kim et al., 2015; Speer et 

al., 1992; Viskontas et al., 2008) due to quadriceps contraction (Arms et al., 1984; Berns et 

al., 1992; Beynnon et al., 1992; DeMorat et al., 2004; Draganich and Vahey, 1990; Fleming 

et al., 2001; Markolf et al., 1995) in the non-contact ACL injury mechanism. Using 3D 

modeling in combination with biplanar fluoroscopy, DeFrate et al. (DeFrate et al., 2007) 

showed congruent results regarding the patellar tendon. This study found that the 

patellar tendon was oriented anteriorly at flexion angles less than 60°, and posteriorly 

thereafter. This would indicate that the patellar tendon is pulling the tibia anteriorly at 

low flexion angles. 

Another imaging methodology that has been used to predict knee kinematics 

during ACL injury is the analysis of bone bruising patterns observed on MR images of 

individuals with non-contact ACL rupture (Kim et al., 2015; Owusu-Akyaw et al., 2018; 

Patel et al., 2014; Speer et al., 1992; Viskontas et al., 2008). These contusions are thought 

to be the result of impact between the femur and tibia at the time of ACL injury (Kaplan 

et al., 1999; Patel et al., 2014; Viskontas et al., 2008), which results in increased water 

content due to trabecular microfracture (Li et al., 2008). Bone bruises are visible as 
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increased signal intensity on T2 weighted MR images (Speer et al., 1992). Analysis of 

bone bruising patterns have been used to support several ACL injury mechanisms. 

Speer et al. (Speer et al., 1992) assessed bone bruising in 54 patients with acute complete 

ACL tears within 45 days of injury, and noted consistency in the bruising pattern, which 

they indicated would suggest a common mechanism of injury across patients. This 

pattern included bruising over the terminal sulcus of the lateral femoral condyle and the 

posterolateral tibial plateau. The authors suggest that this pattern may be indicative of a 

“pivot-shift” event in which the anterior tibial translation occurs concurrently with an 

ACL tear, and that there may be a component of valgus collapse (Speer et al., 1992). In a 

study by Viskontas et al. (Viskontas et al., 2008), the authors measured bruise frequency, 

location, depth, and intensity and correlated these measures with the mechanism of 

injury (contact or non-contact) for 100 individuals within 6 weeks of injury. This study 

suggested that the bone bruise pattern in non-contact ACL rupture indicates that 

anterior tibial translation accompanied by tibial internal rotation are the major 

mechanisms of injury. Interestingly, greater intensity and depth of bone bruising in the 

non-contact group was observed, potentially indicative of greater force causing the 

injury as compared to contact related ACL injury (Viskontas et al., 2008).  

In support of a valgus collapse mechanism, Quatman et al. (Quatman et al., 2011) 

utilized finite element modeling based on female athlete knees under a valgus load with 

anterior tibial translation to demonstrate that peak articular pressures occur at the lateral 
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femur and posterolateral tibia, which are locations that typically show bone bruising 

after ACL injury. In contrast, Wittstein et al. (Wittstein et al., 2014) compared bone 

bruising patterns between men and women, with the goal of investigating the 

hypothesis that the increased risk of ACL injury in female as compared to male athletes 

is due to increased valgus (Chappell et al., 2002; Hewett et al., 2005; Malinzak et al., 

2001; Quatman and Hewett, 2009). The authors found no differences in bone bruising 

patterns between females and males, and additionally identified that the high frequency 

of medial compartment bone bruises suggest a more significant anterior tibial 

translational component to the injury mechanism, rather than valgus collapse, which 

would result in lateral compartment and not medial compartment bone bruises.  

 In a more recent study, Kim et al. (Kim et al., 2015) furthered these 

methodologies by generating 3D models of the femur, tibia, and bone bruises through 

segmentation of MR images. The authors then used numerical optimization to 

determine the position of the bones that is necessary to maximize the overlap of the bone 

bruises, in order to predict the position of injury. Flexion angle, valgus orientation, 

internal tibial rotation, and anterior tibial translation were compared between the 

original positioning of the knee in the MR scanner and the predicted injury position. 

Flexion angle was near full extension in the predicted position of injury, and internal 

tibial rotation, and anterior tibial translation were increased in the predicted position of 

injury relative to the resting position. Valgus angle was only slightly increased in the 
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injury position as compared to the MRI position. Therefore, the results of this study 

would indicate that landing with an extended knee puts the ACL most at risk for 

rupture.  

In vivo imaging techniques are advantageous for the study of ACL function and 

injury mechanisms as they are non-invasive and do not require simulation of the 

complex forces involved in dynamic movement. However, prior to the studies 

performed in this dissertation, there was very little in vivo imaging data to describe the 

function of the ACL under dynamic loading conditions. Thus, improved methods for 

measuring in vivo ACL mechanics were warranted. 

1.3 Summary of purpose 

ACL function and injury mechanisms have been investigated using cadaveric 

simulations, kinematic methods, videographic analysis, and imaging of the knee in 

mainly static postures, as described in Section 1.2.3. However, cadaveric studies are 

limited by the accuracy of the simulated loading conditions, kinematic methods rely on 

external markers that may move relative to the underlying bone, and videographic 

studies are limited by camera angles (Englander et al., 2019b). In vivo imaging studies do 

allow for insight into the internal mechanics of the joint, however prior to this 

dissertation there was very little data to describe the in vivo function of the ACL under 

dynamic loading conditions. Measuring dynamic ACL elongation and strain is critical to 

understanding ACL injury mechanisms and the role of the ACL in stabilizing the joint 
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during activities of daily living. Efficient methods of studying in vivo dynamic ACL 

function were necessary for achieving better understand of ACL injury and ACL 

function. 

In this dissertation I have developed a method to achieve dynamic 

measurements of knee kinematics and ACL deformations (Englander et al., 2018), and 

applied this methodology to study ACL function under dynamic loading conditions. 

Specifically, I have developed a method to achieve efficient and precise automatic 

registration of 3D MR based surface models to high-speed biplanar radiographs 

captured during dynamic activity (Englander et al., 2018). Using this method, 

measurements of ACL function can be obtained at high spatial and temporal resolution. 

Furthermore, as part of this dissertation, I have applied these techniques to obtain novel 

dynamic in vivo measurements of knee function during gait and single legged jumping 

(Englander et al., 2019a; Englander et al., 2019d; Englander et al., 2018; Englander et al., 

2019f).  

This research addresses a critical barrier to progress in understanding ACL 

function and injury mechanisms by developing a methodology for measuring in vivo 

ACL mechanics during dynamic activities. This method is applied to identify knee 

kinematics that result in increased loading on the ACL and characterize the physiologic 

function of the ACL under dynamic loading conditions. Furthermore, the methodologies 

developed in this dissertation can be used to study skeletal motion and soft tissue 
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deformation during dynamic activity that can be applied to a number of clinical 

musculoskeletal applications. Therefore, the methods developed in this dissertation may 

have a significant impact on in the field of biomechanics as a whole.  

1.4 Specific Aims 

The aims of this dissertation are as follows: 

Specific Aim 1: To develop and validate a methodology for measuring dynamic in vivo 

ACL mechanics. 3D surface models of the joint, derived from MR images, will be 

registered to high-speed biplanar radiographs using a novel automatic registration 

technique in order to measure in vivo ACL deformation during dynamic activity. This 

methodology will be validated using an ex vivo porcine knee joint specimen in order to 

characterize the precision and computational efficiency of the registration technique. 

Hypothesis 1: Using a novel registration technique to automatically register 3D surface 

models of the bone created from MR images onto high–speed biplanar radiographs, dynamic ACL 

deformation can be measured to within a precision of <0.1 mm. 

 Specific Aim 2: To measure in vivo ACL elongation and strain during dynamic 

activities. The methods developed in Aim 1 will be utilized to measure dynamic in vivo 

ACL deformation. Joint kinematics and dynamic the elongation of the patellar tendon 

will also be measured, in order to test the hypothesis that the mechanism of ACL 

elongation involves anterior shear force on the tibia acting via the patellar tendon.  
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Hypothesis 2: Peaks in dynamic ACL elongation and strain will occur in response to 

anterior shear force on the tibia acting via patellar tendon when the knee is positioned at low 

flexion angles, such as before heel strike and during the mid-stance phase of gait, as well as just 

prior landing in a single-legged jump.  

1.5 Organization of thesis 

This dissertation is organized around several academic papers that I have written 

on the research I performed as a PhD student in the DeFrate Musculoskeletal 

Bioengineering Lab. During that time, I have completed five papers (Englander et al., 

2019a; Englander et al., 2019b; Englander et al., 2019c; Englander et al., 2019d; Englander 

et al., 2018) with two additional manuscripts in progress (Englander et al., 2019e; 

Englander et al., 2019f). A separate chapter within this document has been dedicated to 

each of these papers. Additional technical details that have not been fully described in 

the papers have been included in the Appendices. 
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2. A comparison of knee abduction angles measured 
using a 3D anatomic coordinate system versus 
videographic analysis: implications for ACL injury 

This paper was published in the Orthopaedic Journal of Sports Medicine, 

Volume 7, Issue 1 on 1-21-2019 (Englander et al., 2019b). The authors are Zoë A. 

Englander, Hattie C. Cutcliffe, Gangadhar M. Utturkar, William E. Garrett, Charles E. 

Spritzer, and Louis E. DeFrate. This paper uses 3D modeling and biplanar radiography 

to demonstrate that knee abduction (valgus) angles obtained via 2D videographic 

analysis differ from knee abduction angles obtained using a 3D anatomic coordinate 

system. Additionally, this paper suggests that knee flexion angle and the angle between 

the camera and the subject should be taken into consideration when interpreting results 

from 2D video analysis studies.  

2.1 Introduction 

There are conflicting data regarding what knee motions increase likelihood of 

non-contact anterior cruciate ligament (ACL) injury (Yu and Garrett, 2007). This may 

hinder efforts to enhance the efficacy of training programs targeted at injury prevention. 

To better understand how ACL injuries occur, joint motions occurring around the time 

of injury have been studied via analysis of injury videos (Boden et al., 2000; Boden et al., 

2009; Hewett et al., 2009; Koga et al., 2010; Krosshaug et al., 2007b; Krosshaug et al., 

2007c; Olsen et al., 2004). Alternatively, knee positions that result in ACL elongation and 

strain, and therefore may increase injury risk, have been identified in vivo using 3D 
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imaging techniques (Jordan et al., 2007; Li et al., 2005; Li et al., 2004a; Li et al., 2004b; 

Taylor et al., 2013; Taylor et al., 2011a). These methodologies have supported differing 

hypotheses on how non-contact ACL injuries occur. Specifically, several videographic 

analyses have supported an injury mechanism involving aberrant knee abduction, 

(Boden et al., 2009; Hewett et al., 2009; Krosshaug et al., 2007b; Quatman and Hewett, 

2009) while 3D imaging studies indicate that the ACL is elongated with decreased 

flexion, (Taylor et al., 2013; Taylor et al., 2011a) and support the hypothesis that the ACL 

fails with the knee positioned at a low flexion angle (FLA) (DeMorat et al., 2004; 

Draganich and Vahey, 1990; Yu and Garrett, 2007).  

A potential reason for these different hypotheses regarding ACL injury 

mechanism is differences in how knee abduction angle is measured. In a videographic 

analysis, knee abduction angles are commonly measured from two-dimensional (2D) 

video frames, ideally with the camera perspective approximating an anterior or 

posterior coronal view of the knee (Boden et al., 2009; Hewett et al., 2009). Knee 

abduction angle is estimated by measuring the angle between a line drawn along the 

long axis of the femur to the center of the knee joint, and a line from the same point on 

the knee to the center of the tibia at the ankle joint (Boden et al., 2009). This method of 

estimating knee abduction angle may depend on the angle between the camera and the 

subject. Alternatively, several in vivo studies have combined biplanar radiography with 

three dimensional joint models (3D) derived from magnetic resonance (MR) images to 
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determine the relative position of the bones for a specified knee posture or motion (Li et 

al., 2005; Taylor et al., 2013; Taylor et al., 2011a). Subsequently, knee abduction angles 

and ligament deformations are measured from a 3D coordinate system based on the 

anatomy of the bones (Grood and Suntay, 1983). The angles measured in this way are 

invariant to the perspective from which they are measured.  

In the present study, we compared these methods of measuring knee abduction 

angle (measurement of joint angles made using a 3D coordinate system based on bone 

anatomy versus 2D videographic analysis). Because information about mechanism of 

injury has been derived from 2D videographic analysis, where the injured player’s 

orientation with respect to the camera is not controlled, we explore how knee abduction 

angles measured using both a 3D anatomic coordinate system and 2D videographic 

analysis change with FLA and with viewing angle. Specifically, we measured knee 

abduction angles in vivo using imaging during static lunges of varying FLA. We then 

simulated the knee abduction angle that would be measured in a 2D videographic 

analysis of the knee joint in the position determined by the imaging data. In a 

subsequent simulation, we explored the effect of the angle between the camera and the 

knee joint (the camera “viewing angle”) on the knee abduction angle determined from 

the simulated videographic analysis. We hypothesized that knee abduction angles 

measured in a 2D videographic analysis would differ from those measured using a 3D 
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anatomic coordinate system, and that videographic knee abduction angles are 

dependent on FLA and on the position of the camera relative to the subject.   

2.2 Methods  

Eight male subjects (mean age 26.5 ± 5.5 years) with no previous history of lower 

extremity injury participated in this IRB-approved protocol. In summary, one knee from 

each subject underwent both magnetic resonance (MR) and biplanar fluoroscopic 

imaging, with the goal of determining the relative positions of the femur and tibia 

during lunges of varying FLA. 3D models of the femur and tibia were created by 

outlining the bony contours in the MR images. The models of the femur and tibia were 

positioned to match the biplanar fluoroscopic images obtained for each lunge position 

(Figure 5), and knee joint angles were measured from the models in their matched 

positions. Specifically, FLA was confirmed, and knee abduction angles were measured 

in two ways (Figure 6). First, the varus/valgus angle (VVA — defined as the angle 

between the femoral transepicondylar axis and the long axis of the tibia (Grood and 

Suntay, 1983; Taylor et al., 2013) was calculated for each lunge position. Then, we 

simulated how knee abduction would be measured in a 2D videographic analysis by 

calculating the coronal plane angle (CPA — defined as the angle between the long axis 

of the tibia and the long axis of the femur projected onto the tibial coronal plane) for 

each lunge position. In an additional simulation, the effect of the angle between the 
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camera and subject on the CPA was explored by rotating the coronal plane about several 

“viewing angles” (Figure 7). 

2.2.1 Image Collection 

One knee from each subject underwent MR imaging using a 3T scanner (Trio 

Tim, Siemens Medical Solutions USA, Malvern, PA). Sagittal images were acquired from 

the subjects while lying supine, using a double-echo steady-state (DESS) sequence and 

an eight-channel knee coil (resolution: 0.3x0.3x1 mm; flip angle: 25°; repetition time: 17 

ms; echo time: 6 ms) (Okafor et al., 2014; Taylor et al., 2013; Widmyer et al., 2013). Then, 

images of the knee were obtained from two orthogonal directions using biplanar 

fluoroscopes (BV Pulsera, Philips, The Netherlands) while subjects stood on a level 

platform and posed in single-leg static lunge positions of various FLA (Carter et al., 

2015). Each fluoroscopic image had a resolution of 1024×1024 pixels2. For each pose, 

subjects were guided on how to position their knee with a goniometer.  
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Figure 5: 3D models of the knee joint were created from magnetic resonance 
(MR) images. A.) The outer contours of the femur and tibia were outlined on each 

slice of the MR images. B.) These contours were compiled into wireframe models. C.) 
3D surface models were created from the wireframe models. D.) The models of the 

femur and tibia were positioned to match the biplanar fluoroscopic images. E.) 
Therefore, the models represented the in vivo positions of the bones as the subject 

performed the lunges.  

2.2.2 Image Analysis 

The bony contours of the femur and tibia were segmented from the MR images 

using solid-modeling software (Rhinoceros 4.0, Robert McNeel and Associates, Seattle, 

WA) (Figure 5A). These contours were compiled into wireframe (Figure 5B) and 3D 

surface models of the femur and tibia (Figure 5C) as previously described (Li et al., 2005; 
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Taylor et al., 2013; Taylor et al., 2011a). To model the relative positions of the femur and 

tibia during the single-legged static lunges, the fluoroscopic images were imported into 

the solid-modeling software and positioned in two orthogonal planes. The 3D models of 

the femur and tibia were then moved in six degrees-of-freedom to match the biplanar 

fluoroscopic images (Figure 5D) (Carter et al., 2015). Previous validation has shown that 

this method can measure in vivo 3D tibiofemoral kinematics to within a resolution of 

0.1mm and 0.3° (Caputo et al., 2009; DeFrate et al., 2006).  

2.2.3 Measurement of Joint Angles 

Prior to measuring joint angles from the bone models in their matched positions, 

a 3D coordinate system was defined for the femur and tibia (Grood and Suntay, 1983). 

First, cylinders were fit to the shafts of the femur and tibia to define their long axes. The 

transepicondylar axis of the femur was defined as the axis between the most medial and 

most lateral points of the femoral condyles. The mediolateral axis of the tibia was 

defined perpendicular to the long axis of the tibia and tangent to the posterior aspects of 

the tibial plateaus. Finally, an anteroposterior axis was set orthogonal to both the long 

and mediolateral axes of the tibia. The unit-normal vector describing the anteroposterior 

axis defined the coronal plane. 

Joint angles were measured from the models in their matched positions (Figure 

6) (Taylor et al., 2013). Specifically, we verified FLA for each lunge position and 

measured knee abduction angles in two ways: 1.) by calculating the VVA, and 2.) by 
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calculating the CPA, which was meant to simulate how a videographic analysis would 

estimate knee abduction angle. These angles were measured according to the following 

definitions:  

 FLA (Figure 6A): the angle between the long axes of the femur and tibia 

measured about the femoral transepicondylar axis, subtracted from 180°.  

 VVA (Figure 6B): the angle between the long axis of the tibia and the femoral 

transepicondylar axis measured from the lateral side of the joint, subtracted 

from 90°. A negative varus/valgus angle indicates varus alignment (where 

the proximal end of the long axis of the tibia is angled toward the lateral side 

of the femoral transepicondylar axis). A positive varus/valgus angle indicates 

valgus alignment (where the proximal end of the long axis of the tibia is 

angled toward the medial side of the transepicondylar axis).  

 CPA (Figure 6C): the angle between the long axis of the tibia and long axis of 

the femur projected into the coronal plane (defined by the tibial 

anteroposterior axis), subtracted from 180°. A negative CPA indicates varus 

alignment, and a positive CPA represents a valgus alignment. 
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Figure 6: Joint angles were measured from the models using a standardized 
coordinate system. A.) Flexion angle (FLA) represents the angle between the long axes 
of the femur and tibia measured about the femoral transepicondylar axis, subtracted 
from 180°. B.) Varus/Valgus angle (VVA) represents the angle between the long axis 

of the tibia and the femoral transepicondylar axis, subtracted from 90°. This 
measurement of VVA is based on the anatomy of the bones and is invariant to 

perspective from which it is measured. C.) coronal plane angle (CPA) represents the 
angle between the long axis of the tibia and the long axis of the femur projected onto 
the tibial coronal plane (defined by the tibial anteroposterior axis), subtracted from 

180°. All angles were measured in degrees. For both VVA and CPA, a positive (+) 
value indicates valgus alignment, and a negative (-) value indicates varus alignment. 

2.2.4 The Effect of Viewing Angle on Knee Abduction Angle 

To explore the effect of camera angle relative to the subject (the camera “viewing 

angle”) on knee abduction angle, the tibial anteroposterior axis (that defined the coronal 

plane) was rotated about the tibial long axis by viewing angles ranging from -45° to 45° 

in increments of 15° (Figure 7A). In Figure 7A, the blue dot in the center of the tibial 

plateau represents the long axis of the tibia, oriented perpendicular to the page. The red 
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arrows represent the unit-normal vectors to the coronal planes from which CPA is 

measured, rotated by viewing angles of -45° to 45° in increments of 15°. The viewing 

angle of 0° represents a measurement of the CPA in the plane defined by the un-rotated 

unit-normal tibial anteroposterior axis, which represents an anterior or posterior coronal 

view of the joint. This view is ideal for measuring knee abduction in a videographic 

analysis. Knee abduction angles were recalculated at each viewing angle.  

 

Figure 7: The effect of the camera viewing angle relative on knee abduction 
angle was explored.A.) The blue dot in the center of the tibial plateau represents the 

long axis of the tibia oriented perpendicular to the page. The red arrows represent the 
tibial anteroposterior axis, rotated by viewing angles of -45° to 45° in increments of 

15°.  These anteroposterior axes represent the unit-normal vectors to the coronal 
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planes in which CPAs are measured. The viewing angle of 0° represents a 
measurement of the CPA in the plane defined by the unrotated unit-normal vector of 

the tibial coronal plane (representing an anterior or posterior coronal view of the 
joint) — a “best case” scenario for measuring knee abduction angle from 2D video 
frames. B.) When the knee is positioned at a FLA of 15° C.) changing the viewing 

angle (rotating the anteroposterior axis that defines the tibial coronal plane) changes 
the CPA. The red crosses denotes the coronal plane, oriented perpendicular to the 

page, and the dashed blue line represents the long axis of the tibia extended into the 
femur for reference. Note that at a viewing angle of 0°, CPA is negative, indicating 
varus alignment. However, at a viewing angle of 15°, CPA is positive, indicating a 

valgus alignment. As viewing angle increases, alignment appears more valgus. Note 
that FLA is 15° in all of these scenarios.  

2.2.5 Statistics 

All measurements were interpolated from the data to represent values of each 

variable at FLA values between 0° and 90° in increments of 15°. The data were 

summarized using routine descriptive statistics (SAS, version 9.4; SAS Institute; Cary, 

NC) with P< 0.05 indicating significance. A repeated-measures analysis of covariance 

(ANCOVA) was carried out using a linear mixed model to determine the effects of FLA 

(0° to 90° in 15° increments), viewing angle (-45° to 45° in 15° increments), and type of 

measurement (either VVA or CPA) on knee abduction angle. Mixed models were used 

to accommodate the experimental design, in which both covariates (FLA and viewing 

angle) and fixed factors (measurement type) were present. Where a significant 

interaction of measurement type with either FLA or viewing angle was found, separate 

ANCOVAs were performed for both VVA and CPA to determine differences in how 

FLA and viewing angle affected the measurement types. Subsequently, to compare CPA 

and VVA on an equal basis, a repeated-measures ANCOVA was run in which only data 
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from a viewing angle of 0° was included, to remove the influence of viewing angle. The 

statistical tests are summarized in Table 1. 

Table 1: Summary of statistical tests used to compare knee abduction angles 
obtained using different methods 

Test Outcome 
variable 

Dependent 
variable 

Covariates Interaction effects 

Repeated-
measures  
mixed model 
ANCOVA 

Knee 
abduction 
angle 

Measurement 
type (CPA or 
VVA) 

FLA, viewing 
angle 

Measurement type x FLA,  

Measurement type x 
viewing angle,  

FLA x viewing angle 

ANCOVA CPA 

 

Not 
applicable 
(ANCOVA) 

 

FLA, viewing 
angle 

None 

ANCOVA VVA Not 
applicable 
(ANCOVA) 

 

FLA, viewing 
angle 

None 

Repeated-
measures mixed 
model ANCOVA 

(only data from 
viewing angle = 
0°) 

Knee 
abduction 
angle 

Measurement 
type (CPA or 
VVA) 

FLA None 

2.3 Results 

 The overall repeated-measures ANCOVA revealed significant effects of FLA (P = 

0.0017) and viewing angle (P < 0.0001) on knee abduction angle. At a viewing angle of 

0°, both VVA and CPA increased with increasing FLA. Furthermore, the overall 

repeated-measures ANCOVA indicated a significant interaction between the viewing 
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angle and the measurement type (VVA vs. CPA, P < 0.0001), meaning that viewing angle 

affected CPA and VVA differently. Specifically, separate ANCOVAs for the two knee 

abduction measurement types showed that viewing angle was a significant covariate of 

CPA (P < 0.0001), but not of VVA (P = 1.00). To this point, while VVA was invariant to 

viewing angle (Figure 8, solid red line), CPA changed dramatically with viewing angle, 

particularly with increasing FLA (Figure 8, dashed lines). Finally, the repeated-measures 

ANCOVA including only data from a viewing angle of 0°, representing a best-case 

scenario for measuring CPA from a 2D video frame, revealed that CPA (Figure 8, solid 

blue line) was significantly different from VVA (p < 0.0001), indicating that the two 

methods for quantifying knee abduction angle are not equivalent. At a viewing angle of 

0°, the average magnitude of the difference between CPA and VVA across FLA ranging 

from 0 to 75° was 12.5° ± 8.9° (mean±standard deviation). 
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Figure 8: Knee abduction angle (VVA and CPA, vertical axis) was measured as 
a function of FLA (horizontal axis) for several viewing angles. Viewing angle 

significantly affected CPA (dashed blue lines, P<0.0001), whereas VVA was invariant 
to viewing angle (red line). CPA differed significantly from VVA (solid red line) 

when measuring CPA in the un-rotated coronal plane (viewing angle of 0°, solid blue 
line), a “best-case scenario” for measuring knee abduction from 2D video frames. 

Values in the figure represent means ± standard deviations. 

2.4 Discussion 

Analysis of videographic footage is used to provide information on knee 

positions at the time of ACL injury (Carlson et al., 2016). Several of these studies have 

supported the hypothesis that aberrant knee abduction angle plays a crucial role in ACL 

rupture (Boden et al., 2009; Hewett et al., 2009; Olsen et al., 2004). On the other hand, 3D 
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in vivo imaging studies suggest that the ACL is elongated at lower FLAs, and support 

the hypothesis that landing in extension is a highly relevant risk factor for ACL injury 

(Li et al., 2005; Li et al., 2004a; Taylor et al., 2013; Taylor et al., 2011a; Yu and Garrett, 

2007). To explore the hypotheses generated by these two techniques, we determined the 

relative positions of the femur and tibia for several lunge positions using in vivo 

imaging, and compared knee abduction angles obtained directly from the positioned 

models (VVA) using a 3D anatomically derived coordinate system, to those measured 

from a simulated 2D videographic analysis (CPA) of the joint. We demonstrated that 

CPA differed from VVA when measured from an ideal anterior or posterior view of the 

joint (Figure 8, solid lines). Furthermore, because information about mechanism of 

injury has been derived from 2D videographic analysis, where the injured player’s 

orientation with respect to the camera is not controlled, we demonstrate that differences 

between CPA and VVA become more pronounced with increasing FLA and when the 

angle between the camera and subject is not ideal (Figure 8, dotted blue lines). These 

findings are in congruence with a prior study which also showed that knee abduction 

measured in a 2D plane differed from knee abduction measured from 3D anatomy, and 

that 2D knee abduction measurements were elevated with increased knee flexion and 

hip internal rotation (Utturkar et al., 2013). 

These findings may have important implications for the interpretation of 2D 

videographic studies that support a valgus collapse mechanism of ACL injury. Valgus 
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collapse refers to the knee buckling medially, characterized by increased knee abduction 

angles following ground contact (Olsen et al., 2004; Quatman and Hewett, 2009). For 

example, Boden et al. (Boden et al., 2009) showed that female subjects during ACL injury 

impacted the ground in extension, with small knee abduction angles, and subsequently 

progressed into an average knee abduction angle of 38° several video frames after 

ground contact. In another study, injured female athletes progressed into a maximum 

knee abduction angle averaging close to 40° as compared to 20° in injured male athletes 

250ms after initial ground contact (Hewett et al., 2009). These studies hypothesize that 

the large increase in knee abduction angle present after ground contact plays a role in 

the mechanism of ACL rupture. However, the findings presented here suggest that how 

closely 2D videographic measurements of knee abduction angle relate to VVA depends 

on FLA and the perspective of the camera.  

Due to the noted difficulty in obtaining 3D joint angles from single 2D video 

frames, (Krosshaug et al., 2007a) several videographic analysis studies have utilized a 

technique involving matching skeletal models to multiple camera views, from which 

injury kinematics are estimated (3D videographic analysis) (Koga et al., 2010; Krosshaug 

and Bahr, 2005; Krosshaug et al., 2007c). A recent systematic review (Carlson et al., 2016) 

found that 3D videographic analysis studies report higher FLA and lower valgus 

angulation (knee abduction) relative to 2D videographic analyses at time points distant 

from initial ground contact, but similar FLA and valgus closer to initial ground contact 
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(Carlson et al., 2016) when the knee is potentially less flexed. Using 3D videographic 

analysis, Koga et al. (Koga et al., 2010) described an injury motion pattern that included 

initially landing on a relatively straight knee (average FLA = 23°) progressing to an 

average FLA of 47° 40ms later. Additionally, knee abduction angle was neutral at 

ground contact and progressed to an average of 12° at 40ms after ground contact. 

However, as in 2D videographic analysis, it remains unclear whether the reported 

increases in FLA and valgus occurred as a result of the injury, or were involved in the 

injury mechanism itself. Notably, increased valgus was accompanied by increased FLA 

in the time period after ground contact (Koga et al., 2010). This finding is in line with the 

data presented here, which indicates that VVA increases with increasing FLA (Figure 8, 

red line). While 3D videographic analysis may offer improvements over 2D 

videographic analysis, it is important to note that the accuracy of this technique is 

dependent on the investigator’s ability to reliably match a skeletal model to a clothed 

individual, (Koga et al., 2010; Krosshaug et al., 2007c) and it may be difficult to assess the 

accuracy of this technique during injury scenarios (Krosshaug et al., 2007c). 

The variance in CPA with viewing angle seen in the present study is potentially 

because FLA is being interpreted as knee abduction (Figure 7C) when the 3D angles are 

projected in a 2D plane. In Figure 7C we show that with the knee positioned at a FLA of 

15°, a rotation of the viewing angle has a notable effect on CPA. This finding is 

particularly important, given that the selection criteria for the aforementioned 2D 
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videographic studies was that the video frame approximated an anterior or posterior 

coronal view of the knee (Boden et al., 2009; Hewett et al., 2009). Furthermore, several 

studies have hypothesized that the point of ACL injury occurs closer in time to initial 

ground contact (around 40-50ms) (Koga et al., 2010; Krosshaug et al., 2007b) than the 

points in time where the large increases in knee abduction were reported in 

aforementioned 2D videographic studies (Boden et al., 2009; Hewett et al., 2009). Thus, it 

is possible that the observation of valgus collapse in injury videos is influenced by the 

joint buckling into flexion after the ACL has ruptured (Olsen et al., 2004), which is being 

interpreted as valgus, rather than the mechanism of ACL rupture itself. Furthermore, 

during the complex motions involved with ACL ruptures, the effect of knee flexion 

being interpreted as valgus may be further exacerbated by internal/external knee or hip 

rotation. 

In vivo imaging studies allow for quantification of the relationships between 

ligament deformations and joint angles, which are measured within a 3D coordinate 

system based on joint anatomy (Utturkar et al., 2013). Specifically, several in vivo 

imaging studies have measured ACL elongation resulting from various knee postures 

(Taylor et al., 2013; Taylor et al., 2011a; Utturkar et al., 2013). For example, Utturkar et al. 

(Utturkar et al., 2013) found that in static knee positions, ACL length was maximized 

with the knee in extension, and decreased when the knee was positioned in 30° of 

flexion. During dynamic activities, two studies by Taylor et al. (Taylor et al., 2013; Taylor 
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et al., 2011a) reported that relative ACL strain was greatest when the knee was close to 

full extension, specifically during the mid-stance phase and just prior to heel strike 

during gait, (Taylor et al., 2013) and just prior to ground contact in jump landing (Taylor 

et al., 2011a). Studies utilizing arthroscopically-implanted strain gauges also show that 

ACL strain is maximized when the knee is extended (Cerulli et al., 2003; Fleming et al., 

2001; Lamontagne et al., 2005). Furthermore, analyses of bone bruise patterns have 

indicated that large anterior tibial translations occur with the knee close to extension 

during an ACL injury (Kim et al., 2015; Owusu-Akyaw et al., 2018). Together, along with 

evidence from cadaver studies that demonstrate anterior tibial translation and ACL 

strain due to simulated quadriceps loading with the knee positioned at a low flexion 

angle (Berns et al., 1992; DeMorat et al., 2004; Draganich and Vahey, 1990; Dürselen et 

al., 1995; Torzilli et al., 1994), these studies support the theory that landing with an 

extended knee is a particularly relevant risk factor for ACL rupture. However, while 

these studies do provide a mechanistic explanation for why landing in extension may 

cause the ACL to fail, these studies cannot be performed during an injury scenario. 

In this study, we quantified the relationship between FLA, camera viewing 

angle, and knee abduction angles using a simulation approach. Along these lines, 

additional work may examine the effect of hip rotation on the magnitude of perceived 

knee abduction when measurements are made in a 2D plane. A quasi-static lunge was 

selected for this study because it allowed us to measure knee abduction angles when the 
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knee was flexed to various degrees. Furthermore, this was a controlled activity that was 

likely to be performed similarly across subjects. By measuring knee abduction for 

various flexion angles, we show that knee flexion can be interpreted as knee abduction 

when measured in a 2D plane. While the quasi-static lunge was not dynamic, the 

procedure of projecting a 3D coordinate system onto a 2D plane is not influenced by 

type of activity. Future work toward understanding knee joint angles and ACL injury 

mechanisms will include measurements of knee kinematics and ACL elongation during 

dynamic activities, which will further elucidate the motions that result in increased ACL 

loading (Englander et al., 2018) and increased injury risk. While our study included a 

male – only cohort, the procedure of projecting 3D angles onto a 2D plane is also not 

likely to be influenced by the sex of the participant. However, future studies using this 

technique may include female participants. 

The results of the present study show that knee abduction angles obtained via 2D 

videographic analysis (CPA) differ from knee abduction angles obtained using a 3D 

anatomic coordinate system (VVA). Furthermore, our data suggest that FLA and camera 

viewing angle should be taken into consideration when interpreting results from 2D 

video analysis studies.  
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3. In vivo assessment of the interaction of patellar 
tendon tibial shaft angle and ACL elongation during 
flexion  

This paper was published in the Journal of Biomechanics, Volume 90, 6-11-2019, 

pages 123-127 (Englander et al., 2019c). The authors are Zoë A. Englander, Hattie C. 

Cutcliffe, Gangadhar M. Utturkar, Kevin A. Taylor, William E. Garrett, Charles E. 

Spritzer, and Louis E. DeFrate. The results of this study show that the ACL is both 

elongated and the patellar tendon is oriented to increase the anterior shear component of 

force acting on the tibia when the knee is extended. Therefore, the findings of this paper 

support the hypothesis that landing with an extended knee is a scenario that puts the 

ACL at high risk for rupture. 

3.1 Introduction 

Anterior cruciate ligament (ACL) injuries primarily affect a young and active 

population (Gilchrist et al., 2008; Griffin et al., 2006), with an estimated 400,000 injuries 

reported in the United States each year (Kibler, 2009). In addition to the acute 

consequences of injury, long-term effects such as post-traumatic osteoarthritis 

(Lohmander et al., 2007) can severely affect quality of life. Therefore, injury prevention is 

critical (Gilchrist et al., 2008; Pfeiffer et al., 2006; Steffen et al., 2008; Stevenson et al., 

2015). Research targeted at understanding movements that present a high risk for ACL 

injury may inform training programs to improve injury prevention. 
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A scenario that may represent a high risk for ACL injury is landing on an 

extended knee (Cochrane et al., 2007; DeFrate et al., 2007; Malinzak et al., 2001). In 

support of this mechanism, in vivo studies have shown that the ACL is elongated when 

the knee is extended (Englander et al., 2018; Lamontagne et al., 2008; Li et al., 2005; 

Taylor et al., 2013; Taylor et al., 2011a; Utturkar et al., 2013). Therefore, these studies 

suggest that knee extension represents a position in which the ACL is taut, and thus may 

have an increased propensity for injury, particularly in the presence of excessive anterior 

shear force acting on the tibia. 

Furthermore, previous studies have investigated the orientation of the patellar 

tendon relative to the tibia as a function of flexion (DeFrate et al., 2007; Nunley et al., 

2003). Specifically, these studies have shown that when the knee is positioned at a low 

flexion angle, the attachment site of the patellar tendon on the patella is oriented anterior 

to its attachment on the tibia. Therefore, at low flexion angles, the patellar tendon is 

positioned to increase the relative magnitude of the shear component of forces acting on 

the tibia, which may increase loading on the ACL (Butler et al., 1980). Thus, in vivo data 

describing how ACL elongation interacts with the orientation of the patellar tendon 

during the flexion path would further the understanding of this mechanism of injury. To 

address this question, the present study obtained in vivo measurements of the 

orientation of the patellar tendon as well as the length of the ACL as subjects performed 

a single legged quasi-static lunge at varying knee flexion angles. 
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3.2 Methods 

Eight healthy male subjects (mean age 26.5±5.5 years) with no previous history of 

lower extremity injury or surgery prior to testing were evaluated using an IRB approved 

protocol. One knee from each subject (6 right, 2 left) was imaged using a 3T magnetic 

resonance imaging (MRI) scanner (Trio Tim, Siemens Medical Solutions USA, Malvern, 

PA). Sagittal, coronal, and axial images were acquired from the subjects while lying 

supine, using a double-echo steady-state sequence (DESS) and an eight-channel knee 

coil (resolution: 0.3x0.3x1 mm; flip angle: 25°, repetition time: 17 ms, echo time: 6 ms). 

Outlines of the femur, tibia and patella, as well as the footprints of the ACL and patellar 

tendon attachment sites, were segmented manually using solid-modeling software 

(Rhinoceros 4.0, Robert McNeel and Associates, Seattle, WA) (Figure 9A). These 

segmentations were compiled into 3D models of the joint (Figure 9B,C) (Kim et al., 2015; 

Li et al., 2005; Utturkar et al., 2013; Widmyer et al., 2013). The positions and shapes of 

the ligament attachment sites were confirmed in the three orthogonal imaging planes. 

Prior validation studies have demonstrated that this approach can locate the center of 

the ACL footprint to within 0.3 mm (Abebe et al., 2009; Taylor et al., 2013).  
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Figure 9: 3D models of the knee joint were created from magnetic resonance 
(MR) images and matched to biplanar radiographs of the knee in different lunge 

positions. A.) Outer margins of the femur, tibia, patella, and ligament attachment sites 
were outlined on the MR images. B.) The contours were compiled into wireframe 

models. C.) 3D mesh models were created from the wireframe models. D.) The bone 
models were positioned to match the fluoroscopic images captured during the lunges. 
E.) The matched models reproduce the in vivo position of the joint during each quasi-

static lunge. 

Following MRI, each subject’s knee was imaged from two orthogonal directions 

using biplanar fluoroscopes (BV Pulsera, Philips, The Netherlands) (Li et al., 2005), each 

with an image resolution of 1024×1024 pixels2. The subject posed in a single legged static 
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lunge position at various flexion angles. For each pose, subjects were guided on how to 

position their knee with a goniometer. The orthogonal fluoroscopic images were then 

imported into the solid-modeling software and positioned to recreate the biplanar 

fluoroscopic imaging setup. The 3D knee model was subsequently imported into this 

reconstructed environment. The model of each bone was moved separately within 6 

degrees-of-freedom until its projections onto the two imaging planes from the 

perspective of the fluoroscopic sources matched the outlines of bones as seen in the 

fluoroscopic images. Therefore, the in vivo positions of the bones during the lunges were 

reproduced (DeFrate et al., 2007; Taylor et al., 2013; Taylor et al., 2011; Utturkar et al., 

2013) (Figure 9D). Previous validation has shown that this method can measure 3D 

kinematics to within 0.1 mm and 0.3° (Caputo et al., 2009; DeFrate et al., 2006).  

After positioning the bones appropriately, knee joint angles (flexion angle and 

patellar tendon tibial shaft angle) and the length of the ACL were measured (DeFrate et 

al., 2007; Utturkar et al., 2013) (Figure 10). Flexion angle represents the angle between 

the long axes of the femur and tibia about the femoral transepicondylar axis (Figure 

10A). Patellar tendon tibial shaft angle represents the angle between the long axis of the 

tibia and the line of action of the patellar tendon (represented by a line connecting the 

centroid of its attachment site footprints on the patella and tibia) measured in the sagittal 

plane (Figure 10B). Positive angles indicate that the patellar tendon attachment site on 

the patella is oriented anterior to its attachment site on the tibia (Nunley et al., 2003). 
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ACL length was measured as the centroid to centroid distance between the footprints of 

the femoral and tibial attachment sites. All measurements were linearly interpolated 

from the data to represent values of each variable at flexion angles between 0° and 90° in 

increments in 15°. 

 

Figure 10: Knee joint angles (in degrees) were determined using a 
standardized coordinate system based on bony anatomy. A.) Flexion angle represents 

the angle between the long axes of the femur and tibia about the femoral 
transepicondylar axis. B.) Patellar tendon tibial shaft angle represents the angle 

between and the line of action of the patellar tendon (represented by a line 
connecting the midpoints of its attachment site footprints on the patella and tibia) 

measured in the sagittal plane. 
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Statistics were performed using Matlab (Mathworks, Natick, MA) with a 

significance level of p<0.05. Spearman rho rank correlations were performed between 

the variables (ACL length, flexion angle, and patellar tendon tibial shaft angle) for each 

subject individually. Means and standard deviations of the correlation coefficients across 

individuals are reported. 

3.3 Results 

ACL length decreased linearly with flexion angle, ranging from an average of 

27.8±2.4mm at 0° of flexion to an average of 24.0±1.9mm at 90° of flexion 

(mean±standard deviation). Furthermore, patellar tendon tibial shaft angle also 

decreased with flexion angle, ranging from 23.1±4.2° at 0° of flexion to -1.9±2.9° at 90° of 

flexion. Spearman rho rank correlations within each individual revealed that flexion 

angles were inversely correlated to both ACL length (rho=-0.94±0.07, Figure 11A) and 

patellar tendon tibial shaft angle (rho=-0.99±0.01, Figure 11B), all with p< 0.05. 

Furthermore, patellar tendon tibial shaft angle and ACL length were highly correlated 

within each subject individually, with the mean of these correlation coefficients across 

subjects being rho = 0.94±0.07, all with p<0.05. 
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Figure 11: The interaction between ACL length and patellar tendon tibial shaft 
angle. A.) ACL length was inversely correlated with flexion angle. B.) Patellar tendon 
tibial shaft angle was also inversely correlated with flexion angle. C.) Patellar tendon 

tibial shaft angle was significantly correlated with ACL length. D.) Example of the 
patellar tendon tibial shaft angle with the knee in extension and in flexion for one 

subject. 
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3.4 Discussion 

The present study used biplanar fluoroscopic imaging in combination with 3D 

models of the knee joint to measure in vivo ACL elongation, patellar tendon tibial shaft 

angle, and knee flexion angle. The findings of this study indicate that the patellar tendon 

tibial shaft angle, which is indicative of the relative magnitude of the shear component 

of force acting via the patellar tendon, and the length of the ACL are maximized as the 

knee is extended.  

The relationship between flexion angle and ACL length observed in this study is 

in line with previous data regarding in vivo ACL function (Englander et al., 2018; Li et 

al., 2005; Taylor et al., 2013; Taylor et al., 2011a; Utturkar et al., 2013). For example, Li et 

al. (Li et al., 2005) measured ACL length during knee flexion, and also determined that 

the length of the ACL decreased with increased flexion. Furthermore, Utturkar et al. 

(Utturkar et al., 2013) measured ACL length for various static knee postures, including 

the knee at full extension and at 30° of flexion. It was found that the ACL was 

significantly longer with the knee positioned in extension as compared to when the knee 

was flexed at 30°. Furthermore, ACL strain during dynamic activities such as jump 

landing (Taylor et al., 2011a) and gait (Englander et al., 2018; Taylor et al., 2013) have 

been characterized in vivo. These studies have found that while different loading 

conditions may influence ACL function, in general ACL strain is at its peak when knee 

flexion is minimal throughout these dynamic activities. Finally, these findings are also 
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congruent with studies that have used arthroscopically implanted strain gauges 

(Beynnon et al., 1992; Cerulli et al., 2003; Fleming et al., 2001; Lamontagne et al., 2008), 

which also demonstrate ACL elongation with knee extension.  

Furthermore, the significant inverse correlation between flexion angle and 

patellar tendon tibial shaft angle observed in this study is congruent with prior data that 

shows that the patellar tendon is aligned to generate anterior shear forces on the tibia 

when the knee is positioned at a low flexion angle (DeFrate et al., 2007; Nunley et al., 

2003). The more positive the patellar tendon tibial shaft angle, the more anterior the 

patellar tendon attachment on the patella is relative to its attachment on the tibia (Figure 

10B). At higher flexion angles, the patellar tendon tibial shaft angle is negative, and the 

patellar tendon is aligned to pull posteriorly on the tibia, thereby reducing anterior shear 

forces and loading on the ACL. Importantly, the strong inverse correlation between 

flexion angle and patellar tendon tibial shaft angle observed in this study and others 

(DeFrate et al., 2007; Nunley et al., 2003) indicates that when the knee is extended, 

vulnerability to ACL failure resulting from ACL elongation is compounded by the 

increased relative magnitude of anterior shear forces on the tibia acting via the patellar 

tendon. 

Additionally, prior studies have indicated that quadriceps activation may be a 

main component of anterior shear loading of the ACL when the knee is positioned at a 

low flexion angle. Specifically, multiple studies in cadavers have observed anterior tibial 
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translation in response to anterior shear forces caused by simulated quadriceps loading 

with the knee positioned at low flexion angles (Arms et al., 1984; Berns et al., 1992; 

DeMorat et al., 2004; Draganich and Vahey, 1990). Also to this point, a study using 

kinematic analysis, electromyography (EMG), and inverse dynamics to estimate joint 

forces and moments found that an important component of anterior tibial shear force 

included the integrated EMG activity of the vastus lateralis during a stop jump task (Sell 

et al., 2007). Furthermore, another EMG study suggested that greater pre-activity of the 

rectus femoris predicted increased peak external anterior shear force during single 

legged landings (Brown et al., 2014). Thus, these studies provide evidence for the 

hypothesis that the risk for a non-contact ACL injury increases when the knee is 

positioned close to extension, due to increased anterior shear forces on the tibia 

originating from the quadriceps. In line with this hypothesis, analysis of bone bruise 

patterns in patients with ACL injury have indicated that substantial anterior tibial 

translation may occur at the time of ACL injury, with the knee positioned at a low 

flexion angle (Kim et al., 2015; Owusu-Akyaw et al., 2018). Taken together with evidence 

from the present study, these findings suggest that in the case of a perturbation in 

normal motion patterns when the knee is positioned at a low flexion angle, there may be 

an increased likelihood of ACL injury due to the anterior shear loading on an already 

elongated ACL. 
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Future work toward understanding ACL injury mechanisms may include 

measurements of ACL elongation and patellar tendon orientation during dynamic 

activity (Englander et al., 2018; Miranda et al., 2011; Myers et al., 2011), further 

elucidating the motions that result in increased ACL loading (Taylor et al., 2011a). 

Furthermore, consideration of the influence of posterior tibial slope may further 

improve understanding ACL injury risk (Marouane et al., 2014; Marouane et al., 2015). 

Finally, the inclusion of female subjects in addition to males may improve 

understanding of sex-based differences in ACL injury risk (Arendt et al., 1999). 

To summarize, the results of this study show that the ACL is both elongated and 

the patellar tendon is oriented to increase the anterior shear component of force acting 

on the tibia when the knee is extended. Therefore, these findings support the hypothesis 

that landing with an extended knee is a scenario that puts the ACL at high risk for 

rupture (Cochrane et al., 2007; Griffin et al., 2006; Malinzak et al., 2001; Yu and Garrett, 

2007). Further research aimed at understanding factors that may increase the likelihood 

of an individual to utilize high risk motions during activity may be beneficial toward 

improving injury prevention.  
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4. Automatic registration of MRI-based joint models to 
high-speed biplanar radiographs for precise 
quantification of in vivo ACL deformation during gait 

This paper was published in the Journal of Biomechanics, Vol. 81, Issue 16, Pages 

36-44 on 11-16-2018 (Englander et al., 2018). The authors are Zoë A. Englander, John T. 

Martin, Pramodh K. Ganapathy, William E. Garrett, and Louis E. DeFrate. This paper 

describes the methodology we developed for obtaining dynamic in vivo skeletal 

kinematics and soft tissue deformations using 3D MRI based surface models of the knee 

joint and high-speed biplanar radiography. Furthermore, we describe the use of this use 

of this system in measuring ACL deformation during gait. 

4.1 Introduction 

Understanding dynamic in vivo knee joint kinematics is crucial for revealing 

mechanisms of injury and disease development. For example, understanding the 

mechanical behavior of the anterior cruciate ligament (ACL) during dynamic activity 

can provide information on knee positions that increase injury vulnerability, reveal 

injury-related changes in biomechanics, or inform design criteria for graft function. 

High-speed biplanar radiography has been developed to measure in vivo skeletal motion 

during dynamic activity (Anderst et al., 2009; Bey et al., 2006; Dennis et al., 2005; 

Farrokhi et al.; Nagai et al.; Scott et al., 2004; You et al., 2001). Several studies have 

utilized radiographic tracking of markers implanted in bone to quantify skeletal motion 

(Jessica et al., 2010; Jonsson et al., 1989; Kärrholm et al., 1988; Scott et al., 2004; Tashman 
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and Anderst, 2003). More recently, motion tracking has been accomplished by 

registering 3-dimensional (3D) bone models derived from computed tomography (CT) 

to radiographs (Anderst et al., 2009; Asano et al., 2001; Bey et al., 2006; Dennis et al., 

2005; Nagai et al., 2017; Tang et al., 2017; You et al., 2001).  

To extend these methodologies to the deformations of soft tissues, such as the 

ACL, 3D models of bone and soft tissue structures can be derived from magnetic 

resonance images (MRI) (Bischof et al., 2010; Carter et al.; Taylor et al., 2013; Taylor et al., 

2011a; Utturkar et al., 2013; Van de Velde et al., 2009; Wu et al., 2010). Specifically, in the 

case of measuring ACL deformations, the footprints of the ACL attachment sites on the 

femur and tibia can be visualized and modeled using MRI (Abebe et al., 2009; Taylor et 

al., 2013; Taylor et al., 2011a; Utturkar et al., 2013). Previous work has quantified ACL 

deformations for static knee postures using MRI-based 3D models manually registered 

to radiographs (Jordan et al., 2007; Utturkar et al., 2013). More recently, biplanar 

radiography has been combined with optical marker-based motion capture to quantify 

dynamic ACL deformation during gait (Taylor et al., 2013) and jump landing (Taylor et 

al., 2011a). ACL deformation has also been evaluated during the stance phase of gait, 

using MRI models manually registered to biplanar radiographs (Wu et al., 2010). 

The objectives of the present study were to develop a methodology for tracking 

in vivo joint mechanics using MRI-based models of bone and soft tissue automatically 

registered to biplanar radiographs, and to utilize this system to measure dynamic ACL 
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deformation during gait. For use in system development, 3D surface models of a 

cadaveric porcine femur and tibia were created from MRI using a previously validated 

technique (Van de Velde et al., 2009). Then, a calibration method was developed to 

define the geometry of the biplanar radiographic imaging system, and to unwarp 

inherent distortion in the radiographic images. Subsequently, automatic registration 

software was developed to register models of the bone to biplanar radiographs. We 

assessed the precision of this system by implanting the porcine joint with stainless steel 

beads, imaging it as it swung freely, and tracking the motion in two ways: 1.) by marker-

based tracking of the implanted stainless steel beads and 2.) using the automatic 

registration methodology. Finally, we applied this novel system to quantify in vivo ACL 

deformation during gait in healthy volunteers. 

4.2 Methods 

4.2.1 3D modeling of the porcine joint 

A cadaveric porcine knee joint was obtained from a local abattoir, with the 

femur, tibia, and all soft tissues intact. Sagittal plane MRIs were acquired using a 

double-echo steady-state (DESS) sequence (voxel size: 0.3×0.3×1.0 mm3, flip angle: 25°, 

TR: 17 ms, TE: 6 ms) on a Siemens 3T Trio Tim scanner (Abebe et al., 2009; Okafor et al., 

2014; Sutter et al., 2015). The outer contours of the femur and tibia were manually 

segmented from the sagittal MR images using solid-modeling software (Rhinoceros 4.0, 

Robert McNeel and Associates). Surface models, consisting of uniformly distributed 
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vertices and corresponding faces, were created from these contours (Coleman et al., 

2013; Van de Velde et al., 2009; Widmyer et al., 2013). 

4.2.2 Calibration of the high-speed radiography system and image 
unwarping 

The biplanar radiography system consists of two x-ray generators (EPS 45-80, 

EMD technologies), two x-ray tubes (G296, Varian), and two image intensifiers (41cm 

diameter, TH 9447 QX, Thales) which are coupled to two high-speed cameras (Phantom 

v9.1, Vision Research). Several calibration steps (Figure 12) were necessary to define the 

geometry of the imaging environment and unwarp inherent distortion from the 

radiographic images (Reimann and Flynn, 1992). Briefly, a source beam alignment tool 

(Figure 12A) was imaged on each intensifier (Figure 12B) and used to determine where 

the source beams intersect with their respective intensifiers (Figure 12C, red arrow). A 

spatial calibration plate was then imaged on both planes simultaneously. In post 

processing, a model of the spatial calibration plate was positioned such that its 

projections onto the intensifiers matched the radiographs; this determined the relative 

positions of the intensifiers and sources and defined the geometry of the imaging 

environment (Figure 12D).  
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Figure 12: Calibration consists of determining the geometry of the imaging 
environment and unwarping the radiographic images from inherent distortion.(A) A 
source beam alignment tool was (B) imaged on each intensifier. (C) Using this tool, 

the intersections of the source beams with their respective intensifiers were 
determined (red arrow). (D) A spatial calibration plate was imaged on both 

intensifiers and used determine the relative positions of the intensifiers and sources 
and define the geometry of the imaging environment. (E) To correct distortion in the 
radiographic images, an acrylic calibration plate consisting of 4,500 regularly spaced 
stainless steel beads was imaged on each plane, displayed here before (left) and after 

(right) unwarping. (F) Distortion error was defined as the distance between the 
centroid each bead in the radiograph and its known location on the calibration plate, 

displayed here before (left) and after (right) unwarping. 
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To correct inherent distortion in the radiographic images, an acrylic calibration 

plate consisting of 4,500 regularly-spaced stainless steel beads was imaged (Figure 12E, 

before (left) and after (right) unwarping). Distortion correction software written in 

MATLAB (Mathworks, Natick, MA) was used to align beads in the distorted image with 

their known locations. Beads in each distorted image were coarsely identified with an 

edge detection filter, and the centroid of each bead was refined by fitting the bead pixel 

intensities with a bivariate Gaussian function. The bead centroid was then defined as the 

mean of the Gaussian function (the position of the peak signal intensity). The image was 

then divided into 25 sections and, within each section, 2-dimensional (2D) image 

distortion was quantified by calculating the error between distorted bead positions and 

actual bead positions (Figure 12F, before and after unwarping). A set of orthogonal 

polynomials was fit to the error data and used to map the distorted bead positions to 

their actual positions. This solution was then applied to the radiographic images of the 

joints in motion to correct distortion. Twenty trials were performed to evaluate the 

precision of the unwarping procedure; the average error between the unwarped bead 

positions and the actual bead positions was 0.10 ± 0.02 pixels (31 ± 6 µm, mean ± 

standard deviation) over these trials.  

4.2.3 Automatic registration of 3D models to biplanar radiographic 
data 

Software was developed in MATLAB to enable automatic registration of the 

surface models of the bones to biplanar radiographs (Figure 13). The purpose of the 
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software is to calculate the 6 degrees-of-freedom (6DOF) parameters necessary to 

translate and rotate a bone surface model to match biplanar radiographs. The interface 

(Figure 13) allows the user to manipulate the MRI model manually to provide an initial 

condition for the optimization algorithm used in automatic registration (Figure 13, 

Manual Adjustment). The interface also allows the user to process the radiographs to 

facilitate registration by providing contrast enhancement, filtering, and edge detection 

options.  

 

Figure 13: The registration software automatically positions 3D surface models 
of bone such that the distances between the model vertices, projected onto the 

radiographs (blue points), and their corresponding nearest neighbor radiographic 
edge points (red points) are minimized. The interface allows the user to manipulate 

the MRI model manually (Manual Adjustment) to provide an initial condition for the 
optimization algorithm. The interface also allows the user to process the radiographs 

to facilitate registration by providing contrast enhancement, filtering, and edge 
detection options. The Edge Distance Limit defines how close the projected vertices 
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need to be to a radiographic edge point for them to be included in the optimization. 
The Parameter Limits provide constraints on how much the parameters can change 

from the initial condition during optimization.  

The registration consists of an optimization that iteratively applies combinations 

of 6DOF parameters to move the model in 3D space until its projections onto the 

intensifiers from the perspective of the sources match the biplanar radiographs. The 

combinations of 6DOF parameters tested at each iteration are guided by a constrained 

(Figure 13, Parameter Limits) Nelder-Mead simplex search algorithm (Lagarias et al., 

1998). The edges of the biplanar radiographic images are detected using an edge 

detection filter (Figure 13, red points). At each iteration, the vertices of the surface model 

are projected onto the radiographs (Figure 13, blue points). The optimization cost 

function calculates the distance between each projected model vertex and their nearest 

radiographic edge points. The goal of the optimization is to minimize this cost function 

by positioning the model such that the distances between the projected edge points and 

their nearest neighbor radiographic edge points are minimized on both radiographs 

simultaneously. This algorithm is feasible because the density of the projected model 

vertices is greatest around radiographic edges. Projected vertices that fall outside the 

field of view (FOV) or outside a user-specified distance (Figure 13, Edge Distance) from 

a radiograph edge point are ignored. This prevents the model from deviating from 

reasonable solutions, and allows for precise registration even when the joint is partially 

outside the FOV, occluded by another limb, or when the edge information of the 



 

76 

radiograph does not include the entirety of the edge of the bone. The stopping criteria 

for the optimization is that both the 6DOF parameters and cost function change by less < 

0.1% of their value between iterations. An example optimization is shown in Figure 14. 

Additional details regarding the optimization algorithm is presented in Appendix A. 

 

Figure 14: Example of the automatic registration software matching the porcine 
femur to a single set of biplanar radiographs. (A) The projected vertices (blue) do not 
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match the radiograph edges (red) prior to optimization (yellow arrows). (B) The 
optimization procedure is guided by a constrained Nelder-Mead algorithm which 

identifies the position that minimizes the weighted mean distance between the 
radiograph edge points and projected vertices (cost, arbitrary units). (C) After 

optimization, the projected vertices correspond to the edges of the radiographs. X, Y, 
and Z refer to translations (mm) and rX, rY, and rZ refer to rotations (°). 

Following an initial manual positioning of the model to generate an initial 

condition for the 6DOF parameters, optimization is performed. This procedure is 

performed for the first two biplanar radiographs in the series. Subsequent registrations 

for the remainder of the series are performed automatically. The initial condition for 

each of these optimizations is predicted by numerically estimating the derivative of the 

6DOF parameters from the two prior optimizations. 

4.2.4 System precision measurement 

The precision of the imaging system was assessed using a cadaveric porcine joint 

implanted with stainless steel beads (3 each in the femur and tibia). The joint was frozen 

to preserve the relative position of the femur and tibia. Images were acquired at a frame 

rate of 120 Hz, a per-frame exposure time of 1.5 ms, and a radiographic protocol of 75 

kVp and 160 mA. Images had a matrix size of 1152×1152 pixels, with a pixel size of 

0.3×0.3 mm. Three imaging trials consisting of 200 biplanar radiographs each were 

collected as the joint swung freely. For each trial, the positions of the femur and tibia 

were calculated in two ways: 1.) using marker-based tracking of implanted steel beads 

and 2.) using the automatic registration methodology. 
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Marker-based tracking provided an estimate of the overall tracking precision of 

the imaging system, and served as benchmark of precision to compare with the 

automatic registration method. Marker-based tracking was performed using an 

optimization procedure to position each bead within the imaging environment such that 

its projections onto the intensifiers matched the beads as they appeared in the 

radiograph. The centroids of these bead positions were calculated for both the femur 

and tibia, and the precision of the imaging system was defined as the standard deviation 

between these centroids. For the automatic registration precision measurement, the 

software was used to position the models of the femur and tibia. The series of 6DOF 

parameters obtained from automatic registration were filtered using a zero-phase fourth 

order low-pass Butterworth filter with a cutoff frequency of 10 Hz to reduce noise 

(Goyal et al., 2012), and the model was repositioned using the filtered parameters. 

Precision of automatic registration was defined as the standard deviation of the distance 

between the centroids of the femur and tibia over the set of images.  

4.2.5 In vivo ACL deformation during gait 

Institutional Review Board (IRB) approval was obtained for this study and 

subjects provided written consent prior to participation. Subjects had no history of 

injury or surgery to either knee. Right knees of 3 female and 1 male participant were 

imaged using MRI and high speed biplanar radiography (age range: 23-34 years, body 

mass index (BMI) range: 21.3- 24.9). Sagittal and coronal plane MRIs were acquired 
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using the previously described DESS sequence, with subjects lying supine with their 

knees relaxed (mean flexion angle: 15.1°±1.3°). The outer contours of the femur and tibia 

were outlined on the sagittal (Figure 15A) and coronal images (Figure 15B). ACL 

attachment sites were outlined on the coronal images (Figure 15B). These sagittal (Figure 

15C) and coronal (Figure 15D) contours were compiled into wireframe models and 

converted into 3D surface models consisting of uniformly spaced vertices and their 

corresponding faces. The coronal model was registered to the sagittal model to generate 

a surface model with an appropriately positioned ACL attachment site (Figure 15E). 

Orthogonal image sets were used to confirm the shape and position of the ACL. 

Previous validation studies have demonstrated that this approach can locate the center 

of the ACL footprint to within 0.3 mm (Abebe et al., 2009; Taylor et al., 2013). 

Additionally, the ACL attachment sites on the femur and tibia were divided into 

anteromedial (AM) and posterolateral (PL) bundles as described previously (Jordan et 

al., 2007; Utturkar et al., 2013). 
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Figure 15: 3D models of the knee joint were created from MR images. The 
outer contours of the femur and tibia were outlined on the (A) sagittal and (B) coronal 

plane images. (B) ACL attachment sites were outlined on the coronal plane images. 
These (C) sagittal and (D) coronal contours were compiled into wireframe models and 

converted into 3D surface models consisting of uniformly spaced vertices and their 
corresponding faces. (E) The coronal model was registered to the sagittal model to 
generate a surface model with an appropriately positioned ACL attachment site. 

During biplanar radiography, participants were positioned on a dual belt 

treadmill such that the knee joint was approximately centered within the FOV of both 

intensifiers. The same imaging speed and resolution as in the porcine joint validation 

study were used. Each in vivo experiment used a radiographic protocol not exceeding 

110 kVp/200 mA. Two 3 second trials were performed; this resulted in 540 ms of total x-

ray exposure per trial. To assess radiation risk to subjects, the radiation effective dose (a 
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weighted average of absorbed doses to bone surfaces, skin and soft tissues) was 

calculated by Duke Radiation Safety from the total skin entrance exposure and energy 

absorption by the tissues. The total effective dose was less than 0.14 millisievert per 

participant, which results in minimal risk (NCRP, 2010). Participants walked on the 

treadmill 5 minutes in order to practice keeping their joint within the FOV prior to 

imaging. Data was then collected as subjects walked at a speed of 1 m/s. Automatic 

registration was used to position the femur and tibia, thereby reproducing in vivo gait 

kinematics for each subject (Figure 16). 

 

Figure 16: 3D surface models of the femur and tibia were registered to biplanar 
radiographs using the automatic registration software (top). The kinematics of the 
joint, as well as the elongation of the ACL, were determined from the models their 

registered positions (bottom). 
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Flexion angle (°) and ACL length (mm) were measured from the models in their 

optimized positions for each biplanar radiograph collected during gait. Flexion angle 

was defined based on the orientation of the long axis of the tibia relative to the long axis 

of the femur, using the transepicondylar axis of the femur as the axis of rotation (Grood 

and Suntay, 1983; Taylor et al., 2013; Utturkar et al., 2013). The long axes of the femur 

and tibia were defined by cylinders fit to the shafts of the bones. The transepicondylar 

axis of the femur was set between the most medial and most lateral points of the femoral 

condyles. ACL length was defined as the straight line distance between the centroids of 

the ACL attachment sites on the femur and tibia. Heel strike was defined as the 

beginning (0%) and end (100%) if the of the gait cycle (Taylor et al., 2013). Flexion angle 

and ACL length were then interpolated to represent points ranging from 0 – 99% of the 

gait cycle in 1% increments to allow for comparison of data across subjects. ACL strain 

(%) was calculated as strain = l - l0 / l0 ×100%  (Fleming and Beynnon, 2004) where the 

reference length l0 was estimated as the ACL length measured from the MRI model in its 

unloaded position in the MR scan (Taylor et al., 2011a). Flexion angle (°) and ACL length 

(mm) at points ranging from 87-100% and 0-37% of the gait cycle were averaged across 

subjects. This portion of the gait cycle captures the end of swing phase, heel strike, 

loading, mid-stance, and terminal extension. 

Statistics were performed using SAS (version 9.4, SAS Institute, Cary, NC). 

Linear mixed models were carried out to test whether flexion angle (°) was a significant 
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predictor of ACL length (mm). The relationship between flexion angle and ACL length 

was quantified using a Spearman’s Rank correlation. The relationships between average 

overall ACL lengths and the average lengths of the AM and PL bundles were assessed 

using a Pearson correlation. 

4.3 Results 

4.3.1 System precision measurements using porcine knee joint 

The system precisions assessed using the marker-based tracking method were 46, 

42, and 45µm for each of the three trials. For automatic registration of the 3D models of 

the knee, the precisions were 73, 65, and 70µm for the same three trials. These precisions 

include the portions of the trials where the femur and/or tibia extend partially outside of 

the FOV. Average matching times for each trial were 6.5, 7.8, and 8.7s per image for the 

femur, and 6.3, 7.0, and 8.3s for the tibia. For the automatic registration of the porcine 

knee joint experiments, following an initial manual positioning of the femur and tibia, 

all trials were matched automatically using the software with no additional user input. 

These results are summarized in Table 2.  
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Table 2: Precision of spatial measurements using marker-based motion 
tracking and automatic registration. Computations were performed on a standard 2.79 

GHz 64-bit Intel Core i7 CPU with 16.0 GB of installed RAM. Matching times are 
presented as means ± st.dev. 

Trial 1 2 3 
System precision (marker-based motion tracking) (µm) 46 42 45 

Automatic registration precision (µm) 73 65 70 
Matching time per biplanar radiograph (femur) (s) 6.5 ± 1.0 7.8 ± 1.0 8.7 ± -1.9 
Matching time per biplanar radiograph (tibia) (s) 6.3 ± 1.1 7.0 ± 1.0 8.3 ± -2.0 

Femur partially outside FOV (% of biplanar 
radiographs) 50 43 69 

Tibia partially outside FOV (% of biplanar radiographs) 60 25 80 

4.3.2 ACL deformation during gait 

The average ACL reference length (l0) used in strain calculations was 26.8±1.6mm 

(mean ± standard deviation), and subjects were positioned at a mean flexion angle of 

15.1±1.3° at the time of MR imaging. The average resting length for the AM bundle was 

29.4±2.4mm, and the average resting length for the PL bundle was 23.5±1.2mm. The 

means and standard deviations of flexion angle and ACL length at each percentage of 

the gait cycle are plotted in Figure 17. A minimum in flexion angle (-2.2 ± 6.7°) was 

observed at 97% of the gait cycle (Figure 17A), which was associated with a peak in ACL 

length (29.2 ± 2.9 mm) and a ACL strain of 9 ± 5% (Figure 17B). A second minimum in 

flexion angle (-6.3 ± 5.0°) was observed at 37% of the gait cycle (Figure 17A), 

accompanied by corresponding peaks in ACL length (29.2 ± 1.6 mm) and strain (9 ± 3%) 

(Figure 17B). The linear mixed model revealed that flexion angle was a significant 

predictor of ACL length (p < 0.0001), and ACL length ranked significantly (p < 0.0001) 

with flexion angle such that ACL length increased with increasing extension (rho = -0.68, 
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p<0.01). Both average AM (R2 = 0.99, p<0.01) and average PL (R2 = 0.99, p<0.01) bundle 

lengths and strains were linearly correlated with average overall ACL length. 

 

Figure 17: Flexion angle (°) and ACL lengths (mm) at points ranging from 87-
100% and 0-37% of the gait cycle in increments of 1% were averaged across subjects, 
with 0% and 100% of the gait cycle representing heel strike. The ACL was divided 
into its anteromedial (AM) and posterolateral bundles (PL). Means and standard 

deviations of flexion angle and overall ACL length are plotted. (A) A minimum in 
flexion angle (-2.2 ± 6.7°) was observed at 97% of the gait cycle (just prior to heel 

strike), and a second minimum (-6.3 ± 5.0°) was observed at 37% of the gait cycle. (B) 
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These minimums in flexion angle were associated with peaks in ACL length of 29.2 ± 
2.9mm, corresponding to an ACL strain of 9 ± 5%, and of 29.2 ± 1.6mm, corresponding 
to 9 ± 3% strain, respectively. Mean values of the AM (red) and PL (green) lengths are 

plotted. Both the AM and PL bundle lengths had a similar relationship to flexion 
angle as overall ACL length over the gait cycle. 

4.4 Discussion 

In the present study, we describe a method for quantifying skeletal kinematics 

and soft tissue deformations that combines MRI-based 3D surface models of the joint, 

high-speed biplanar radiography, and a novel automatic registration methodology. The 

use of MRI allows for modeling of soft tissues, such as the footprints of the ACL 

attachment sites on the femur and tibia, in addition to bony anatomy. We found that the 

automatic registration methodology presented here was able to track joint motion with 

high precision, even when bones extended partially outside the FOV. Using this system, 

we measured the in vivo mechanics of the ACL during gait.  

The results obtained in this study with regard to ACL deformation during gait 

are congruent with those present in the literature. Specifically, a study by Taylor et al. 

(Taylor et al., 2013) utilized a technique involving biplanar radiography in combination 

with MRI models and marker-based motion capture to measure knee flexion angle and 

ACL strain during gait. Minimums in flexion angle, accompanied by peaks in ACL 

strain occurring just prior to heel strike (~10%) and in mid-stance phase (~13%) were 

identified. While these results are similar in magnitude to those of the present study, the 

technique presented here is advantageous in that it removes potential for error 
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introduced by the movement of the optical markers on the skin relative to the 

underlying bone. The data presented in this study are also in line with a prior biplanar 

radiography study that measured knee flexion and ACL elongation at discrete intervals 

during the stance phase of gait, using manual positioning of MRI-based bone models to 

reproduce in vivo kinematics (Wu et al., 2010). Using a sampling rate of 30 Hz, the study 

by Wu et al. found peaks in the elongation of the AM and PL bundles of the ACL (~9%) 

around heel strike and during mid-stance (~12%). The automatic registration 

methodology described in the present study allows for efficient measurement of in vivo 

kinematics at a high spatial and temporal resolution.  

Similar to prior imaging studies of ACL function (Taylor et al., 2013; Wu et al., 

2010), the present study identified peaks in ACL length associated with knee extension 

just prior to heel strike and during the mid-stance phase of gait. The finding that ACL 

length and strain are maximized when the knee is in extension are also supported by in 

vivo studies utilizing arthroscopically implanted strain gauges (Cerulli et al., 2003; 

Fleming et al., 2001). The peak in ACL length just prior to heel strike may be related to 

activation of the quadriceps (Li et al., 1999) in anticipation of weight acceptance. To this 

point, studies have shown that quadriceps activation results in increased loading on the 

ACL due to anterior shear forces transmitted through the patellar tendon when the knee 

is positioned at low flexion angles (DeFrate et al., 2007; DeMorat et al., 2004; Draganich 

and Vahey, 1990; Dürselen et al., 1995; Markolf et al., 1995; Nunley et al., 2003). This 
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mechanism is consistent with the peak strains observed near the time of heel strike and 

in mid-stance in the work by Taylor et al. (Taylor et al., 2013), and in the present study. 

Thus, quadriceps activity during these portions of the gait cycle may increase strain on 

the ACL (Mesfar and Shirazi-Adl, 2005; Yu and Garrett, 2007). To further clarify this 

mechanism, future studies should evaluate in vivo ACL deformation in other dynamic 

physiological loading conditions, and examine these results in the context of 

musculoskeletal model studies of gait (Sharifi et al., 2017; Shelburne et al., 2004). 

In some in vitro studies, the AM bundle of the ACL has been shown to be tight in 

flexion and lax in extension, while the PL bundle has been described as tight in 

extension and lax in flexion (Girgis et al., 1975; Petersen and Zantop, 2007). Therefore, 

we measured AM and PL bundle deformations in the present study, and found that the 

AM and PL bundle deformations followed a similar relationship to flexion angle as 

overall ACL deformation throughout the gait cycle. This finding is congruent with 

previous in vivo studies of AM and PL bundle function (Jordan et al., 2007; Li et al., 

2004a; Utturkar et al., 2013; Wu et al., 2010), which also indicated that the AM and PL 

bundles did not appear to have reciprocal function in vivo.  

The automatic registration methodology presented here is unique in that it 

utilizes MRI-based surface models of the joint, enabling modeling of soft tissue 

structures in addition to bony anatomy. Importantly, the tracking precisions measured 

in the validation portions of this study are in line with those reported for tracking 
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methodologies that utilize CT-based models (Bey et al., 2006; Tashman and Anderst, 

2003; You et al., 2001) as both CT- and MRI-based tracking allow for sub-millimeter 

precision. However, the use of MRI-based surface models provides both 

computationally efficient and precise model registration, enabling the measurement of 

ACL length and strain during dynamic activity. 

Understanding the in vivo biomechanics of the knee joint is key to revealing 

mechanisms of knee injury (i.e. anterior cruciate ligament rupture) and development of 

disease (i.e. post-traumatic osteoarthritis), as well as important for design criteria of graft 

function. The methodology presented here represents a comprehensive system for 

obtaining bone kinematics and soft tissue deformations that is both fast and precise. This 

system can be used in the future to quantify deformations in other soft tissues during 

dynamic activity. 
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5. In vivo elongation and relative strain of the ACL and 
its bundles during the full gait cycle investigated using 
MRI and high-speed biplanar radiography 

This paper is under review at the Journal of Biomechanics (Englander et al., 

2019d). The authors are Zoë A. Englander, William E. Garrett, Charles E. Spritzer, and 

Louis E. DeFrate. This paper describes the use of the technique described in Chapter 4 to 

obtain measurements of in vivo ACL function throughout the full gait cycle.  

5.1 Introduction 

There is presently very limited in vivo data to describe how the ACL functions 

throughout the gait cycle, which is a common activity of daily living (Taylor et al., 2013; 

Wu et al., 2010). Improved understanding of how the ACL functions to stabilize the knee 

joint during gait may help inform design criteria for grafts used in ACL reconstruction. 

Reconstructions that mimic native ACL function may reduce potential gait deficits in the 

injured knee (Abebe et al., 2011; Andriacchi and Dyrby, 2005; Berchuck et al., 1990; Gao 

and Zheng, 2010; Georgoulis et al., 2003; Tashman et al., 2007) and the subsequent risk of 

cartilage degeneration (Andriacchi and Mundermann, 2006; Andriacchi et al., 2004; 

DeFrate, 2017). Furthermore, such information may be useful in the design of 

rehabilitation (Heijne et al., 2004) and injury prevention protocols (Fleming et al., 2000), 

as well as in the creation of mathematical models of ACL function (Weinhandl et al., 

2016). 
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Biplanar radiography and magnetic resonance (MR) imaging have recently been 

utilized in an integrated fashion to investigate ACL function in vivo. In this technique, 

3D models of the knee joint derived from MR images are combined with biplanar 

radiographs to reproduce the in vivo positions of the joint and estimate ACL elongation 

and relative strain for various knee postures or motions (Englander et al., 2018; Li et al., 

2004a; Taylor et al., 2013; Taylor et al., 2011a; Utturkar et al., 2013). Specifically, these 

joint models consist of the femur, tibia, and associated ACL attachment site footprints. 

By registering the bone models to the biplanar radiographs, the positions of the bones at 

the time of radiographic imaging can be determined (Utturkar et al., 2013). ACL length 

is then estimated by measuring the centroid to centroid distances between the ACL 

attachment site footprints for each knee position (Li et al., 2005). Furthermore, functions 

of the anteromedial (AM) and posterolateral (PL) bundles of the ACL can be 

investigated similarly by further dividing the attachment site footprints accordingly 

(Englander et al., 2019b; Jordan et al., 2007; Li et al., 2004a; Petersen and Zantop, 2007; 

Utturkar et al., 2013).  

These techniques have been used in several studies to quantify in vivo ACL 

lengths for static or quasi-static knee postures (Li et al., 2004a; Utturkar et al., 2013) and 

during the stance phase of gait (Wu et al., 2010). Additionally, ACL deformation during 

dynamic activities has been measured by integrating 3D models and static biplanar 

radiographs with kinematic data obtained using optical marker-based motion capture 
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(Taylor et al., 2013; Taylor et al., 2011a). More recently, a technique has been developed 

to achieve automatic registration of MR-based bone models to high-speed biplanar 

radiographs (Englander et al., 2018). This technique is particularly advantageous in 

measuring dynamic ACL deformations with high precision in that it removes potential 

for error that may be introduced by the movement of optical markers on the skin relative 

to the underlying bone while maintaining a high temporal resolution. As a proof of 

concept, this automatic registration technique has recently been applied to estimate ACL 

lengths during the stance phase of gait (Englander et al., 2018).  

The present study builds upon these principles to estimate overall ACL length 

and relative strain, as well as AM and PL bundle lengths, during the entire gait cycle. 

The goal of this study was to improve understanding of how the ACL functions 

dynamically during this common activity. Based on prior literature, we hypothesized 

that ACL length and relative strain would be related to knee flexion angle throughout 

the gait cycle (Taylor et al., 2013), and that the AM and PL bundle lengths would show a 

similar relationship to flexion angle as overall ACL length (Wu et al., 2010). 

5.2 Materials and Methods 

10 healthy subjects (3 female and 7 male, body mass index (BMI): 24.3±2.0 kg/m2, 

Age: 28.6±3.4 years, mean ± standard deviation) with no previous history of lower 

extremity injury or surgery prior to testing were evaluated using an IRB approved 

protocol. All subjects provided written informed consent. The right knee of each subject 
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was imaged using a 3T magnetic resonance imaging (MRI) scanner (Trio Tim, Siemens 

Medical Solutions USA). Sagittal, coronal, and axial images were acquired from the 

subjects while lying supine, using a high resolution double-echo steady-state sequence 

(DESS) and an eight-channel knee coil (resolution: 0.3x0.3x1 mm; flip angle: 25°, 

repetition time: 17 ms, echo time: 6 ms). Outlines of the femur and tibia, as well as the 

footprints of the ACL attachment sites on the femur and tibia were segmented manually 

using solid-modeling software in all three planes (Rhinoceros 4.0, Robert McNeel and 

Associates) (Figure 18). These segmentations were compiled into 3D models of the joint 

(Geomagic Inc.) (Abebe et al., 2009; Collins et al., 2018; Kim et al., 2015; Li et al., 2005; 

Owusu-Akyaw et al., 2018). The positions and shapes of the ligament attachment sites 

were confirmed in the three orthogonal imaging planes. Prior validation studies have 

demonstrated that this approach can locate the center of the ACL footprint to within 

0.3±0.2 mm (mean ± standard deviation) (Abebe et al., 2009; Taylor et al., 2013).  
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Figure 18: 3D models of the knee joint were created from MR images. The 
outer contours of the femur and tibia were outlined in double echo steady state 

(DESS) magnetic resonance (MR) images in the (A) sagittal plane (B) coronal plane 
and axial plane (not shown). (B) ACL attachment sites were outlined in the coronal 
plane. These contours were compiled into wireframe models (C, D) and converted 

into 3D surface models of the femur and tibia and associated ACL attachment sites. 
(E) The coronal model was registered to the sagittal model to generate a surface model 
with an appropriately positioned ACL attachment site. ACL attachment site locations 

were confirmed in all three planes. 
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Additionally, the ACL attachment sites on the femur and tibia were divided into 

anteromedial (AM) and posterolateral (PL) bundles as described previously (Jordan et 

al., 2007; Utturkar et al., 2013) (Figure 19). Specifically, we estimated the AM and PL 

bundle subdivisions by dividing the overall ACL attachment site footprints along a 

diagonal axis such that half of the footprint surface area was contained in the anterior 

and medial aspect of the attachment site and half was contained within the posterior and 

lateral aspect of the attachment site. 

 

Figure 19: Example of estimated divisions of the ACL attachment site 
footprints into its anteromedial and posterolateral bundles. 
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Following the MRI acquisition, the subjects were imaged using a high-speed 

biplanar radiography system consisting of two x-ray generators (EMD Technologies), 

two x-ray tubes (G296, Varian), and two image intensifiers (41 cm diameter, TH 9447 

QX, Thales) which are coupled to two high-speed cameras (Phantom v9.1, Vision 

Research). Each radiograph had a resolution of 1152×1152 pixels2. First, the positions of 

the sources and intensifiers were adjusted in order to ensure that the full gait cycle could 

be captured within the field of view (FOV) without interference from the contralateral 

leg. Next, calibration images were acquired in order to map the geometry of the imaging 

set up, as described previously (Englander et al., 2018). A calibration plate consisting of 

4500 regularly spaced stainless steel beads was imaged on each intensifier. These images 

were used to correct for the inherent distortion in the radiographs (Reimann and Flynn, 

1992) in post-processing, as previously described (Englander et al., 2018). 

Subjects ambulated at a speed of 1m/s on an instrumented dual belt treadmill 

(Bertec) that was used to record ground reaction force (GRF) at a sampling rate of 1200 

Hz. High-speed biplanar radiographs were obtained at a frame rate of 120 Hz as the 

subject walked. Approximately two seconds of radiographic data were collected for each 

trial. The data was then inspected to ensure that neither of the bones extended entirely 

outside of the FOV of the imaging system, although the trial was considered valid if the 

femur and/or tibia extended partially outside of the FOV (Englander et al., 2018). A 

second trial was recorded only if this condition was violated, in order to minimize 
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radiation exposure to the participant.  Each in vivo experiment used a radiographic 

protocol not exceeding 110 kVp/200 mA. To assess radiation risk to subjects, the 

radiation effective dose (a weighted average of absorbed doses to bone surfaces, skin 

and soft tissues) was calculated by Duke Radiation Safety from the total skin entrance 

exposure and energy absorption by the tissues. The total effective dose was found to be 

less than 0.14 mSv per participant, which is comparable to the effective dose from 

fluoroscopy-guided clinical hip procedures (about 0.3 mSv) and is considerably less than 

the annual natural background radiation in the US (2.4 – 3.1 mSv) (Budd et al., 2012; 

Mettler Jr et al., 2009; NCRP, 2010). 

Following data collection, the 3D bone models, the calibration images, and 

biplanar radiographs were imported into custom registration software (Englander et al., 

2018).  Subsequently, the software was employed to move each bone separately within 6 

degrees-of-freedom until its projections onto the two imaging planes from the 

perspective of the radiographic sources matched the outlines of bones as seen in the 

radiographs (Figure 20). Previous validation of this technique has shown to have a 

precision of approximately 70 µm in measuring the relative distances between two 

matched bones (Englander et al., 2018). 
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Figure 20: To reproduce the positions of the knee joint during gait, each bone 
was moved separately within 6 degrees-of-freedom until its projections onto the two 

imaging planes from the perspective of the radiographic sources matched the bones as 
seen in the radiographs. Previous validation of this technique has shown to have a 
precision of approximately 70 μm in measuring the relative distances between two 

matched bones. 

After reproducing the in vivo positions of the bones during the full gait cycle 

(Figure 21), knee flexion angle and the length of the ACL were estimated using a 

standardized anatomic coordinate system (Englander et al., 2019b; Grood and Suntay, 

1983; Utturkar et al., 2013). Flexion angle represents the angle between the long axes of 

the femur and tibia about the femoral transepicondylar axis. ACL length was estimated 

as the centroid to centroid distance between the footprints of the femoral and tibial 

attachment sites (Li et al., 2005). Since is it difficult to measure the slack-taut transition of 

a ligament in living subjects (Fleming and Beynnon, 2004), ACL relative strain was 



 

99 

defined as the length of the ACL in each knee position during the dynamic activity 

normalized to the length of the ACL in its minimally loaded state during MR imaging 

(Taylor et al., 2013). Similarly, the lengths of the AM and PL bundles were estimated as 

the centroid-to-centroid distances between their attachment site footprints on the femur 

and tibia. 

 

Figure 21: The in vivo positions of the bones were reproduced during the gait 
cycle (example of a single subject). Using the ground reaction forces (GRF), heel strike 

(designed as 0% and 100% of the gait cycle) was identified and the data was 
normalized to between 0 and 100% of the gait cycle in increments of 2% to enable 

comparison across subjects.  

Heel strikes were determined from the vertical component of the GRF. 

Specifically, the heel strikes (designated as 0% and 100% of gait) were defined as first 

point where force registered on the force plate after the swing phase of gait.  All 
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measurements were interpolated from the data to represent values of each variable as a 

function of % gait cycle in 2% increments. This normalization procedure was performed 

in order to allow for comparison of data across subjects. 

Data analysis was performed using Matlab (version R2016B, Mathworks, Natick 

MA). A Spearman-rho rank correlation was performed to test for a relationship between 

mean ACL length and mean flexion angle throughout the gait cycle. Furthermore, the 

relationships between mean AM and PL bundle lengths and mean flexion angle, as well 

as mean AM and mean PL bundle lengths were quantified similarly. Relationships were 

deemed statistically significant with p<0.05. 

5.3 Results 

The average overall ACL length measured at the time of MR imaging was 

27.3±3.5 mm (mean ± standard deviation). These resting overall ACL lengths were used 

in relative strain calculations for each subject. The knee flexion angle at the time of MR 

imaging was 8 ± 2°. The average AM bundle and PL bundle lengths at the time of MR 

imaging were 29.4±3.8mm and 25.0±2.1mm, respectively. The means and standard 

deviations of flexion angle and ACL length as a function of the percentage of the motion 

cycle are plotted in Figure 22. Local maxima in ACL length and relative strain were 

observed during midstance (length = 28.5±2.6 mm, relative strain = 5±4%, mean ± 

standard deviation), and during heel strike (length = 30.5±3.0 mm, relative strain = 
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12±5%) when the knee was positioned at low flexion angles (-2±8° and -4±10° 

respectively). 

 

Figure 22: Flexion angle and ACL length are shown as a function of % gait 
cycle. Flexion angle and ACL length are shown as a function of % gait cycle. Increased 

ACL length and relative strain were observed during midstance (length = 28.5±2.6 
mm, relative strain = 5±4%, mean ± standard deviation), and during heel strike (length 

= 30.5±3.0 mm, relative strain = 12±5%) when the knee was positioned at low flexion 
angles (-2±8° and -4±10°, respectively). ACL relative strain is defined as the length of 
the ACL in each knee position during the motion cycle normalized to the length of 

the ACL in its minimally loaded state during MR imaging. 



 

102 

Furthermore, Spearman’s rho correlation demonstrated a significant inverse 

relationship between overall ACL length and flexion angle (rho=-0.87, p<0.001), such 

that mean ACL length generally increased with knee extension throughout gait. 

Furthermore, both AM and PL bundles lengths were significantly negatively correlated 

with flexion angle (rho=-0.86, p<0.001 and rho = -0.82, p<0.001) (Figure 23). AM and PL 

bundle lengths were highly correlated with each other (rho = 0.90, p<0.001) (Figure 24).  

 

Figure 23: Relationships between ACL lengths and flexion angle throughout 
gait. Spearman’s rho correlation demonstrated a significant inverse relationship 

between overall ACL length and flexion angle (rho=-0.87, p<0.001), such that mean 
ACL length generally decreased with increasing mean knee flexion throughout gait. 

Furthermore, both AM and PL bundles lengths were significantly inversely correlated 
with flexion angle (rho=-0.86, p<0.001 and rho = -0.82, p<0.001).  
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Figure 24: AM and PL bundle strains were highly correlated with each other 
(rho = 0.90, p<0.001) throughout gait. 

5.4 Discussion 

The present study integrated 3D models of the knee joint created from MR 

images with high-speed biplanar radiographs (Englander et al., 2018) to estimate in vivo 

ACL lengths and relative strains during the full gait cycle. Local maxima in ACL length 

and relative strain were observed during midstance and at heel strike, when the knee 

was positioned near extension. Furthermore, this study identified a significant inverse 

relationship between knee flexion angle and ACL length, such that ACL length generally 

increased with decreased flexion angle. This relationship held for the overall ACL 

lengths, as well as the AM and PL bundle lengths individually. Furthermore, AM and 

PL bundle lengths were highly correlated with each other throughout gait. This study is 



 

104 

significant in that here we report in vivo lengths of the ACL and its bundles throughout 

the entire gait cycle.  

The findings of this study are in line with the present literature regarding in vivo 

ACL function during gait (Englander et al., 2018; Taylor et al., 2013; Wu et al., 2010). 

Specifically, Wu et al. (Wu et al., 2010) measured ACL elongation during the stance 

phase of gait and also demonstrated peaks in both AM and PL bundle lengths associated 

with midstance and heel strike, similar to the data presented here. Additionally, Taylor 

et al. (Taylor et al., 2013) utilized marker-based motion capture, MR imaging, and static 

biplanar radiography to measure ACL elongation throughout the gait cycle. Also in 

consilience with the present study, this study identified two peaks in ACL elongation, 

the first during midstance and the second associated with heel strike. Importantly, the 

studies by Wu et al. (Wu et al., 2010) and Taylor et al. (Taylor et al., 2013) were further in 

agreement with the data presented here in that that they identified a strong inverse 

correlation between knee flexion angle and ACL length, with peaks in ACL length and 

strain occurring when the knee was positioned in low flexion angles. Additionally, the 

present study complements the prior literature in that the direct registration of the bone 

models to high-speed biplanar radiographs eliminates potential for error associated with 

the kinematic markers moving relative to the underlying bone that may occur using 

motion capture techniques. Furthermore, this study provides measures of ACL function 

throughout the gait cycle at a high temporal resolution.  
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The finding that ACL length is inversely related to knee flexion angle is similar 

to previous in vivo studies that have used arthroscopically implanted strain gauges 

(Cerulli et al., 2003; Fleming et al., 2001; Lamontagne et al., 2008) and imaging 

techniques (Englander et al., 2019c; Taylor et al., 2013; Taylor et al., 2011a; Utturkar et al., 

2013) to show that ACL length increases with knee extension for various knee postures 

or motions. While joint loading during gait involves complex dynamic 3D loading 

conditions (including joint compression (Marouane et al., 2014; Marouane et al., 2015; 

Meyer and Haut, 2005, 2008; Shelburne et al., 2004; Torzilli et al., 1994)), a potential 

mechanism of ACL elongation with knee extension involves the relationship between 

flexion angle and the orientation of the patellar tendon. Specifically, in vivo imaging 

studies have indicated that the patellar tendon is oriented such that quadriceps 

activation generates anteriorly directed shear force on the tibia when the knee is 

positioned at a low flexion angle (DeFrate et al., 2007; Englander et al., 2019c; Nunley et 

al., 2003). As a primary function of the ACL is to resist anterior tibial translation (Butler 

et al., 1980), increased force through quadriceps activation acting via the patellar tendon 

when the knee is extended can result in increased anterior tibial shear and loading of the 

ACL. In line with this hypothesis, there have been several cadaveric studies 

demonstrating increased ACL strain with simulated quadriceps contraction with the 

knee positioned at a low flexion angle (DeMorat et al., 2004; Draganich and Vahey, 1990; 

Mesfar and Shirazi-Adl, 2005). Furthermore, with regard to increases in ACL length 
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observed during heel strike and midstance, EMG studies have indicated that the 

quadriceps fire prior to heel strike and continue to be activated in at the beginning of 

stance phase during weight acceptance (Huber et al., 2011; Shelburne et al., 2004).  

With regard to ACL bundle function, previous cadaveric studies have suggested 

that the two bundles of the ACL behave reciprocally, with the posterolateral (PL) bundle 

being taut at low flexion angles and the anteromedial (AM) bundle being taut at high 

flexion angles (Girgis et al., 1975; Petersen and Zantop, 2007). In contrast, the data in the 

present study demonstrate that the inverse correlation between ACL length and flexion 

holds for both the AM and PL bundles throughout gait. However, the findings of the 

present study are consistent with previous in vivo data showing that the bundles of the 

ACL function in parallel (Englander et al., 2018; Jordan et al., 2007; Utturkar et al., 2013; 

Wu et al., 2010), rather than with reciprocity.  

Abnormal gait kinematics can occur as a result of ACL injury (Andriacchi and 

Dyrby, 2005; Georgoulis et al., 2003), which may persist even after ACL reconstruction 

(Georgoulis et al., 2007; Tashman et al., 2007). Interestingly, Andriacchi et al. (Andriacchi 

and Dyrby, 2005) measured altered tibial rotation and anterior translation in ACL 

deficient patients as the knee extended just prior to heel strike, which is the same period 

of the gait cycle where we measured peaks in ACL length and relative strain in the 

present study. Thus, the findings of the present study may help explain altered gait 

kinematics related to ACL deficiency. Importantly, some studies have suggested that the 
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mechanics of the knee joint during walking can influence the health of the articular 

cartilage (Andriacchi and Mundermann, 2006; Andriacchi et al., 2004). Specifically, 

abnormal cartilage loading after ACL injury may contribute to cartilage degeneration 

and osteoarthritis (OA) (Andriacchi and Mundermann, 2006; DeFrate, 2017; Sutter et al., 

2018). Therefore, data describing how the native ACL functions during gait may inform 

reconstruction techniques that mimic physiologic ACL function and help reduce the 

long term consequences of this injury. In particular, the in vivo data presented in this 

study suggests that if a double bundle reconstruction is performed, during gait both 

bundles should be taut with the knee in extension. Additionally, this technique may also 

be utilized in the future to assess the efficacy of ACL reconstructions in reproducing 

physiologic ACL function after reconstructive surgery during gait and other activities of 

daily living.  Furthermore, this data may be useful in the design of rehabilitation and 

injury prevention protocols, as well as in the creation of mathematical models of ACL 

function. 

It is important to note that in this study ACL relative strain was approximated by 

normalizing ACL length to the reference length measured in a minimally loaded, 

extended position during MR imaging. However, in general it is difficult to know 

precisely the true unloaded reference length of the ACL in vivo since it cannot support 

axial compression. Although when estimating relative strain in this way there remains 

some uncertainty in the unloaded length of the ACL (Fleming et al., 1994), peaks in the 
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estimated and true strains should occur concurrently. Thus, the estimate of the reference 

length should not affect the overall findings of this study. 

In summary, we registered 3D models of the knee joint derived from MR images 

to high-speed biplanar radiographs of gait using a novel registration technique. We 

reproduced the in vivo positions of the bones and associated ACL attachment site 

footprints, and measured AM bundle, PL bundle, and overall ACL lengths and relative 

strain throughout the gait cycle. Our main findings were that overall ACL length and 

relative strain, as well as AM and PL bundle lengths, increased at heel strike and during 

midstance, when the knee was in an extended position. Furthermore, we demonstrated 

that overall ACL length, as well as AM and PL bundle lengths, are inversely correlated 

with knee flexion throughout the gait cycle, indicating that the AM and PL bundles do 

not act with reciprocal function in vivo. This study may provide valuable information to 

improve ACL reconstruction techniques and prevent the long term degeneration of knee 

cartilage that is prevalent after ACL injury.  
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6. Reconsidering reciprocal function of the anteromedial 
and posterolateral bundles of the anterior cruciate 
ligament during in vivo gait 

This paper is in preparation for American Journal of Sports Medicine (Englander 

et al., 2019f). The authors are Zoë A. Englander, Jocelyn Wittstein, William E. Garrett, 

Louis E. DeFrate. This paper uses the techniques described in Chapters 4 and 5 to show 

that the bundles of the ACL are unlikely to have reciprocal function during gait.  

6.1 Introduction 

Anterior cruciate ligament (ACL) reconstructive surgery is one of the most 

commonly performed sports medicine procedures (Collins et al., 2013; Csintalan et al., 

2008; Kim et al., 2011; Leathers et al., 2015; Lyman et al., 2009). The goal of ACL 

reconstruction is to restore the stability of the knee joint after ACL rupture. However, 

while reconstructive surgery has been shown to improve functional outcomes following 

ACL rupture, some studies have suggested that these procedures do not fully restore 

normal ACL function (Georgoulis et al., 2003; Georgoulis et al., 2007; Nordt et al., 1999; 

Papannagari et al., 2006a; Ristanis et al., 2003; Savio et al., 2002; Scanlan et al., 2010; 

Tashman et al., 2004) or prevent long term degenerative changes in the knee joint (Luc et 

al., 2014; Von Porat et al., 2004). Thus, in an effort to improve the efficacy of ACL 

reconstruction, there has been a focus on creating reconstruction techniques that more 

closely restore the anatomic function of the ACL (Abebe et al., 2009; Abebe et al., 2011; 

Cha et al., 2005; DeFrate, 2017; Kim et al., 2006; Kondo et al., 2008; Sakane et al., 1997). 



 

110 

It has been suggested that a double-bundle graft may more accurately reflect the 

structure of the native ACL and improve deficits in knee kinematics that may persist 

with a single-bundle ACL reconstruction (Cha et al., 2005; Kondo et al., 2008; Yagi et al., 

2002). These assertions are related to findings from cadaveric studies that have 

suggested that there may be two functional bundles of the ACL, defined as the 

anteromedial (AM) and posterolateral (PL) bundles, that have reciprocal function 

throughout the flexion path (Amis and Dawkins, 1991; Bach et al., 1997; Gabriel et al., 

2004; Girgis et al., 1975). Specifically, these studies have suggested that the PL bundle 

becomes relatively lax in flexion and taut in extension while the AM bundle becomes 

more taut in flexion and lax in extension (Amis and Dawkins, 1991). Furthermore, it has 

been suggested that the AM bundle functions mainly to resist anterior translation, while 

the PL bundle plays a greater role in restraining rotational motion (Gabriel et al., 2004; 

Sakane et al., 1997; Yagi et al., 2007). However, there is significant debate in the literature 

regarding subdivision organization in the ACL (Petersen and Zantop, 2007; Skelley et 

al., 2017). Specifically, while some cadaveric dissections have identified two or more 

distinct bundles (Amis and Dawkins, 1991; Norwood JR and Cross, 1977; Otsubo et al., 

2012), other studies have described the ACL as a continuum of numerous bundles 

(Arnoczky, 1983; Odensten and Gillquist, 1985). Furthermore, several recent in vivo 

imaging studies have suggested that AM and PL bundle lengths have a similar 

relationship to flexion angle as does the length of the ACL overall, with both bundles 
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being elongated in extension and less elongated in flexion (Englander et al., 2018; Jordan 

et al., 2007; Li et al., 2004a; Utturkar et al., 2013; Wu et al., 2010; Yoo et al., 2010). 

Therefore, in order to further investigate the in vivo bundle structure of the ACL, 

we utilized high-speed biplanar radiography integrated with models of the knee joint 

derived from magnetic resonance (MR) images to reproduce the in vivo positions of the 

femur and tibia and associated ACL attachment site footprints during the full gait cycle 

in 6 healthy subjects. From these reconstructed knee positions, we determined the 

overall length of the ACL by measuring the centroid to centroid distances between the 

attachment site footprints. We then simulated the lengths of 1000 different ACL 

subdivisions by randomly sampling locations on the femoral and tibial attachment site 

surfaces, and measuring the distances between each location. We hypothesized that the 

lengths of the simulated ACL bundles would be highly positively correlated with overall 

ACL length throughout gait. Furthermore, we hypothesized that the lengths of the 

bundles that originated and terminated in the anterior and medial aspects of the ACL 

(simulated AM bundles) would be positively correlated with the lengths of the bundles 

that originated and terminated in the posterior and lateral aspects of the ACL (simulated 

PL bundles). 

6.2 Methods 

6 healthy male subjects (body mass index (BMI): 25.5±1.2 kg/m2, Age: 29.2±3.8 

years mean ± standard deviation) with no previous history of lower extremity injury or 
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surgery prior to testing were evaluated using an IRB approved protocol. All subjects 

provided written informed consent. The right knee of each subject was imaged using a 

3T magnetic resonance imaging (MRI) scanner (Trio Tim, Siemens Medical Solutions 

USA, Malvern, PA). Sagittal, coronal, and axial images were acquired from the subjects 

while lying supine, using a double-echo steady-state sequence (DESS) and an eight-

channel knee coil (resolution: 0.3x0.3x1 mm; flip angle: 25°, repetition time: 17 ms, echo 

time: 6 ms). Outlines of the femur and tibia, as well as the footprints of the ACL 

attachment sites on the femur and tibia were segmented manually using solid-modeling 

software in all three planes (Rhinoceros 4.0, Robert McNeel and Associates, Seattle, WA). 

These segmentations were compiled into 3D models of the joint (please see Chapter 5 

Figure 18). This modeling procedure has been described in several prior studies (Collins 

et al., 2018; Englander et al., 2018; Kim et al., 2015; Li et al., 2005; Owusu-Akyaw et al., 

2018). The positions and shapes of the ligament attachment sites were confirmed in the 

three orthogonal imaging planes. Prior validation studies have demonstrated that this 

approach can locate the anatomic center of the ACL footprint to within 0.3±0.2 mm 

(Abebe et al., 2009; Taylor et al., 2013). 

Following the MR image acquisition, the subjects were imaged using a high-

speed biplanar radiography system consisting of two x-ray generators (EMD 

Technologies), two x-ray tubes (G296, Varian), and two image intensifiers (41 cm 

diameter, TH 9447 QX, Thales) which are coupled to two high-speed cameras (Phantom 
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v9.1, Vision Research). Each radiograph had a resolution of 1152×1152 pixels2. First, the 

positions of the sources and intensifiers were adjusted in order to ensure that the full 

gait cycle could be captured within the field of view (FOV) without interference from the 

contralateral leg. Next, calibration images were acquired in order to map the geometry 

of the imaging set up, as described previously (Englander et al., 2018). A calibration 

plate consisting of 4500 regularly spaced stainless steel beads was imaged on each 

intensifier. These images were used to correct for the inherent distortion in the 

radiographs (Reimann and Flynn, 1992) in post-processing, as previously described 

(Englander et al., 2018). 

Subjects ambulated at a speed of 1 m/s on a dual belt treadmill (Bertec). High-

speed biplanar radiographs were obtained at a frame rate of 120 Hz as the subject 

walked. Approximately two seconds of radiographic data was collected for each trial. 

The data was then inspected to ensure that neither of the bones extended entirely 

outside of the FOV of the imaging system, although the trial was considered valid if the 

femur and/or tibia extended partially outside of the FOV (Englander et al., 2018). A 

second trial was recorded only if this condition was violated, in order to minimize 

radiation exposure to the participant. Each in vivo experiment used a radiographic 

protocol not exceeding 110 kVp/200 mA. To assess radiation risk to subjects, the 

radiation effective dose (a weighted average of absorbed doses to bone surfaces, skin 

and soft tissues) was calculated by Duke Radiation Safety from the total skin entrance 
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exposure and energy absorption by the tissues. The total effective dose was found to be 

less than 0.14 mSv per participant, which is comparable to the effective dose from 

fluoroscopy-guided clinical hip procedures (about 0.3 mSv) and is considerably less than 

the annual natural background radiation in the US (2.4 – 3.1 mSv) (Budd et al., 2012; 

Mettler Jr et al., 2009; NCRP, 2010). 

Following data collection, the 3D bone models, the calibration images, and 

biplanar radiographs were imported into custom registration software (Englander et al., 

2018). Subsequently, the software was employed to move each bone separately within 6 

degrees-of-freedom until its projections onto the two imaging planes from the 

perspective of the radiographic sources matched the outlines of bones as seen in the 

radiographs (please see Chapter 5 Figure 20). Previous validation of this technique has 

shown to have a precision of approximately 70 µm in measuring the relative distances 

between two matched bones (Englander et al., 2018). 

 

Figure 25: The in vivo positions of the femur and tibia were reproduced 
throughout the gait cycle. 

Data analyses were performed using Matlab (version R2016B, Mathworks, 

Natick MA). After reproducing the in vivo positions of the bones during the full gait 
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cycle (Figure 25), the overall length of the ACL was determined for each knee position 

by measuring the distances between the attachment site centroids (Englander et al., 

2019b; Grood and Suntay, 1983; Utturkar et al., 2013). We then simulated the lengths of 

1000 possible ACL bundles by randomly sampling 1000 locations each on the femoral 

and tibial attachment site surfaces, and measuring the distances between these locations. 

Spearman rho rank correlations were performed between each of the 1000 simulated 

bundle lengths to the overall ACL bundle length throughout the gait cycle for each 

subject. Simulated bundles were then classified into simulated AM bundles, which 

originated and terminated in the anterior and medial aspects of the ACL attachment site 

footprints, and simulated PL bundles, which originated and terminated in the posterior 

and lateral aspects of the ACL attachment site footprints. Additionally, Spearman rho 

rank correlations were performed between the lengths of simulated AM bundles and the 

lengths of the simulated PL bundles. To account for multiple comparisons, a significance 

level threshold of p<5×10-5 was used, and average correlation coefficients across subjects 

were calculated using only correlations that reached statistical significance.  

Figure 26 shows an example in one subject of the overall ACL length measured 

as the centroid to centroid distance between ACL attachment site footprints (left) and a 

randomly selected 100 of the 1000 simulated ACL bundle lengths (right). Simulated 

bundle lengths that were significantly positively correlated with overall ACL length are 
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shown in red, and simulated bundle lengths that were negatively correlated with overall 

ACL length are shown in blue. 

 

Figure 26: An example in one subject of the overall ACL length measured as 
the centroid to centroid distance between ACL attachment site footprints (left) and a 
randomly sampled 100 of the 1000 simulated ACL bundle lengths (right).Simulated 

bundle lengths that were positively correlated with overall ACL length are shown in 
red, and simulated bundle lengths that were negatively correlated with overall ACL 

length are shown in blue. 

6.3 Results 

During gait, the minimum flexion angle was -6.8 ±10.0° (mean ± standard 

deviation across all 6 subjects), and the maximum flexion angle was 55.5±5.2°. The 

overall ACL length at the minimum flexion angle was 29.4 ± 2.1 mm as compared to 25.3 
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± 1.4 mm at the maximum flexion angle. Overall ACL length was significantly larger at 

the minimum flexion angle than at the maximum flexion angle with (p<0.05). The mean 

of all simulated AM bundle lengths at the minimum flexion angle was 33.3 ± 2.5 mm as 

compared to 31.6 ± 2.9 mm at the maximum flexion angle. The mean of all simulated PL 

bundle lengths at the minimum flexion angle was 27.3 ± 3.7 mm as compared to 22.1 ± 

1.7 mm at the maximum flexion angle. These results are summarized in Table 3. 

Table 3: Lengths of the ACL and simulated bundles at maximum and 
minimum flexion angles 

Minimum Flexion -6.8 ±10.0° 
Maximum Flexion  55.5±5.2° 

 Overall 
ACL 

Simulated AM 
Bundles 

Simulated PL 
Bundles 

Length at Minimum 
Flexion 

29.4 ± 2.1 33.3 ± 2.5 27.3 ± 3.7 

Length at Maximum 
Flexion 

25.3 ± 1.4 31.6 ± 2.9 22.1 ± 1.7 

 

Across all subjects, the ACL lengths measured from the 1000 simulated bundles 

were consistently positively correlated with overall ACL length (rho = 0.91±0.04, mean ± 

standard deviation of rho values across subjects, p<5×10-5). Figure 27 shows an example 

in one subject of the overall ACL length (red) and the length of the ACL derived from 

the 1000 simulated bundles (gray) during gait. 
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Figure 27: An example in one subject of the overall ACL length (red) and the 
length of the ACL derived from the 1000 simulated bundles (gray) during gait. 

Simulated bundle lengths were highly positively correlated with overall ACL length 
(rho = 0.91±0.04, mean ± standard deviation of rho values across subjects, p<5×10-5). 

Of the 1000 simulated bundles for each subject, 261±43 (mean±standard deviation 

across subjects) of them were classified as simulated AM bundles. These bundles were 

highly positively correlated with overall ACL length (rho = 0.86±0.07, p<5×10-5). 

Furthermore, 251±46 bundles were classified as simulated PL bundles. The simulated PL 
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bundles were also highly positively correlated with overall ACL length (rho = 0.89±0.04, 

p<5×10-5). The bundles that started in the anterior medial aspect of the femur and ended 

in the posterior lateral aspect of the tibia (or started in the anterior medial aspect of the 

tibia and ended in the posterior lateral aspect of the femur) were not included in this 

particular analysis, as they could not be classified as either simulated AM or simulated 

PL bundles. Importantly, the simulated AM and PL bundle lengths were highly 

positively correlated with each other over the entire gait cycle (rho = 0.81±0.09, p<5×10-5). 

6.4 Discussion 

The present study used the technique of integrating 3D models of the knee joint 

created from MR images with high-speed biplanar radiographs (Englander et al., 2018) 

to measure in vivo ACL lengths during the full gait cycle(Englander et al., 2019d). 

Overall ACL lengths, measured as the distances between ACL attachment site footprint 

centroids, were compared with ACL lengths measured from 1000 randomly generated 

simulated ACL bundles. ACL lengths derived from these simulated bundles were highly 

positively correlated with overall ACL length (rho = 0.91±0.04, p<5×10-5). Furthermore, 

simulated AM bundle lengths were consistently highly positively correlated with 

simulated PL bundle lengths (rho = 0.81±0.09, p<5×10-5). Therefore, findings of this study 

suggest that AM and PL bundle lengths are unlikely to have reciprocal function during 

gait, no matter how the AM and PL bundle insertion sites are defined within the 

footprint of the ACL attachment site.  
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The findings of this study are in line with several in vivo imaging studies that 

have used similar techniques as in this study to demonstrate that the AM and PL 

bundles function in parallel during various quasi-static and dynamic tasks (Englander et 

al., 2018; Jordan et al., 2007; Li et al., 2004a; Utturkar et al., 2013; Wu et al., 2010). 

Specifically, Jordan et al. measured AM and PL bundle lengths during quasi-static 

lunges of varying flexion angle (Jordan et al., 2007). This study found that both bundles 

decreased in length as knee flexion increased. Additionally, a study by Utturkar et al. 

(Utturkar et al., 2013) found that both the AM and PL bundles of the ACL decreased in 

length when the knee was flexed to 30° as compared when positioned in full extension. 

With regard to dynamic ACL function, prior biplanar radiography studies have 

measured ACL lengths during gait (Englander et al., 2019d; Englander et al., 2018; Wu et 

al., 2010). The study by Wu et al. (Wu et al., 2010) found that the AM bundle was 

maximally elongated when the knee was extended, specifically during mid-stance and 

just prior to heel strike during gait. Similarly, the other study found that both the AM 

and PL bundles of the ACL followed this same elongation pattern with regard to knee 

flexion during gait (Englander et al., 2019d; Englander et al., 2018). Furthermore, it was 

shown that AM and PL bundle lengths were highly correlated with each other 

throughout gait (Englander et al., 2019d; Englander et al., 2018). Together with the data 

from the present study, these studies suggest that the AM and PL bundle lengths 
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function in parallel during in vivo loading, with both bundles being taut in extension and 

lax in flexion. 

Importantly, studies have noted that selection of the origination and termination 

points that define the ACL may affect the measurement of ligament length during the 

flexion path (Hefzy and Grood, 1986; Li et al., 2004a). To address this concern, a study 

by Li et al. (Li et al., 2004a) performed a sensitivity analysis to assess the dependence of 

in vivo ligament length measurements to the locations of the ligament insertion sites. 

This study determined that a 5 mm variation in the location of the attachment site 

footprints had minimal effect on the observed relationship between ACL bundle lengths 

and flexion angle. The present study adds to the findings of this prior study by 

demonstrating that as long as their origination and termination points are specified 

within the footprint of the ACL, bundle lengths are highly positively correlated with 

overall ACL length throughout gait. Thus, it is unlikely that the AM and PL bundles 

function reciprocally with respect to flexion in vivo during gait.  Furthermore, these data 

indicate that the centroid-to-centroid measurement of ACL length is a valid 

approximation to indicate knee motions where the ACL is likely to be maximally loaded. 

The findings of the present study and other in vivo imaging studies are in 

contrast to cadaveric studies that have indicated that the AM and PL bundles behave 

with reciprocity (Amis and Dawkins, 1991; Girgis et al., 1975; Kurosawa et al., 1991; 

Sakane et al., 1997), with the PL bundle being more taut in extension and lax in flexion 
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and the AM bundle being more lax in extension and taut in flexion. A potential reason 

for this discrepancy is the difficulty in fully reproducing the mechanical environment of 

the knee joint during dynamic in vivo activities in a cadaveric model. This is particularly 

important, given that the function of the ACL depends on specific loading conditions(Li 

et al., 2005), and the complex loading conditions of dynamic movement are likely 

different than the passive loading conditions of in vitro experiments. Furthermore, recent 

studies have suggested that the microstructural and material properties of the ACL may 

vary in a linear fashion across the ligament t(Skelley et al., 2016; Skelley et al., 2015), 

rather than differ distinctly between bundles. This suggests that the anatomy of the ACL 

is better represented as a continuum of fascicles (Arnoczky, 1983) rather than as two 

distinct bundles with separate functions. 

Future work toward understanding dynamic in vivo ACL function should 

include measurements of ACL length during other dynamic activities across a larger 

range of motion (up to 90° of flexion), as well assessment of potential differences in 

dynamic loading of additional subdivisions of the ligament. Furthermore, inclusion of 

female subjects may help elucidate differences in ACL function between males and 

females which may contribute to the increased incidence of ACL rupture in females 

(Prodromos et al., 2007). 

Understanding the mechanical function of the ACL is critical to designing grafts 

for use in ACL reconstruction that accurately mimic its native function. The data 
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presented here indicate that as long as their origination and termination points are 

specified within the footprints of the ACL, bundle lengths are highly positively 

correlated with overall ACL length throughout gait. Specifically, these data demonstrate 

that the ACL and its subdivisions are elongated with knee extension and that the AM 

and PL subdivisions function in parallel with respect to flexion. As such, these data 

suggest that if a double bundle reconstruction is performed, both bundles should be 

more elongated with the knee extended relative to flexed. the AM and PL bundles of the 

ACL function in parallel with respect to flexion.  



 

124 

7. In vivo ACL strain during a single legged jump 
measured using MRI and high-speed biplanar 
radiography 

This paper was published in the American Journal of Sports Medicine 

(Englander et al., 2019a). The authors of this paper are Zoë A. Englander, Edward L. 

Baldwin III, Wyatt A.R. Smith, William E. Garrett, Charles E. Spritzer, and Louis E. 

DeFrate. This paper describes the function of the ACL during a single legged jump. 

7.1 Introduction 

Recent studies have estimated that as many as 400,000 anterior cruciate ligament 

(ACL) injuries occur in the United States each year (Kibler, 2009). Due to the high cost of 

treatment and the potential for long-term consequences of this injury (Gottlob et al., 

1999; Lohmander et al., 2007; Øiestad et al., 2009; Sutter et al., 2018), injury prevention is 

of utmost importance (Barber-Westin et al., 2009; Gilchrist et al., 2008; Hewett et al., 

1999; Noyes and Barber Westin, 2012; Petushek et al., 2018; Voskanian, 2013). However, 

high ACL injury rates persist, particularly in a young and active population (Leathers et 

al., 2015; Miyasaka, 1991). Furthermore, there is an incomplete understanding of the 

mechanisms of non-contact ACL injury, and there remains limited in vivo data 

describing how the ACL functions to stabilize the knee joint during dynamic loading 

activities. A more complete understanding of in vivo ACL function and the potential 

causes of ACL failure will likely aid in injury prevention (Bahr and Krosshaug, 2005; 

Cerulli et al., 2003; Yu and Garrett, 2007). 
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Biplanar radiography and magnetic resonance (MR) imaging have been utilized 

as tools to investigate in vivo ACL function. Specifically, several previous studies have 

measured ACL elongation and strain for various knee postures or movements by 

integrating 3D models of the knee joint derived from MR images with biplanar 

radiographs (DeFrate et al., 2006; Englander et al., 2018; Taylor et al., 2013; Taylor et al., 

2011a; Utturkar et al., 2013). Importantly, ACL strain is a critical parameter for 

understanding ACL failure, as a taut ligament may have a greater propensity for 

rupture (Cerulli et al., 2003; Hewett and Bates, 2017; Lamontagne et al., 2008). These joint 

models consist of the femur, tibia, and associated ACL attachment site footprints. By 

registering the bone models to the biplanar radiographs, the in vivo positions of the 

bones can be reproduced (Li et al., 2004a; Utturkar et al., 2013; Wu et al., 2010). ACL 

deformation is then quantified by measuring the distances between the ACL attachment 

site footprints for each bone position. Furthermore, ACL deformations during dynamic 

activities have been measured by integrating 3D models and static biplanar radiographs 

with kinematic data obtained using optical marker-based motion capture (Taylor et al., 

2013; Taylor et al., 2011a). Recently, an automatic registration technique has been 

developed to achieve direct registration of MR-based bone models to high-speed 

biplanar radiographs (Englander et al., 2019d; Englander et al., 2018). This technique is 

advantageous in measuring ACL deformations in that it removes potential for error that 
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may be introduced by the movement of optical markers on the skin relative to the 

underlying bone, while maintaining a high temporal resolution for these measurements. 

Building on this technique, the present study utilizes high-speed biplanar 

radiography and automated registration (Englander et al., 2018) to measure ACL strain 

and knee position during a single legged jumping task, with the goal of better 

understanding dynamic ACL function during athletic maneuvers. Measuring ACL 

strain during this dynamic activity is important for improving the understanding of 

knee positions and motions that may increase loading and strain on the ACL. This 

information may provide new insight into how non-contact ACL ruptures occur during 

dynamic activity. Based on prior studies that suggest that quadriceps force loads the 

ACL when the knee is extended, we hypothesized that ACL strain would increase with 

the knee near extension. (Englander et al., 2019c; Englander et al., 2018; Li et al., 2005; 

Utturkar et al., 2013). Furthermore, we hypothesized that a peak in ACL strain would 

occur with the knee extended just prior to landing from the jump (Taylor et al., 2011a), 

possibly due to quadriceps contraction in anticipation of landing (Chappell et al., 2007; 

Ebben et al., 2010; Landry et al., 2009). 

7.2 Materials and Methods 

Eight healthy male subjects (age: 29.3±6.1 years, body mass index (BMI): 24.9±2.4, 

mean ± standard deviation) with no previous history of lower extremity injury or 

surgery prior to testing were evaluated using an IRB approved protocol. The sample size 
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for this study was based on a prior in vivo imaging study that measured statistically 

significant ACL strain during a bilateral jump landing using a combination of motion 

capture and imaging techniques (Taylor et al., 2011a). The right knee of each subject was 

imaged using a 3T magnetic resonance imaging (MRI) scanner (Trio Tim, Siemens 

Medical Solutions USA) in an extended, relaxed position. Sagittal, coronal, and axial 

images were acquired from the subjects while lying supine, using a double-echo steady-

state sequence (DESS) and an eight-channel knee coil (resolution: 0.3x0.3x1 mm; flip 

angle: 25°, repetition time: 17 ms, echo time: 6 ms). Outlines of the femur and tibia, as 

well as the footprints of the ACL attachment sites on the femur and tibia were 

segmented manually using solid-modeling software in all three planes (Rhinoceros 4.0, 

Robert McNeel and Associates) (Figure 28). These segmentations were compiled into 3D 

models of the joint (Figure 28). The positions and shapes of the ligament attachment sites 

were confirmed in the three orthogonal imaging planes. Prior validation studies have 

demonstrated that this approach can locate the center of the ACL footprint to within 

0.3±0.2 mm (mean±standard deviation) (Abebe et al., 2009; Taylor et al., 2013). 

Additionally, the ACL attachment sites on the femur and tibia were divided into 

anteromedial (AM) and posterolateral (PL) bundles as described previously (Englander 

et al., 2019d; Jordan et al., 2007; Utturkar et al., 2013). Specifically, we estimated the AM 

and PL bundle subdivisions by dividing the overall ACL attachment site footprints 

along a diagonal axis such that half of the footprint surface area was contained in the 
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anterior and medial aspect of the attachment site and half was contained within the 

posterior and lateral aspect of the attachment site. 

 

Figure 28: 3D models of the femur, tibia, and associated ACL attachment sites 
were generated from magnetic resonance (MR) images. The outer contours of the 

femur and tibia were outlined in double echo steady state (DESS) MR images in the 
(A) sagittal plane (B) coronal plane and axial plane (not shown). (B) ACL attachment 

sites were outlined in the coronal plane. These contours were compiled into 
wireframe models (C, D) and converted into 3D surface models of the femur and tibia 

and associated ACL attachment sites. (E) The coronal model was registered to the 
sagittal model to generate a surface model with an appropriately positioned ACL 
attachment site. ACL attachment site locations were confirmed in all three planes. 

Following MRI, the subjects were imaged using a high-speed biplanar 

radiography system consisting of two x-ray generators (EMD Technologies), two x-ray 

tubes (G296, Varian), and two image intensifiers (41 cm diameter, TH 9447 QX, Thales) 

which are coupled to two high-speed cameras (Phantom v9.1, Vision Research). Each 

radiograph had a resolution of 1152×1152 pixels2. First, the positions of the sources and 

intensifiers were adjusted in order to ensure that the single legged jumping motion 

could be captured in the field of view without the contralateral leg obscuring the field of 

view. Next, calibration and alignment images were acquired in order to map the 



 

129 

geometry of the imaging set up, as described previously (Englander et al., 2018). A 

calibration plate consisting of 4500 regularly spaced stainless steel beads was imaged on 

each intensifier. These images were used to correct for the inherent distortion in the 

radiographs (Reimann and Flynn, 1992) in post-processing (Englander et al., 2018). 

Subjects stood on a dual belt instrumented treadmill (Bertec) that was used to 

record ground reaction forces (GRF) at a sampling rate of 1200 Hz. The subjects were 

instructed to perform a single legged jumping motion. Specifically, subjects were asked 

to keep their trunk upright, jump vertically, and land on the same location of the force 

plate embedded in one of the belts of the treadmill. Subjects were additionally asked to 

avoid jumping entirely outside of the field of view, and were asked to stabilize 

themselves by extending their arms but did not hold onto anything for support. After 

several practice jumps to ensure that the subject was able to perform the motion reliably, 

high-speed biplanar radiographs were obtained at a frame rate of 120 Hz as the subject 

performed the motion. The data was inspected to ensure that neither of the bones 

extended entirely outside of the field of view of the imaging system, although the trial 

was considered valid if the femur and/or tibia extended partially outside of the field of 

view (Englander et al., 2018). A second trial was recorded only if this condition was 

violated, in order to minimize radiation exposure to the participant. Each in vivo 

experiment used a radiographic protocol not exceeding 110 kVp/200 mA. To assess 

radiation risk to subjects, the radiation effective dose (a weighted average of absorbed 
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doses to bone surfaces, skin and soft tissues) was calculated by our institution’s 

radiation safety department from the total skin entrance exposure and energy 

absorption by the tissues. The total effective dose was found to be less than 0.14 mSv per 

participant, which is comparable to the effective dose from fluoroscopy-guided clinical 

hip procedures (about 0.3 mSv) and is considerably less than the annual natural 

background radiation in the US (2.4 – 3.1 mSv) (Budd et al., 2012; Mettler Jr et al., 2009; 

NCRP, 2010). 

Following data collection, the 3D bone models, the calibration images, and 

biplanar radiographs were imported into custom registration software (Englander et al., 

2018). Subsequently, the software was employed to automatically move each bone 

separately within 6 degrees-of-freedom until its projections onto the two imaging planes 

from the perspective of the radiographic sources matched the outlines of bones as seen 

in the radiographs (Figure 29). Previous validation of this technique has shown to have a 

precision of approximately 70 µm in measuring the relative distances between two 

matched bones (Englander et al., 2018). 
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Figure 29: To reproduce the positions of the knee joint during the single 
legged jump, each bone was moved separately within 6 degrees-of-freedom until its 

projections onto the two imaging planes from the perspective of the radiographic 
sources matched the bones as seen in the radiographs. Previous validation of this 

technique has shown to have a precision of approximately 70 μm in measuring the 
relative distances between two matched bones. 

After reproducing the in vivo positions of the bones during the dynamic jump 

activity (Figure 30), knee flexion angle and the length of the ACL and its bundles were 

measured using a standardized anatomic coordinate system (Englander et al., 2019b; 

Grood and Suntay, 1983; Utturkar et al., 2013). Flexion angle was measured between the 

long axes of the femur and tibia about the femoral transepicondylar axis. Overall ACL 

length was measured as the centroid to centroid distance between the footprints of the 

femoral and tibial attachment sites (Li et al., 2005). AM and PL bundle lengths were 

measured as the centroid to centroid distances between the femoral and tibial AM and 
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PL footprints. Overall ACL strain was defined as the length of the ACL in each knee 

position during the dynamic activity normalized to the length of the ACL in its 

minimally loaded state during MR imaging (Fleming and Beynnon, 2004; Taylor et al., 

2013). 

 

Figure 30: The in vivo positions of the bones were reproduced during the 
singled legged jump (example of single subject). Using the ground reaction forces 

(GRF), toe off (designed as 0% of the jump) and the point of maximum GRF 
(designated as 100% of the jump) were identified. These time points were used to 

normalize the data to enable comparison across subjects. 

Important time points during the jump were identified using the vertical 

component of the GRF obtained from the force plates. Specifically, the jump toe-off 

(designated as 0% of the jump) was defined as the last point where force registered on 

the force plate prior to the jump take-off. 100% of the jump was defined as the point 

where the maximum GRF was reached after landing (Figure 30). All measurements were 

interpolated from the data to represent values of each variable as a function of % jump 

cycle in 5% increments. This normalization procedure was performed in order to allow 

for comparison of data across subjects. 
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Data analysis was performed using Matlab (version R2016B, Mathworks, Natick 

MA). Spearman rho rank correlations were performed to test for relationships between 

mean ACL strain and mean flexion angle, and between AM and PL bundle lengths and 

overall ACL length throughout the jumping motion. Student’s t-tests were used to 

establish whether peak strain measurements were statistically different from zero. 

Relationships were deemed statistically significant with a significance level of P<0.05.  

7.3 Results 

The average minimally loaded ACL length, measured with the knee in an 

extended and relaxed position in the MR scanner, was 26.1 ± 4.0 mm (mean ± standard 

deviation). The means and standard deviations of flexion angle and ACL strain as a 

function of percentage of the motion are plotted in Figure 31.  

As participants prepared to jump, flexion angle decreased until toe off at 0% of 

the motion. The knee remained in a relatively extended position during the flight phase 

of the jump relative to the period of time prior to toe off. Initial ground contact occurred 

on average at 70±14% of the motion. After initial contact, flexion increased. Peaks in 

ACL strain were observed just prior to toe off (7±6%), and just prior to initial ground 

contact (7±4%). Student’s two sided t-tests revealed that these peaks in strain were 

significantly different from zero with P<0.01. These peaks were associated with the knee 

positioned at low flexion angles (3.1±8.6° and -1.1±8.1° respectively). The second peak 
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occurred 55±35 ms prior to initial ground contact. At the point of maximum GRF (100% 

of the jump) strain had returned to relatively low levels. 

 

Figure 31: Flexion angle and ACL strain were measured as a function of 
percent of the jump cycle, where 0% of the jump was defined as toe off, and 100% was 

defined as time of maximum ground reaction force. Peaks in ACL strain were 
observed just prior to toe off (7±6%), and just prior to initial ground contact (7±4%). 
These peaks in strain were significantly different from zero with P<0.01, and were 
associated with low flexion angles (3.1±8.6° and -1.1±8.1° respectively). Cyan data 

points indicate that 7 subjects were included in the data for these time points rather 
than 8 (dark blue data points). This is because in one subject we did not begin 

radiographic image collection until just prior to toe-off whereas in the other 7 subjects 
images were collected for a longer period of time prior to toe off. 
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We then performed a bootstrap analysis to generate 95% confidence intervals for 

the timing of the in flight peak in ACL strain (Figure 32). To do so, we generated 1000 

random samplings with replacement of the strain versus % jump cycle data from all 8 

subjects, and averaged the strain data from each random sampling of subjects. This 

yielded 1000 strain as a function of % jump curves. We then detected all peaks in the 

data between just after toe off at 5% of the jump cycle and just after initial contact at 70% 

of the jump cycle. We then determined the window of the jump cycle that contained 95% 

of the peaks for each 1000 random samplings of subjects. On average, we found that the 

in flight peak occurred at 40% of the jump cycle, and 95% of the peaks occurred between 

30-50% of the jump (Figure 32). 

 

Figure 32: Bootstrap analysis revealed that a peak in ACL strain occurred at 
40% of the gait cycle, with 95% confidence intervals of 30-50%. 
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Furthermore, we calculated the average ACL strain across all 1000 random 

samplings of subjects within the window of 30-50% of the jump cycle, where 95% of the 

peaks from the bootstrap analysis occurred. We compared the average in flight peak 

strain to the average ACL strain within the period of the jump cycle between initial 

contact and maximum ground reaction force. We utilized a paired t-test to determine if 

the ACL strain in the peak window was significantly different than the strain after initial 

contact. We found that ACL strain within the peak window determined from the 

bootstrap analysis with significantly higher than the after landing strain values with p 

<0.01 (Figure 33).  

 

Figure 33: ACL strain was significantly higher within the window containing 
the in flight peak than in the period of time following initial contact (P<0.01). 
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Figure 34: Relationship between ACL strain and knee flexion angle during a 
single legged jump. Spearman-rho correlation revealed that mean ACL strain (from -
100% to 100% of the jump cycle) was significantly negatively correlated with mean 

flexion angle (rho = -0.73, p<0.001). 

Spearman rho correlation revealed that mean ACL strain was significantly 

inversely correlated with mean flexion angle (rho = -0.73, p<0.001) from -100 to 100% of 

the jump cycle (Figure 34). Furthermore, both AM and PL bundle lengths were 

positively correlated with overall ACL length (rho = 0.87, P<0.001, rho = 0.85, P < 0.001, 

respectively). 

7.4 Discussion 

The present study used the technique of directly registering 3D models of the 

knee joint to high-speed biplanar radiographs to measure in vivo ACL strain during 

dynamic movement. This study identified statistically significant peaks in ACL strain 

prior to takeoff, and prior to landing during a single legged jumping task. Furthermore, 
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this study identified a significant inverse correlation between the flexion angle of the 

knee and ACL strain, such that ACL strain generally increased as the knee extended. 

AM and PL bundle lengths were both significantly correlated with overall ACL length. 

This study is significant in that we report in vivo ACL strain patterns prior to and 

throughout a jumping motion. Therefore, this study can offer important insight into 

movement patterns that may increase load on the ACL.  

Prior to take off, subjects were in a flexed position in preparation for the jump 

and ACL strain was relatively low. This finding is in line with previous in vivo studies 

that have used arthroscopically implanted strain gauges (Cerulli et al., 2003; Fleming et 

al., 2001; Lamontagne et al., 2008) and imaging techniques (Taylor et al., 2013; Taylor et 

al., 2011a; Utturkar et al., 2013) to show that ACL strain is increased with the knee near 

extension. Subsequently, an initial peak in ACL strain was observed just prior to take-off 

into the jump as subjects began to stabilize and extend their knee in order to propel 

themselves upward. This peak in ACL strain is likely due a combination of factors, 

including the increased knee extension, accompanied by potentially strong quadriceps 

contraction (Li et al., 1999) that is necessary to both stabilize on a single leg and to 

achieve vertical propulsion. In line with this hypothesis, there have been several 

cadaveric studies demonstrating increased ACL strain with simulated quadriceps 

contraction with the knee positioned at a low flexion angle (DeMorat et al., 2004; 

Draganich and Vahey, 1990; Dürselen et al., 1995). Increased ACL strain with knee 
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extension and quadriceps contraction may occur due to elevated anterior shear forces on 

the tibia related to the orientation of the patellar tendon, which plays a key role in the 

flexion/extension mechanism of the knee. Specifically, in vivo imaging studies have 

indicated that the patellar tendon is oriented to pull anteriorly on the tibia when the 

knee is positioned at a low flexion angle (DeFrate et al., 2007; Englander et al., 2019c; 

Nunley et al., 2003). As a primary function of the ACL is to resist anterior tibial 

translation (Butler et al., 1980), an increase in the shear component of quadriceps force 

acting via the patellar tendon may increase loading on the ACL. 

Notably, a second peak in ACL strain was observed just prior to initial ground 

contact when the subject was in flight. On average, this peak occurred 55±35 ms prior to 

initial ground contact, which occurred at approximately 70±14% of the motion cycle. 

This important finding is in consilience with those present in the recent literature. 

Specifically, a study by Taylor et al. (Taylor et al., 2011a) utilized a technique involving 

biplanar radiography in combination with MRI models and marker-based motion 

capture to measure knee flexion angle and ACL strain during a bilateral jumping task. 

Similar to the present study, a minimum in flexion angle accompanied by peak average 

relative ACL strain of 12±7% occurred just prior (55±14 ms) to initial ground contact. 

This magnitude of ACL strain was slightly higher as compared to the results of the 

present study (7±4%), which may be due to differences between the jumping tasks. In 

the previous study, subjects were instructed to jump from a 0.47 m platform forward by 
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½ of their body height onto a force plate, and then immediately jump straight up with 

maximal effort. The movement cycle was defined between toe-off from the platform and 

time of maximum ground reaction force after landing. This is likely a more demanding 

activity than the jump performed in the present study, where subjects were instructed to 

propel themselves upward on a single leg, starting and landing in the same place. On 

another note, while the pattern of results in this previous study are similar to those of 

the present study, the technique of directly registering the bone models to high-speed 

biplanar radiographs is advantageous in that it removes potential for error introduced 

by the movement of the optical markers on the skin relative to the underlying bone. This 

second peak in ACL strain may occur via a similar quadriceps driven mechanism as the 

first peak. To this point, an increase in quadriceps EMG activity has been observed 

approximately 50ms prior to landing during a stop jump task (Chappell et al., 2007), 

suggesting that the quadriceps are activated in anticipation of ground impact. 

Importantly, this pattern of pre-landing quadriceps activation (Ebben et al., 2010; Landry 

et al., 2009) and increased relative ACL strain (Lamontagne et al., 2008) has been 

demonstrated in other jumping and landing activities. Furthermore, this second peak in 

ACL strain was associated with a point in time during the motion where the knee was 

near extension.  

The combination of increased ACL strain and knee extension during the period 

prior to landing has important implications for understanding non-contact ACL injury. 
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Specifically, ACL injuries commonly occur with the knee relatively extended (< 30° of 

flexion) (Griffin et al., 2006; Quatman and Hewett, 2009; Yu and Garrett, 2007) during 

landing or cutting motions. The findings of the present study and others (Chappell et al., 

2007; Taylor et al., 2011a) suggest that landing with an extended knee increases 

vulnerability of the ACL, potentially due to increased quadriceps activity in anticipation 

of landing (Chappell et al., 2007). As mentioned previously, quadriceps contraction can 

result in an anterior pull on the tibia when the knee is extended, thus increasing ACL 

strain and propensity for injury, particularly in the presence of an unanticipated 

movement perturbation or change in landing strategy. 

The vertical single legged jump activity was chosen for this study because we 

aimed to measure in vivo ACL deformation patterns prior to and throughout the jump 

motion. This required that the entire motion be contained within the field of view of the 

biplanar radiography system. However, future investigations using this technique may 

examine larger movements by focusing on the period of time just prior to landing 

during other relevant dynamic movements, such as either anticipated or unanticipated 

cutting or elevated box jump landings. In addition, the present study focused on only 

male participants. Prior studies have shown differences in kinematic landing patterns 

between males and females (Chappell et al., 2002), and there remains controversy in the 

literature regarding differences in the mechanisms by which males and females sustain 

ACL injuries (Owusu-Akyaw et al., 2018; Quatman and Hewett, 2009). Thus, future 
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investigations may compare ACL strain patterns during jump landings between males 

and females. Additional future studies may include comparing ACL strain patterns 

between different landing strategies or may incorporate EMG measurements to further 

probe the involvement of quadriceps activation. 

It is important to note that in this study ACL strain was approximated by 

normalizing ACL length to the reference length measured in a relaxed extended position 

during MR imaging. However, it is difficult to measure precisely the true unloaded 

length of the ACL in vivo (Fleming and Beynnon, 2004) since it cannot support axial 

compression. Therefore, although when estimating strain in this way there remains 

some uncertainty in the unloaded length of the ACL, peaks in the estimated and true 

strains should occur concurrently and thus this should not affect the findings of this 

study. 

In conclusion, these findings provide new data on dynamic in vivo ACL function 

during a single legged jump. Specifically, this study demonstrated that ACL strain was 

inversely related to flexion angle and that peak ACL strain can occur just prior to 

landing from a single legged jump. Furthermore, this study showed that AM and PL 

bundle lengths were both significantly correlated with overall ACL length, indicating 

that the bundles function in parallel during the single legged jump. Overall, this study 

suggests that when landing on an extended knee, potential quadriceps activation in 

preparation for landing may increase tension in the ACL, which may make it 
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particularly vulnerable to injury especially in the presence of an unanticipated 

movement perturbation or change in landing strategy. 
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8. Patellar tendon orientation and strain influence ACL 
strain in vivo during a single legged jump  

This paper is in preparation for the American Journal of Sports Medicine 

(Englander et al., 2019e). The authors of this paper are Zoë A. Englander, Brian Lau, 

Jocelyn Wittstein, Edward L. Baldwin III, Wyatt A.R. Smith, and Louis E. DeFrate. This 

paper describes the how patellar tendon elongation and strain moderate ACL strain 

during a single legged jump. 

8.1 Introduction 

Despite its critical role in the flexion/extension mechanism of the knee joint, there 

remains little in vivo data to describe patellar tendon orientation and strain during 

dynamic activities or athletic maneuvers. Such data is particularly important, given that 

a primary role of the patellar tendon is to transmit forces originating from the 

quadriceps muscle to the tibia. Specifically, the patellar tendon is positioned to increase 

the relative contribution of the anterior shear component of quadriceps force acting on 

the tibia when knee is positioned at low flexion angles and the relative contribution of 

posterior shear force when the knee is flexed (Figure 35) (DeFrate et al., 2007; Englander 

et al., 2019c; Nunley et al., 2003).  
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Figure 35: The patellar tendon is positioned to increase the relative 
contribution of the anterior shear component of quadriceps force acting on the tibia 
when the knee is positioned at a low flexion angle, and the relative contribution of 

posterior shear force when the knee is flexed. 

Furthermore, as the anterior cruciate ligament (ACL) is a primary restraint of 

anterior displacement of the tibia relative to the femur, increased anterior shear on the 

tibia can result in strain on the ACL (Butler et al., 1980). To this point, cadaveric studies 

have shown that anterior tibial translation and ACL strain result from simulated 

quadriceps activation when the knee is extended (Arms et al., 1984; DeMorat et al., 2004; 

Draganich and Vahey, 1990; Dürselen et al., 1995; Hsieh and Draganich, 1998).  

Furthermore, in vivo studies have directly measured ACL strain during isometric 

quadriceps contraction using strain transducers (Beynnon and Fleming, 1998). 

Importantly, ACL strain is a critical parameter for understanding its propensity for 

failure, as a taut ligament may have a greater likelihood of rupture (Cerulli et al., 2003; 

Hewett and Bates, 2017; Lamontagne et al., 2008). Therefore, in vivo data describing the 
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relationships between patellar tendon strain and orientation and ACL strain during 

dynamic activity will provide insight into knee positions, motions, and muscle 

activation patterns that increase the propensity for ACL rupture (DeMorat et al., 2004). 

Knee joint kinematics and ligament deformations can be studied in vivo using 

biplanar radiography integrated with 3D models of the knee joint created from magnetic 

resonance (MR) images (DeFrate et al., 2006; Englander et al., 2019b; Englander et al., 

2018; Li et al., 2005; Utturkar et al., 2013). These joint models may consist of the femur, 

tibia, and associated ligament or tendon attachment site footprints. By registering the 

bone models to the biplanar radiographs, the 3D positions of the bones at the time of 

radiographic imaging can be reproduced (Li et al., 2004a; Utturkar et al., 2013; Wu et al., 

2010). Ligament elongation and strain can then be quantified by measuring the distances 

between the attachment site footprints for each knee position (Englander et al., 2019c; Li 

et al., 2004a). Several previous studies have measured ACL (Li et al., 2005; Utturkar et 

al., 2013) or patellar tendon (DeFrate et al., 2007) elongation and strain for various knee 

postures using static biplanar radiography. Furthermore, dynamic ACL elongation and 

strain have been measured by integrating 3D models and static biplanar radiographs 

with kinematic data obtained using optical marker-based motion capture (Taylor et al., 

2013; Taylor et al., 2011a). Recently, an automatic registration technique has been 

developed to achieve direct registration of MR-based bone models to high-speed 

biplanar radiographs (Englander et al., 2018). In addition to allowing for the 
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measurement of patellar motion, this technique is advantageous in measuring dynamic 

in vivo ligament deformation in that it removes potential for error that may be 

introduced by the movement of optical markers on the skin relative to the underlying 

bone. 

Therefore, the objective of the present study was to utilize registration of 3D MR 

image based models to high-speed biplanar radiographs to measure knee kinematics, 

ACL strain, as well as dynamic patellar tendon strain and orientation in vivo during a 

single legged jump. We hypothesized that patellar tendon strain and orientation and 

knee flexion angle would be predictors of ACL strain during the jump (DeFrate et al., 

2007). Furthermore, we hypothesized that increased patellar tendon strain, reflecting 

quadriceps contraction, and increased ACL strain would occur concurrently during 

portions of the jumping motion where the knee was positioned in extension and the 

patellar tendon angle was relatively large. In particular we expected to observe 

increased ACL strain concurrent with patellar tendon strain preceding initial ground 

contact (Englander et al., 2019a; Taylor et al., 2011b). This information may improve 

understanding of how non-contact ACL ruptures may occur during a landing.  

8.2 Methods 

Eight healthy male subjects (age: 28.4±4.5 years, body mass index (BMI): 24.8±2.3, 

mean ± standard deviation) with no previous history of lower extremity injury or 

surgery prior to testing were evaluated using an IRB approved protocol. The sample size 
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for this study was based on a prior in vivo imaging study that measured statistically 

significant ACL strain during a bilateral jumping motion (Taylor et al., 2011a). The right 

knee of each subject was imaged using a 3T magnetic resonance imaging (MRI) scanner 

(Trio Tim, Siemens Medical Solutions USA, Malvern, PA). Sagittal, coronal, and axial 

images were acquired from the subjects while lying supine, using a double-echo steady-

state sequence (DESS) and an eight-channel knee coil (resolution: 0.3x0.3x1 mm; flip 

angle: 25°, repetition time: 17 ms, echo time: 6 ms). Outlines of the femur, tibia, and 

patella, as well at the attachment site footprints of the patellar tendon were segmented 

manually from the sagittal plane images using solid-modeling software (Rhinoceros 4.0, 

Robert McNeel and Associates) (Figure 36). The attachment site footprints of the ACL 

were also segmented in the coronal plane. These segmentations were compiled into 3D 

models of the joint (Geomagic Inc.). The positions and shapes of the ACL and patellar 

tendon attachment sites were confirmed in the three orthogonal imaging planes. Prior 

validation studies have demonstrated that this approach can locate the center of the 

ACL footprint to within 0.3 ± 0.2 mm (Abebe et al., 2009; Taylor et al., 2013).  
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Figure 36: Models of the knee joint were created from magnetic resonance 
(MR) images. A.) Outer margins of the femur, tibia, patella, and patellar tendon and 

ACL attachment sites were outlined on the MR images. B.) The contours were 
compiled into wireframe models. C.) 3D mesh models were created from the 

wireframe models. 

Following MRI, the subjects were imaged using a high-speed biplanar 

radiography system consisting of two x-ray generators (EMD Technologies), two x-ray 

tubes (G296, Varian), and two image intensifiers (41 cm diameter, TH 9447 QX, Thales) 

which are coupled to two high-speed cameras (Phantom v9.1, Vision Research). Each 

radiograph had a resolution of 1152×1152 pixels2. First, the positions of the sources and 

intensifiers were adjusted in order to ensure that the jumping motion could be captured 

in the field of view (FOV) without obscuration from the contralateral leg. Next, 

calibration images were acquired in order to map the geometry of the imaging set up, as 

described previously (Englander et al., 2018). A calibration plate consisting of 4500 

regularly spaced stainless steel beads was imaged on each intensifier. These images were 

used to correct for the inherent distortion in the radiographs (Reimann and Flynn, 1992) 

in post-processing, as previously described (Englander et al., 2018). 

Subjects stood on a dual belt instrumented treadmill (Bertec) that was used to 

record ground reaction forces (GRF) at a sampling rate of 1200 Hz. The subject was then 

instructed to perform a single legged jumping motion. Specifically, subjects were asked 

to keep their trunk upright, jump, and land on the same location on the force plate 

located in one of the belts of the treadmill. Subjects were additionally asked to avoid 
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jumping entirely outside of the FOV, and were asked to stabilize themselves by 

extending their arms but did not hold onto anything for support. After several practice 

jumps, high-speed biplanar radiographs were obtained at a frame rate of 120 Hz as the 

subject performed the motion. The data was inspected to ensure that neither of the bones 

extended entirely outside of the FOV of the imaging system, although the trial was 

considered valid if the femur and/or tibia extended partially outside of the FOV 

(Englander et al., 2018). A second trial was recorded only if this condition was violated, 

in order to minimize radiation exposure to the participant. Each in vivo experiment used 

a radiographic protocol not exceeding 110 kVp/200 mA. To assess radiation risk to 

subjects, the radiation effective dose (a weighted average of absorbed doses to bone 

surfaces, skin and soft tissues) was calculated from the total skin entrance exposure and 

energy absorption by the tissues. The total effective dose was found to be less than 

0.14 mSv per participant, which is comparable to the effective dose from fluoroscopy-

guided clinical hip procedures (about 0.3 mSv) and is considerably less than the annual 

natural background radiation in the US (2.4 – 3.1 mSv) (Budd et al., 2012; Mettler Jr et al., 

2009; NCRP, 2010). 

Following data collection, the 3D bone models, the calibration images, and 

biplanar radiographs were imported into custom registration software (Englander et al., 

2018). The software was employed to automatically move each bone separately within 6 

degrees-of-freedom until its projections onto the two imaging planes from the 
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perspective of the radiographic sources matched the outlines of bones as seen in the 

radiographs (Figure 37). Previous validation of this technique has shown to have a 

precision of approximately 70 µm in measuring the relative distances between two 

matched bones (Englander et al., 2018). 

 

Figure 37: To reproduce the positions of the knee joint during the single 
legged jump, each bone was moved separately within 6 degrees-of-freedom until its 

projections onto the two imaging planes from the perspective of the radiographic 
sources matched the bones as seen in the radiographs. Previous validation of this 

technique has shown to have a precision of approximately 70 μm in measuring the 
relative distances between two matched bones. 
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Figure 38: The in vivo positions of the tibia, femur and patella were 
reproduced during the singled legged jump activity (example of single subject). Using 
the ground reaction forces (GRF), toe off (designed as 0% of the jump) and the point 

of maximum GRF (designated as 100% of the jump) were identified. These time 
points were used to normalize the data to enable comparison across subjects. 

After reproducing the in vivo positions of the bones during the jump activity 

(Figure 38), knee flexion angle, patellar tendon angle, and the length of the ACL and 

patellar tendon were measured using a standardized anatomic coordinate system 

(Figure 39) (Englander et al., 2019b; Grood and Suntay, 1983; Utturkar et al., 2013). 

Flexion angle was measured the angle between the long axis of the femur and the long 

axis of the tibia, with the femoral transepicondylar axis as the axis of rotation. Patellar 

tendon angle represents the angle between the long axis of the tibia and the line of action 

of the patellar tendon (represented by a line connecting the centroid of its attachment 

site footprints on the patella and tibia) measured in the sagittal plane (Figure 39B). 

Positive angles indicate that the patellar tendon attachment site on the patella is oriented 

anterior to its attachment site on the tibia (Nunley et al., 2003). ACL (Li et al., 2004a) and 

patellar tendon lengths (DeFrate et al., 2007; Englander et al., 2019c) were measured as 

the centroid to centroid distance between their attachment site footprints. Strain was 

defined as the length of the ligament in each knee position during the dynamic activity 

normalized to its length in its minimally loaded state during MR imaging (Fleming and 

Beynnon, 2004; Taylor et al., 2013). 
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Figure 39: Knee joint angles were determined using a standardized coordinate 
system based on bony anatomy. A.) Flexion angle represents the angle between the 

long axes of the femur and tibia about the femoral transepicondylar axis. B.) Patellar 
tendon angle represents the angle between and the line of action of the patellar 

tendon (represented by a line connecting the midpoints of its attachment site 
footprints on the patella and tibia) measured in the sagittal plane. 

Important time points during the jump were identified using the vertical 

component of the GRF obtained from the force plates. Specifically, the jump toe-off 

(designated as 0% of the jump) was defined as the last point where force registered on 

the force plate prior to the jump take-off. 100% of the jump was defined as the point 

where maximum GRF was reached after landing (Figure 38). All measurements were 

interpolated from the data to represent values of each variable as a function of % jump 
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in 5% increments. This normalization procedure was done in order to allow for 

comparison of data across subjects. 

Data analysis was performed using Matlab (version R2016B, Mathworks, Natick 

MA). A linear regression model was used to determine whether % of the jump, knee 

flexion angle (°), patellar tendon angle (°), and patellar tendon strain (%), were 

significant predictors of ACL strain (%) during the jump. Backwards selection was used 

to determine the most parsimonious model, with non-significant predictors being 

excluded from the final model. Additionally, linear correlations were performed 

between the variables (ACL strain, and patellar tendon strain, and flexion angle and 

patellar tendon angle). Correlations and predictors were deemed statistically significant 

with P< 0.05. 

8.3 Results 

The average ACL length measured at the time of MR imaging was 26.6 ± 4.0 mm 

(mean ± standard deviation across subjects). The average patellar tendon length 

measured at the time of MR imaging was 58.5  ± 4.0 mm. The average patellar tendon 

angle at the time of MR imaging was 21.8 ± 4.8°. The means and standard deviations of 

flexion angle, ACL strain, patellar tendon strain, and patellar tendon angle as a function 

of the percentage of the jump (0-100%) are plotted in Figure 40. The jumps lasted 

234±45ms from toe off to time of maximum GRF. Increased patellar tendon strain, 

concurrent with increased ACL strain, was observed at 40% of the jump, just prior to 
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initial contact when the knee was extended and the patellar tendon angle was relatively 

large (Figure 40, yellow arrows). These peaks in ACL strain and patellar tendon strain 

were significantly different from zero with P<0.01. 

 

Figure 40: Means and standard deviations of ACL strain (%), patellar tendon 
strain (%), flexion angle (°) and patellar tendon angle (°) as a function of jump (0-
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100%). These peaks in ACL and patellar tendon strain were significantly different 
from zero with P<0.01. 

Linear regression revealed that the intercept, knee flexion angle, patellar tendon 

angle, and patellar tendon strain were significant (P < 0.05) predictors of ACL strain 

during the jump. A summary of the regression results are shown in Table 4. 

Table 4: Linear regression for predictors of ACL strain 

 Estimate Standard Error tStat p-value 

Intercept 6.4 1.8 3.4 8.4×10-4 

Flexion angle (°) -0.3 
 

0.1 -5.0 1.7×10-6 

Patellar tendon 
angle (°) 

-.2 
 

0.1 -2.8 6.0×10-3 

Patellar tendon 
strain (%) 

0.7 0.1 5.0 1.5×10-6 

  

Furthermore, linear correlations revealed that mean flexion angle was inversely 

correlated with mean patellar tendon angle (r = -0.70, P<0.05) indicating that patellar 

tendon angle and thus the relative magnitude anterior component of shear force acting via 

the patellar tendon, increases with knee extension during the jump. ACL strain was 

positively correlated with patellar tendon strain during the jump (r = 0.60, P< 0.05). 

8.4 Discussion 

The present study quantified relationships between dynamic in vivo patellar 

tendon strain and orientation, knee flexion angle, and ACL strain during a single legged 

jump. This study found that knee flexion angle, patellar tendon angle, and patellar 

tendon strain were predictors of the ACL strain during the jump. In general, these data 
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indicated that knee flexion angle was inversely related the patellar tendon angle, and 

that ACL strain was positively correlated with patellar tendon strain. Notably, elevated 

patellar tendon strain was observed concurrently with elevated ACL strain at 40% of the 

jump when the knee was generally extended and the patellar tendon angle was 

relatively large.  

The increase in patellar tendon strain prior to landing suggests that quadriceps 

activation occurs during this portion of the jump, potentially in anticipation of landing 

(Ebben et al., 2010; Landry et al., 2009). This assertion is supported by previous 

literature. Specifically, an increase in quadriceps EMG activity has been observed 

approximately 50ms prior to landing during a stop jump task (Chappell et al., 2007), 

suggesting that the quadriceps are activated in anticipation of ground impact. 

Importantly, this pattern of pre-landing quadriceps activation (Ebben et al., 2010; Landry 

et al., 2009) has been demonstrated in other jumping and landing activities. As the 

patellar tendon is directly attached to the quadriceps muscle, muscle activation would 

result in patellar tendon strain. However, future studies should further investigate the 

timing and magnitude of quadriceps activation during single legged jumping. 

This increased quadriceps activity prior to landing, as reflected by the increase in 

patellar tendon strain, is likely related to the concurrent increase in ACL strain. 

Mechanistically, this can be explained by the position of the knee and the orientation of 

the patellar tendon during this period of the jump. Specifically, the knee was extended 
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and the patellar tendon angle was relatively large prior to landing. This orientation of 

the patellar tendon results in a relative increase in magnitude of the anterior shear 

component of the quadriceps force acting on the tibia (DeFrate et al., 2007; Nunley et al., 

2003). As a primary function of the ACL is to resist anterior tibial translation (Butler et 

al., 1980), an increase in the anterior shear component of quadriceps force acting via the 

patellar tendon increases loading on the ACL. In support of this hypothesis, there have 

been several cadaveric studies demonstrating increased ACL strain with simulated 

quadriceps contraction with the knee positioned near extension (DeMorat et al., 2004; 

Draganich and Vahey, 1990; Dürselen et al., 1995). Thus, these data may provide 

important insight into why landing in extension represents increased risk of ACL 

failure. Specifically, elevated quadriceps activity may load the ACL when the knee is 

extended while an individual is still in the air during a normal single legged landing 

(DeMorat et al., 2004). This may indicate that the ACL is vulnerable to injury in this 

scenario, particularly in the presence of a movement perturbation or change in landing 

strategy with unanticipated timing.  

The finding of increased ACL strain observed prior to landing is in consilience 

with those present in the recent literature. Specifically, a study by Taylor et al. (Taylor et 

al., 2011a) utilized a technique involving biplanar radiography in combination with MRI 

models and marker-based motion capture to measure knee flexion angle and ACL strain 

during a bilateral jumping task. Similar to the present study, a minimum in flexion angle 
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accompanied by peak average relative ACL strain of 12±7% occurred just prior (55±14 

ms) to initial ground contact. This magnitude of ACL strain was slightly higher as 

compared to the results of the present study (7±4%), which may be due to differences in 

the difficulty between the jumping tasks. However, in general there remains a lack of 

data describing in vivo ACL function during dynamic activities, and further research in 

this area is warranted. 

Importantly, while the correlative analysis revealed that ACL strain was 

positively related to patellar tendon strain during the jump, the linear regression 

analysis indicated that this relationship was moderated by the model intercept, flexion 

angle, and patellar tendon orientation. Theoretically, the significant model intercept is 

indicative of the values of the predictors when ACL strain is zero. However, it is difficult 

to determine the true unloaded (zero strain) state of the ACL in vivo (Fleming and 

Beynnon, 2004). Thus, while the statistical significance of the intercept is not particularly 

physically meaningful in this context, the model intercept was included in the results to 

aid in model fitting. On the other hand, the significant effects of flexion angle and 

patellar tendon angle on ACL strain that were identified by this analysis suggests that 

the effect quadriceps activation acting via the patellar tendon on ACL strain was 

moderated by these additional factors. Specifically, the results of this study indicate that 

increasing knee flexion would decrease the patellar tendon angle and therefore the 

relative magnitude of anterior shear acting on the tibia during the jump (DeFrate et al., 
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2007). Therefore, these results support the assertion that increased knee flexion during 

landing may moderate the effect of quadriceps activation on ACL loading. Future 

studies should further investigate this hypothesis by measuring ACL and patellar 

tendon strain during different (flexed versus stiff) landing strategies. Furthermore, the 

ACL is subject to complex 3D loading environment, and thus may be loaded via other 

mechanisms, such as joint compression when the individual is in contact with the 

ground (Torzilli et al., 1994). Therefore, the relationship between ACL strain and patellar 

tendon strain is expected to be different during the portion of the jump where the 

individual is not in contact with the ground.   

The results of this study may be important to consider in the context of the long 

term consequences of ACL reconstruction. Bone-patellar bone tendon reconstruction is 

currently the gold standard for ACL reconstruction. This surgery involves the use of the 

middle central third of the patellar tendon and bone block from the patella and tibial 

tubercle. However, it is remains unclear how the removal of the central third of the 

patellar tendon may affect patellar tendon strain and thus the transmission of 

quadriceps forces to the ACL graft (Rosenberg et al., 1992; Sachs et al., 1989). To this 

point, harvesting of a quadriceps tendon graft (Noronha, 2002) for use in reconstruction 

would also effect the extensor mechanism and affect patellar and ACL strain. Future 

work should investigate the effect of graft harvesting on patellar tendon and ACL 

strains using these techniques. 
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The vertical single-legged jump activity was chosen for this study because we 

aimed to measure in vivo ACL and patellar tendon deformation patterns throughout the 

jump. This required that the entire motion be contained within the field of view of the 

biplanar radiography system. However, future investigations using this technique may 

examine larger movements by focusing on the period of time just prior to landing 

during other relevant dynamic movements, such as either anticipated or unanticipated 

cutting or elevated box jump landings. In addition, the present study focused on only 

male participants. Prior studies have shown differences in kinematic landing patterns 

between males and females (Chappell et al., 2002), and there remains a controversy in 

the literature regarding differences in the mechanisms by which males and females 

sustain ACL injuries (Owusu-Akyaw et al., 2018; Quatman and Hewett, 2009). Thus, 

future investigations may compare ACL strain patterns during jump landings between 

males and females. Additional future studies may include comparing ACL and patellar 

strain patterns between different landing strategies or may incorporate EMG 

measurements to further probe the involvement of quadriceps activation. Furthermore, 

it is important to note that in this study that ligament strains were approximated by 

normalizing their lengths to a reference length measured in a relaxed extended position 

during MR imaging. However, it is difficult to measure precisely the true unloaded 

length of a ligament in vivo (Fleming and Beynnon, 2004). Therefore, although when 

estimating strain in this way there remains some uncertainty in the unloaded length of 
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the ligament, peaks in the estimated and true strains should occur concurrently and thus 

this should not affect the findings of this study. 

In conclusion, these findings provide important insight into why landing in knee 

extension can increase risk of ACL injury. Specifically, these data suggest that when 

landing on an extended knee, quadriceps activation in preparation for landing (reflected 

in increased patellar tendon strain) leads to tension in the ACL due to the orientation of 

the patellar tendon at low flexion angles. This may increase the likelihood of ACL failure 

in the case of a landing with unanticipated timing. 
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9. Conclusion 

The first aim of this dissertation was to develop and validate a novel imaging 

methodology that could be used to measure skeletal and soft tissue motion and 

deformation in vivo during dynamic activity. The methods developed in this dissertation 

can be applied to study the internal dynamics of multiple musculoskeletal systems, such 

as the knee and spine. The second aim of this dissertation was to apply these methods to 

answer several critical questions regarding in vivo dynamic ACL function. Specifically, 

this dissertation provides measurements of in vivo ACL function that can help improve 

understanding and prevention of potentially devastating non-contact ACL injuries, as 

well as improve reconstructive procedures to reduce the long term consequences of 

these injuries.  

Much of the information regarding the mechanisms of non-contact ACL injuries 

is derived from videographic analysis (Boden et al., 2009; Carlson et al., 2016; Cochrane 

et al., 2007; Hewett et al., 2009; Koga et al., 2010; Krosshaug et al., 2007b; Krosshaug et 

al., 2007c; Olsen et al., 2004). These studies point to a mode of ACL failure referred to as 

“valgus collapse”. The valgus collapse concept has been adopted in the physical therapy 

literature (Ekegren et al., 2009), and potential influence the efficacy of injury prevention 

programs. In Chapter 2, the limitations of videographic analysis are quantified in a 

simulation study (Englander et al., 2019b). Specifically, this chapter suggests that valgus 

angulation measured from videographic analysis is influenced by the angle of the 
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camera relative to the knee as well as knee flexion angle. This chapter suggests that 

results of videographic analysis studies with regard to valgus collapse should be 

interpreted with caution. In Chapter 3 of this dissertation, we measured ACL length 

using static biplanar radiography and MR based surface models of the joint. The results 

of this study (Englander et al., 2019c) described in Chapter 3 show that the ACL is both 

elongated and the patellar tendon is oriented to increase the anterior shear component of 

force acting on the tibia when the knee is extended. Thus, the findings of this study 

provide support for an alternative mechanism of ACL injury. Specifically, the findings of 

this paper support the hypothesis that landing with an extended knee is a scenario that 

puts the ACL at high risk for rupture.   

Chapter 4 of this dissertation presents a novel methodology for measuring 

dynamic in vivo skeletal motion and soft tissue deformation that was applied to the 

measurement of ACL function during gait (Englander et al., 2018). This study fulfilled 

Specific Aim 1: to develop and validate a methodology for measuring dynamic in vivo ACL 

mechanics. The software developed in this study provides time efficient and precise 

registration of 3D surface models to high-speed biplanar radiographs obtained during 

dynamic activity. This methodology was validated using an ex vivo porcine knee joint 

specimen in order to characterize the precision (which was found to be <0.1 mm in 

measuring distances between two matched bones) and computational efficiency of the 
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registration technique. This technique is capable of registering the MR based bone 

surface model to biplanar radiographs in less than 10s per set. 

Chapter 5 of this dissertation describes a study that was performed as part of the 

fulfillment of Specific Aim 2: To measure in vivo ACL elongation and strain during dynamic 

activities. Specifically, in this study the elongation and strain of the ACL and its 

proposed functional bundles were measured. Importantly, it was determined that 

overall ACL length and strain, as well as AM and PL bundle lengths, increased at heel 

strike and during midstance, when the knee was in an extended position. Furthermore, 

it was demonstrated that overall ACL length, as well as AM and PL bundle lengths are 

inversely correlated with knee flexion throughout the gait cycle, indicating that the AM 

and PL bundles do not act with reciprocal function in vivo. This study is significant in 

that abnormal gait kinematics can occur as a result of ACL injury (Andriacchi and 

Dyrby, 2005; Georgoulis et al., 2003), which may persist even after ACL reconstruction 

(Georgoulis et al., 2007; Tashman et al., 2007). Interestingly, Andriacchi et al. (Andriacchi 

and Dyrby, 2005) measured altered tibial rotation and anterior translation in ACL 

deficient patients as the knee extended just prior to heel strike, which is the same period 

of the gait cycle where we measured peaks in estimated ACL length and relative strain 

in the present study. Thus, the findings presented in Chapter 5 may help explain altered 

gait kinematics related to ACL deficiency. Importantly, studies have indicated that the 

mechanics of the knee joint during walking can influence the health of the articular 
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cartilage (Andriacchi and Mundermann, 2006; Andriacchi et al., 2004). Specifically, 

abnormal cartilage loading may lead to cartilage degeneration and osteoarthritis (OA) 

(Andriacchi and Mundermann, 2006; DeFrate, 2017; Sutter et al., 2018). Therefore, this 

data that describes how the native ACL functions during gait may inform reconstruction 

techniques that mimic physiologic ACL function and help reduce the long term 

consequences of this injury. In particular, the in vivo data presented in this study 

suggests that if a double bundle reconstruction is performed, both bundles should be 

taut with the knee in extension during gait. Additionally, this technique may also be 

utilized in the future to assess the efficacy of ACL reconstructions in reproducing 

physiologic ACL function after reconstructive surgery during gait and other activities of 

daily living. 

Chapter 6 of this dissertation further clarifies the controversy around the double-

bundle concept of ACL functionality. Specifically, we utilized the method described in 

Chapter 4 to measure ACL length during gait. 1000 ACL bundles were then simulated 

for each subject by randomly sampling locations on the femoral and tibial attachment 

site surfaces, the distances between each pair of locations was measured.  The 1000 

simulated bundle lengths and overall ACL length were highly correlated throughout 

gait. The lengths of the bundles that originated and terminated in the anterior and 

medial aspects of the ACL were positively correlated with the lengths of the bundles 

that originated and terminated in the posterior and lateral aspects of the ACL. This 
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study suggests that as long as their origination and termination points are specified 

within the footprint of the ACL, bundle lengths were highly positively correlated with 

overall ACL length throughout gait. Thus, it is unlikely that the AM and PL bundles 

function reciprocally with respect to flexion in vivo during gait, a concept that further 

reinforces the assertion that if a double-bundle reconstruction is performed, both 

bundles should be taut in extension.   

Chapter 7 describes dynamic in vivo ACL function during a normal single legged 

jump (Englander et al., 2019a). Increased ACL strain was identified prior to toe off, and 

just prior to initial ground contact. Both of these points in time were characterized by 

low knee flexion angles. These findings provide further insight into why landing in 

extension can increase risk of ACL injury. Specifically, this study shows that a peak in 

ACL strain can occur just prior to landing from a single legged jump, potentially due to 

quadriceps activation in anticipation of landing when the knee is positioned at a low 

flexion angle. Thus, when landing on an extended knee, the ACL is taut, which may 

make it particularly vulnerable to injury especially in the presence of an unanticipated 

movement perturbation or change in landing strategy. 

Chapter 8 builds on Chapter 7 to further clarifies the mechanism of ACL 

elongation during a normal single legged jump by including measurements of in vivo 

dynamic patellar tendon strain concurrently with knee flexion angle, the orientation of 

the patellar tendon, and ACL strain (Englander et al., 2019e). Linear regression revealed 
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that knee flexion angle, patellar tendon angle, and patellar tendon strain were significant 

predictors of ACL strain during the jump. Furthermore, patellar tendon orientation and 

flexion angle were inversely related, and patellar tendon strain and ACL strain were 

positively related. Importantly, elevated ACL strain was observed concurrently with 

elevated patellar tendon strain just to initial ground contact, when the knee was 

extended. When the knee is positioned at a low flexion angle, the patellar tendon angle 

is large, thus increasing the relative contribution of the anterior shear component of 

quadriceps force acting on the tibia. Quadriceps forces are transmitted via the patellar 

tendon, resulting in patellar tendon strain. Therefore this study suggests that when 

landing on an extended knee, quadriceps activation in preparation for landing (reflected 

by increased patellar tendon strain) leads to tension in the ACL due to the orientation of 

the patellar tendon at low flexion angles. This may make the ACL particularly 

vulnerable to injury particularly in the case of unanticipated timing of a landing 

maneuver, as a taut ligament is more likely to fail. 

In conclusion, this work in this dissertation provides a new flexible imaging 

methodology that can be used to study in vivo dynamic joint function, in addition to 

providing novel information regarding ACL function that may help inform ACL injury 

prevention training programs and improve reconstructive surgery.  
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Appendix A 

Details regarding the components and setup of the high-speed biplanar 

radiography system and its calibration procedure are presented below. 

The main components of the biplanar radiography system are shown in Figure 

41. The system consists of two x-ray generators (EPS 45-80, EMD Technologies), two x-

ray tubes (G296, Varian) (Figure 41A), and two image intensifiers (41cm diameter, TH 

9447 QX, Thales) which are coupled to two high-speed cameras (Phantom v9.1, Vision 

Research) (Figure 41B). The maximum frame rate of the radiography system is 150 Hz. 

The x-ray tubes and intensifiers are attached to a system of gantries that allow each 

component to move independently. The system also includes an instrumented dual-belt 

treadmill (Bertec) that can record ground reaction forces (Figure 41C) at a rate of 10 

times the sampling rate of the radiography system. 
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Figure 41: Biplanar radiography system components. (A) two x-ray generators 
(EPS 45-80, EMD technologies) and two x-ray tubes (G296, Varian) (B) two image 

intensifiers (41cm diameter, TH 9447 QX,Thales) coupled to two high-speed cameras 
(Phantom v9.1, Vision Research) (C) instrumented dual-belt treadmill (Bertec). 

During data collection, the sources are positioned approximately perpendicular 

to their corresponding intensifiers (Figure 42). The x-ray beams are collimated into a 

cone beam, and the region where the cone beams intersect forms the field of view (FOV) 

of the imaging system. The FOV is approximately the size of a basketball. 



 

171 

 

Figure 42: During data collection, the sources are positioned perpendicular to 
their corresponding intensifiers. The x-ray beams are collimated into a cone beam, 

and the region of intersection forms the field-of-view (FOV) of the imaging system. 

Accurate calibration of the system is critical to the registration of bone surface 

models to the radiographs (Figure 43). This calibration procedure recreates the geometry 

of the imaging environment. Specifically, the calibration procedure determines the 

relative locations of the sources, intensifiers, pixels of the radiographic images, and the 

objects in the FOV. A brief overview of the calibration procedure is shown in Figure 12 

and more extensive explanations are presented below. 
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Figure 43: Calibration of the biplanar radiography system recreates the 
geometry of the imaging environment and assigns a coordinate system that can be 
used to measure distances and positions.The distances between each pair of sources 

and intensifiers is measured in millimeters at the time of imaging. For the remainder of 

this section, the coordinates of the source locations within the reconstructed imaging 

environment are referred to as 𝑆1 = (𝑠  𝑠  𝑠 ) and 𝑆2 = (𝑠  𝑠  𝑠 ). Initially, the 

distances between each source and each intensifier are set as the z-component of the 

coordinate for each source within the imaging environment (𝑠  and 𝑠  ), while the x 

and y coordinates are initially set to 0. Therefore, the starting positions of the sources are 
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𝑆1 = (0 0 𝑠 ) and 𝑆2 = (0 0 𝑠 ). After calibration, 𝑆2 coordinates will be adjusted to 

reflect the correct location of source 2 relative to the rest of the imaging setup. 

 Once the intensifiers and sources are positioned appropriately for the 

experiment, several calibration objects are imaged. The first is referred to as the source 

beam alignment tool, seen in Figure 44.  

 

Figure 44: The source beam alignment tool is used to determine the relative 
orientation of each source to its respective intensifier. (A) This tool consists of an 

acrylic cylinder with stainless steel beads implanted on each face (B) It is imaged on 
each intensifier plane separately. (C) If the source is aligned perpendicular to the 
cylinder, the image would show the beads on top of each other. However, there is 

generally an offset. (D) A program was created that automatically detects the beads in 
the image, and finds the point of intersection of three lines that connect each set of 
beads. This is point at which the source beam intersects with the intensifier plane.  
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The purpose of this calibration tool is to determine the relative orientation of each source 

to its respective intensifier. This tool consists of an acrylic cylinder with stainless steel 

beads implanted in each face (Figure 44A). It is imaged on each intensifier separately 

(Figure 44B). If the source beam is perfectly centered and perpendicular to the 

intensifier, an image of this tool would show the two sets of beads on each face of the 

cylinder overlapping (Figure 44C). However, it is very difficult to align the source 

perfectly perpendicular and centered relative to the plane of the intensifier, and 

therefore the beads are generally offset in the image. These images can then be used to 

determine where the center of the source beam intersects with the intensifier in a post-

processing step (Figure 44D). Specifically, a Matlab program was created that 

automatically detects the beads in the image, and finds the point of intersection of three 

lines that connect each set of beads. This is point at which the source beam intersects 

with the intensifier plane. For plane 1, this source beam intersection point is designated 

as the origin (0 0 0) of the coordinate system used to map out the imaging environment. 

In the rest of this section, these source beam intersection points are referred to as 𝐼1 =

(𝑖  𝑖  𝑖 ) and  𝐼2 = (𝑖  𝑖  𝑖 ). 

 Subsequently, an alignment plate is imaged on both intensifier planes 

simultaneously (Figure 45). This tool is used to map out the remainder of the imaging 

environment coordinate system, all relative to the origin point I1. This alignment plate is 

an acrylic sheet with 10 stainless steel beads implanted within it (Figure 45A). The 
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relative distances of each of the beads is known. The alignment plate is placed in the 

FOV of the biplanar radiography system such that the beads are visible on both planes 

(Figure 45B). A Matlab program was created that automatically detects the centers of 

each bead from the images from both planes (Figure 45C). These points are referred to as 

(𝑥 ,  𝑦 ,  𝑧 , ) on plane 1 and (𝑥 ,  𝑦 ,  𝑧 , ) on plane 2 for the remainder of 

this section, with i indexing each bead and the subscript im indicating that these are the 

coordinates of the beads seen in the radiographic images. 

 

Figure 45: An alignment plate is used to map out the geometry of the imaging 
environment. The alignment tool consists of an acrylic plate with 10 stainless steel 
beads implanted in it (top left). The relative distances of the beads to each other is 

known. The alignment plate is placed in the FOV such that the beads are visible on 
both planes. The alignment plate is imaged on both intensifier planes simultaneously 

(top right). In post-processing, the centers of each bead from the images from both 
planes are detected automatically (bottom). These points are referred to as 

(𝒙𝟏𝒊,𝒊𝒎 𝒚𝟏𝒊,𝒊𝒎 𝒛𝟐𝒊,𝒊𝒎) on plane 1 and (𝒙𝟐𝒊,𝒊𝒎 𝒚𝟐𝒊,𝒊𝒎 𝒛𝟐𝒊,𝒊𝒎) on plane 2 for the remainder of 
this section, with i indexing each bead and the subscript im indicating that these are 

the coordinates of the beads seen in the radiographic images. 
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In order to map out the geometry of the imaging environment, it is necessary to 

determine the location of the alignment tool within the imaging setup at the time of 

imaging. By figuring out where the alignment tool was at the time of imaging, we can 

determine the relative positions of each of the intensifiers and sources as well. The 

coordinates of the beads within the imaging environment are referred to as (xi, yi, zi) with 

i indexing each bead. In other words, in this step of the calibration procedure, we seek to 

determine (𝑥  𝑦  𝑧 ) such that we obtain (𝑥 ,  𝑦 ,  𝑧 , ) on plane 1 and 

(𝑥 ,  𝑦 ,  𝑧 , ) on plane 2 at the time of imaging.  

Numerical optimization is then used in post-processing to determine the 

orientation of the alignment plate relative to each intensifier at the time of imaging. The 

following procedure is performed for each intensifier plane separately. As an example in 

plane 1, starting from an initial position for the alignment plate beads, at each iteration 

of the optimization procedure the bead locations are moved as a rigid body in 6 degrees-

of-freedom until the projections (𝑥 ,  𝑦 ,  𝑧 , ) of the beads from the perspective of the 

source onto the plane of the intensifier is as close as possible to (𝑥 ,  𝑦 ,  𝑧 , ).  

Figure 46 shows a schematic of how this is achieved for plane 1.  
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Figure 46: Numerical optimization is used in post-processing to determine the 
orientation of the alignment plate relative to each intensifier at the time of imaging 

for each intensifier plane separately. During optimization, the coordinates of the 
beads are projected onto the plane of the intensifier from the perspective of the 

sources and the distance between projected beads (𝒙𝟏𝒊,𝒑 𝒚𝟏𝒊,𝒑 𝒛𝟏𝒊,𝒑) and the locations of 
the beads in the image (𝒙𝟏𝒊,𝒊𝒎 𝒚𝟏𝒊,𝒊𝒎 𝒛𝟏𝒊,𝒊𝒎) are minimized.  

Specifically, 𝑆1 = 𝑠  𝑠  𝑠  is known from measuring the distance between 

source 1 and intensifier 1 at the time of imaging. 𝐼1 = 𝑖  𝑖  𝑖  is known from the 

source beam alignment tool step described above. The vector connecting 𝑆1 and 𝐼1 is 

shown in Figure 46 as 𝑉1. 𝑍  is the vector from 𝑆1 to each potential location of a bead 

for a given iteration of the optimization procedure (which changes at each iteration). The 

component of 𝑍  along 𝑉1 is referred to as 𝑣  and the vector from 𝑆1 to the projection of 
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the point (𝑥 ,  𝑦 ,  𝑧 , ) is referred to as 𝑋 . 𝑋  points along a unit vector with the 

direction of 𝑍 . Furthermore, from similar triangles, the ratio of the magnitude of 𝑋  to 

the magnitude of 𝑉1 is equal to the ratio of 𝑍   to 𝑣  (Equation 2). Finally, 𝑋  is 

subtracted from 𝑉1 to obtain  𝑟 = (𝑥 ,  𝑦 ,  𝑧 , ) (Equation 3). These calculations are 

summarized below.  

Equation 1:   𝑋 =  ‖𝑋  ‖
‖ ‖

 

Equation 2:  ‖ ‖

‖ ‖
=

‖ ‖

‖ ‖
 

Equation 3:  𝑟 =  𝑋 − 𝑉1 

Substituting Equations 1 and 2 into Equation 3 yields Equation 4 where 𝑉1 =

 𝑖  𝑖  𝑖  - 𝑠  𝑠  𝑠 : 

Equation 4:  𝑟 = ‖𝑉1‖ 
‖ ‖

‖ ‖ ‖ ‖
− 𝑉1 = ‖𝑉1‖ 

‖ ‖
− 𝑉1 =  (𝑥 ,  𝑦 ,  𝑧 , )    

 The optimization seeks to minimize the distances between (𝑥 ,  𝑦 ,  𝑧 , ), 

determined using the calculations outlined above, and (𝑥 ,  𝑦 ,  𝑧 , ), the locations 

of the beads as seen in the radiographs, by moving the beads in six degrees-of-freedom. 

The cost function is shown below, where (𝑥 ,  𝑦 ,  𝑧 , ) is fixed and (𝑥 ,  𝑦 ,  𝑧 , ) 

changes at each iteration of the optimization procedure. 

Equation 5: min ∑ ((𝑥 ,  𝑦 ,  𝑧 , ) − (𝑥 ,  𝑦 ,  𝑧 , )) ∗ ( (𝑥 ,  𝑦 ,  𝑧 , ) −

(𝑥 ,  𝑦 ,  𝑧 , ))′  

 Using this procedure, we have determined (𝑥  𝑦  𝑧 ), the locations of the 

alignment plate beads at the time of imaging for plane 1. This procedure is repeated for 
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intensifier plane 2. This yields two different values for (𝑥  𝑦  𝑧 ) (Figure 47A). 

Importantly, there is only one location for the set of alignment plate beads at the time of 

imaging, as the images were obtained on the intensifiers at the same time. Therefore, the 

final step in mapping out the geometry of the imaging environment is to use a 

Procrustes linear transformation implemented in Matlab to determine the translations 

and rotations necessary to superimpose (𝑥  𝑦  𝑧 ) obtained from plane 2 onto 

(𝑥  𝑦  𝑧 ) obtained from plane 1 (Figure 47B).  

 From this analysis, we obtain the matrix C, which describes how 

(𝑥  𝑦  𝑧 ) obtained from plane 2 must be rotated to be superimposed onto 

(𝑥  𝑦  𝑧 ) obtained from plane 1, and tt, which describes the translations from plane 2 to 

plane 1. C and tt are integral to the automatic registration methodology described in 

detail in Appendix B. These transformations are then applied to 𝑆2 and 𝐼2, the locations 

of the source and intensifier for plane 2 (Figure 47C). Therefore, with  𝐼1 as the origin, a 

coordinate system has been created to describe the relative locations the sources and 

intensifiers, as well as the pixels of the radiographs and the object being imaged (Figure 

47C).  
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Figure 47: Aligning the positions of the alignment plate beads determined 
from each plane yields the relative positions of the sources and intensifiers. (A) The 

alignment plate bead locations determined from numerical optimization are different 
for planes 1 and 2. (B) By determining the transformation necessary to map the 

alignment plate coordinates from plane 2 onto plane 1, the relative positions of the 
sources and intensifiers are determined. (C) These transformations are applied to the 

coordinates of source 2 and intensifier 2 to obtain the full geometry of the imaging 
environment. 

These calibration procedures are integrated into the user interface used for 

automatic registration that is described in Chapter 4. Once calibration has been 

achieved, the setup is ready for automatic registration of 3D MRI-based surface models 

to the biplanar radiographs. 
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Appendix B 

Details regarding the algorithm used in the automatic registration technique are 

presented below. Definitions of variables used in this Appendix are presented in Table 5. 

Table 5: Definitions of variables used in automatic registration 

Variable Definition 
(𝑥  𝑦  𝑧 ) Original coordinates of surface model vertices (mm) where i 

indexes each vertex 
(𝑋  𝑌  𝑍 ) Transformed coordinates of surface model vertices (mm) where i 

indexes each vertex 
 (𝑋𝑃  𝑌𝑃  𝑍𝑃 ) Coordinates of surface model vertices (mm) where i indexes each 

vertex, transformed and projected onto plane 1 
 (𝑋𝑃  𝑌𝑃  𝑍𝑃 ) Coordinates of surface model vertices (mm) where i indexes each 

vertex, transformed and projected onto plane 2 
 (𝑋𝑃𝐴  𝑌𝑃𝐴  𝑍𝑃𝐴 ) Coordinates of surface model vertices (mm) where i indexes each 

vertex, transformed and projected onto plane 2 and aligned with 
plane 1 

(𝑋 ,  𝑌 ,  𝑍 , ) Coordinates of edge pixels (mm) on plane 1 where j indexes each 
edge pixel 

(𝑋 ,  𝑌 ,  𝑍 , ) Coordinates of edge pixels (mm) on plane 2 where j indexes each 
edge pixel 

𝑇  Translation in x-direction (mm) 
𝑇  Translation in y-direction (mm) 
𝑇  Translation in z-direction (mm) 

𝑇 =    

Overall translation matrix 

𝑟  Rotation about x-axis (°) 
𝑟  Rotation about y-axis (°) 
𝑟  Rotation about z-axis (°) 

𝑅 =     

Rotation matrix about x -axis 

𝑅 =     

Rotation matrix about y -axis 

𝑅 =    

Rotation matrix about z -axis 
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 𝑻 =  𝑅 ×  𝑅  × 𝑅 × 𝑇 Overall transformation 

𝑆1 = (𝑠  𝑠  𝑠  ) Location of source 1 (see Appendix A) 

𝑆2 = (𝑠  𝑠  𝑠  ) Location of source 2 (see Appendix A) 

𝐼1 = (𝑖  𝑖  𝑖  ) Location of the center of intensifier 1 (see Appendix A) 

𝐼2 = (𝑖  𝑖  𝑖  ) Location of the center of intensifier 2 (see Appendix A) 

𝑡𝑡 Translation between I1 and I2 (see Appendix A) 

𝐶 Rotation matrix between I1 and I2 (see Appendix A) 

𝑓(𝑛) Value of cost function at iteration n 

𝑃 =  [𝑇  𝑇  𝑇  𝑟  𝑟  𝑟 ] Output parameters used to translate and rotate the surface model 

 

This algorithm performs the registration of a 3D surface model of a bone to a 

single set of high-speed biplanar radiographs by moving the surface model in 6 degrees-

of-freedom until its projections match the radiographs using an iterative optimization 

scheme. The surface models consist of vertices (𝑥  𝑦  𝑧 ) (which are coordinates of 

vertices on the surface of the model) and faces, which indicate how groups of groups of 

three vertices are connected together to form to make up a triangular portion of the 

surface of the model (Figure 48). 

 

Figure 48: 3D surface model of a femur created from magnetic resonance 
imaging. The surface models consist of (A) vertices and (B) faces, which indicate how 
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groups of  groups of three vertices are connected together to form to make up a 
triangular portion of the surface of the model.  

Each set of biplanar radiographs is smoothed using a Gaussian filter and a 

median filter (built in Matlab functions with parameters determined by the user) and 

edge detected using a high-pass filter. Each radiographic pixel is classified either as an 

edge pixel or not and are referred to as (𝑋 ,  𝑌 ,  𝑍 , ) and (𝑋 ,  𝑌 ,  𝑍 , ) in 

the equations below. Edge pixels are plotted on the image in red in Figure 49. 

 

Figure 49: Each set of biplanar radiographs is smoothed and edge detected 
using a high-pass filter.The coordinates of these edge points within the imaging 

environment are referred to as (𝑿𝟏𝒋,𝒊𝒎 𝒀𝟏𝒋,𝒊𝒎 𝒁𝟏𝒋,𝒊𝒎) and (𝑿𝟐𝒋,𝒊𝒎 𝒀𝟐𝒋,𝒊𝒎 𝒁𝟐𝒋,𝒊𝒎) 

The goal of the registration procedure is to iteratively move the vertices of the 

bone model (𝑥  𝑦  𝑧 ) to new positions (𝑋  𝑌  𝑍 ) such that the moved and projected 

vertices onto the planes of the radiographs (𝑋𝑃  𝑌𝑃  𝑍𝑃 ) and (𝑋𝑃𝐴  𝑌𝑃𝐴  𝑍𝑃𝐴 ) 

align with the edges of the bones (𝑋 ,  𝑌 ,  𝑍 , ) and (𝑋 ,  𝑌 ,  𝑍𝑃 , ) on both 

of the radiographs simultaneously. Specifically, the algorithm determines 𝑃 =
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𝑇  𝑇  𝑇  𝑟  𝑟  𝑟  (translations and rotations) that position the surface model such that its 

projections match the biplanar radiographs. 𝑃 is the output of the registration algorithm. 

 Thus, at each iteration n of the optimization procedure:  

While |𝑓(𝑛) − 𝑓(𝑛 + 1)| > 𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 (with tolerance set by the user and n indexing 

iteration):  

 1.) Input (𝑥  𝑦  𝑧 ) 

2.) Transform model coordinates (𝑥  𝑦  𝑧 ) using 𝑻 to new position to yield (𝑋  𝑌  𝑍 ) 

according to Equation 6. 𝑻 changes at each iteration 𝑛 of the optimization as determined 

by constrained Nelder-mead simplex algorithm implemented in Matlab. The search 

limits of the constrained optimization algorithm are set by the user. 

 Equation 6:  [𝑋  𝑌  𝑍  1] = (𝑻 × [𝑥  𝑦  𝑧  1]′)’ 

3.) Project transformed coordinates onto two planes of radiography system 

Plane 1: 

Equation 7:  𝑉1 = 𝐼1 − 𝑆1 

Equation 8:  [𝑋𝑃  𝑌𝑃  𝑍𝑃 ] =
(  × )

([   ] )×
× ([𝑋  𝑌  𝑍 ] − 𝑆1) − 𝑉1 + 𝐼1 

Plane 2: 

Equation 9:  𝑉2 = 𝐼2 − 𝑆2 

Equation 10: [𝑋𝑃  𝑌𝑃  𝑍𝑃 ] =
(  × )

([   ] )×
× ([𝑋  𝑌  𝑍 ] − 𝑆2) − 𝑉2 + 𝐼2 

Align projected points on plane 2 with plane 1: 

Equation 11: [𝑋𝑃𝐴  𝑌𝑃𝐴  𝑍𝑃𝐴 ] = 𝐶 ∗ [𝑋𝑃  𝑌𝑃  𝑍𝑃 ] − 𝑡𝑡 
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4.) For each (𝑋𝑃  𝑌𝑃  𝑍𝑃 ) and (𝑋𝑃𝐴  𝑌𝑃𝐴  𝑍𝑃𝐴 ) find the nearest neighbor 

radiographic edge point (𝑋 ,  𝑌 ,  𝑍 , ) and (𝑋 ,  𝑌 ,  𝑍 , ). 

5.) Calculate the euclidean distances between each (𝑋𝑃  𝑌𝑃  𝑍𝑃 ) 

and (𝑋𝑃𝐴  𝑌𝑃𝐴  𝑍𝑃𝐴 ) and its nearest neighbor radiographic edge point 

(𝑋 ,  𝑌 ,  𝑍 , ) and (𝑋 ,  𝑌 ,  𝑍 , ). 

 Equation 12: 𝐷 = (𝑋𝑃   
− 𝑋 , ) + (𝑌𝑃   

− 𝑌 , ) + (𝑍𝑃   
− 𝑍 , )  

 Equation 13: 𝐷 = (𝑋𝑃𝐴   
− 𝑋 , ) + (𝑌𝑃𝐴   

− 𝑌 , ) + (𝑍𝑃𝐴   
− 𝑍 , )  

6.) Eliminate all pairs where 𝐷  or 𝐷  is > the edge distance limit (E) (set by the user) from 

inclusion in the cost function. 

7.) Calculate value of f(n), the cost function for each iteration x. 

 Equation 14: 𝑓(𝑛) =  ∑ (𝐷 < 𝐸) +  ∑  (𝐷 < 𝐸) 

8.) The algorithm stops when |𝑓(𝑛) − 𝑓(𝑛 + 1)| < 𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒, yielding 𝑃 =

 𝑇  𝑇  𝑇  𝑟  𝑟  𝑟 , the translations and rotations necessary to move the model such that 

its projections onto the planes of the intensifiers match the bones seen in the 

radiographs. The tolerance is set by the user in the user interface. The output of the 

registration algorithm is 𝑃 =  𝑇  𝑇  𝑇  𝑟  𝑟  𝑟  for each set of biplanar radiographs in a 

series. 

 A schematic of this registration procedure is shown in Figure 50. 
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Figure 50: Schematic of automatic registration algorithm. 
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Once registration is achieved (𝑃 = 𝑇  𝑇  𝑇  𝑟  𝑟  𝑟  is determined) for a single set 

of biplanar radiographs, the algorithm predicts the initial condition for the next set of 

radiographs by approximating the derivative of 𝑃 over the series of radiographs. For 

this reasons, a manually determined initial condition is required for the first two images 

of the series of biplanar radiographs. After the first two sets of radiographs are matched, 

the initial conditions for the subsequent sets are predicted automatically.   
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