
  

ABSTRACT 

CONE, STEPHANIE GRACE. Age-Dependent Changes in the Structure and Function of the 
Anterior Cruciate Ligament during Skeletal Growth. (Under the direction of Dr. Matthew B. 
Fisher). 
 

Anterior cruciate ligament (ACL) injuries are occurring at increasing rates in pediatric 

and adolescent populations, and current treatment approaches have sub-par results in this young 

demographic including high secondary tear and injury rates. These outcomes may be improved 

by the development of age-specific treatments designed to work with the natural growth of the 

musculoskeletal tissues in the knee. However, there is currently a lack of studies in the 

orthopaedic field on age-specific changes in the structure and biomechanical function of the 

ACL during skeletal growth.  

The objective of this dissertation was to study changes in the angular orientation, 

morphology, and biomechanical function of the ACL in both healthy and injured states during 

skeletal growth. Specifically, ACL growth was studied in a pre-clinical large animal model, the 

Yorkshire pig, from birth through late adolescence. First, magnetic resonance imaging was 

performed on porcine stifle (knee) joints from different age groups. From these images, we found 

that the angular orientation of the ACL increases in both sagittal and coronal planes during 

growth in a similar manner to previously published findings in humans. These images were 

further analyzed by measuring length and cross-sectional area to determine that the ACL grows 

in an allometric manner, with relative cross-sectional area and length proportions changing 

between age groups. Additionally, we found that the ACL grows in a disparate manner compared 

to other soft tissues in the joint. Within the ACL, there were varied responses to increasing age 

between the two primary bundles, the anteromedial and posterolateral bundles. Specifically, the 

anteromedial bundle continued increasing in cross-sectional area throughout adolescence 

whereas the size of the PL bundle plateaued at the onset of adolescence. These bundle-specific 



  

findings were echoed in initial biomechanics studies where the two bundles had roughly equal 

functional roles under applied tibial loads and moments during youth, but the functional demands 

on the anteromedial bundle increased in adolescence. Finally, we studied the immediate impact 

of partial and complete ACL injuries on joints from juvenile through adolescent ages. Here we 

found an age-dependent response to partial ACL injury, as only late adolescent joints had a 

detectable change in kinematics in response to applied anterior tibial loads. Complete ACL 

injury resulted in changes to kinematic response to both anterior loads and varus-valgus 

moments regardless of skeletal age. These functional changes were further assessed by 

calculating in situ joint and ACL stiffness and in situ joint slack, where we found an increase in 

overall in situ stiffness with increasing age. The results of this work can be used to motivate in 

vivo surgical studies on age-specific clinical treatments for pediatric ACL injuries. 
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CHAPTER 1 

An Introduction to Age-Related Changes in the Pediatric Anterior Cruciate Ligament  

Age-specific changes in the anterior cruciate ligament (ACL) are currently not well 

understood, a problem of growing interest to the orthopaedic community. In this chapter, I will 

describe the clinical and scientific relevance of this field of study, establish the current state of 

scientific literature regarding these changes, and discuss the use of the porcine model for ACL 

studies. Section 1.3 of this chapter has previously been published as a section of a literature 

reviews with the following citation (3). 

(3) Cone, SG, Warren, PB, Fisher, MB. Rise of the Pigs: Utilization of the Porcine Model 

to Study Musculoskeletal Biomechanics and Tissue Engineering During Skeletal Growth. 

Tissue Eng Part C Methods. 2017;23(11):763-80. doi: 10.1089/ten.TEC.2017.0227. 

PubMed PMID: 28726574; PMCID: PMC5689129. 

 

1.1. Pediatric ACL Injuries: A Growing Clinical Problem 

The anterior cruciate ligament (ACL) is one of the primary musculoskeletal soft tissues in 

the knee, acting to stabilize the knee against anterior tibial translation as well as tibial rotation 

(4). The ACL attaches to the lateral wall of the intercondylar notch on the distal aspect of the 

femur, and the anterior aspect of the tibial plateau (2, 5). The ligament is comprised of highly 

aligned collagen fibrils which are organized into multiple bundles. These bundles are commonly 

described as the anteromedial (AM) and posterolateral (PL) bundles (6, 7), as shown in Figure 1-

1, although some groups report an additional intermediate (IM) bundle (8, 9). 
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Figure 1-1. The ACL attaches to the anterior aspect of the tibia and the lateral wall of the 
femoral intercondylar notch, and is commonly divided into the anteromedial (AM) and 
posterolateral (PL) bundles as shown here. Figure reprinted from (2) with permission from 
Wolters Kluwer Health. 
 

The structure of the ACL has successfully been studied though methods such as gross 

observation, arthroscopy, magnetic resonance imaging, and microscopic imaging in the past. 

However, understanding the function of the ACL has proven to be challenging due to the 

multidirectional nature of knee biomechanics. In order to study this tissue in situ, studies over the 

past 3 decades have employed 6-degree of freedom (DOF) robotic testing systems. The use of 6-

DOF robotic systems has many benefits over more traditional single-axis tensile testing. This is 

due to the multi-axial nature of knee biomechanics. While the knee joint primarily moves in 

rotation through flexion and extension and experiences loading primarily in the anterior-posterior 

direction, additional loads and moments are resisted by the knee in the medial-lateral, superior-
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inferior, varus-valgus, and internal-external directions. Relevant to the ACL, prior studies have 

shown that by limiting biomechanical studies to freedom only in the anterior-posterior direction 

the resulting kinematics and load distribution within the musculoskeletal soft tissues differs from 

a similar test allowing freedom in the other DOF (10). Furthermore, the use of 6-DOF systems 

allows for concurrent testing of multiple loading schemes on a single joint, leveraged within the 

current research as both anterior-posterior and varus-valgus testing was performed in the same 

joints. Many groups have employed this approach, and they have found that in mature knees the 

ACL resists anterior tibial loads as well as rotational loads in the varus-valgus and internal-

external directions (10-19). These applications have included research on the biomechanical 

function of the ACL in both healthy and injured states. In this dissertation, I will describe our 

efforts to expand this field to incorporate age-dependent changes during skeletal growth into 

these applications. 

When the structure of the ACL is compromised by either partial or complete injuries the 

stability of the knee can be compromised, impacting patients in both activities of daily living and 

high intensity athletics (20, 21). The standard treatment for ACL tears is surgical reconstruction, 

where graft tissue (autograft or allograft) is passed through tunnels in the femur and tibia in order 

to replace the structure of the injured ligament (22). While this approach is able to restore much 

of the original stability to the knee, ACL-reconstruction (ACLR) patients often incur further knee 

injuries to the ligaments and menisci, and experience osteoarthritis at rates nearing 50% within a 

decade of ACLR surgery (23, 24). 

Concerningly, while ACL tears have traditionally been viewed as an issue primarily in 

adults, the reported incidence of ACL injuries in children and adolescents has been increasing 

rapidly over the past two decades. Specifically, ACLR rates are growing most rapidly in children 

between 10 and 13 years of age (25), and a recent study found that the average age of ACLR 
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patients in New York state had dropped to 17 years of age (26). ACL injuries create several 

immediate problems for these young patients, as in addition to the considerable pain and loss of 

stability associated with ACL injury, studies have shown that when students suffer from ACL 

injuries they frequently miss over 10 days of school, cannot return to sports for an average of 6 

to 12 months, and report an average 0.3 drop in their grade point average (20, 23, 27, 28). In 

addition to these immediate issues, ACL injuries and ACLR surgeries are associated with worse 

outcomes in children and adolescents compared to adults. Secondary ACL injuries to either the 

graft or the contralateral ACL have been reported at rates of 29-32% in skeletally immature 

patients (23), or about 10X greater than the standard adult rates. Young patients also have higher 

rates of associated meniscal injury and suffer from similar rates of osteoarthritis to adults (24, 

29). 

 

Figure 1-2. Common adaptations to ACL-reconstruction techniques are designed to avoid 
damage to the femoral and tibial physes, as in physeal-sparing, over the top, and partial 
transphyseal techniques in comparison to the complete transphyseal technique that is commonly 
applied in adults. Figure reprinted from (30) with permission from Springer Nature. 

 

A potential explanation for the poor outcomes in pediatric and adolescent ACLR patients 

is that the ACLR surgeries traditionally used for adults do not replicate the native ACL in a 

growing knee as well as in mature knees (31). Furthermore, adaptations are sometimes made to 
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ACLR procedures for children in order to avoid injury to the growth plates (Figure 1-2) (30). 

While these adaptations provide protection for the femoral and tibial physes, it is possible that 

they compromise some of the biomechanical function intended by ACLR surgeries. 

 

1.2. Established Age-Specific Properties of the ACL in Humans 

In order to ensure that pediatric and adolescent ACLR procedures replicate age-specific 

tissue structure and function, we must first characterize the size, shape, and functional properties 

of the ACL during growth. Some studies have begun this line of research, with many studies 

focusing in the use of MRI to analyze tissue growth. MRI is advantageous for studying the size 

and shape of musculoskeletal soft tissues for several reasons. First, MRI does not involve any 

ionizing radiation, eliminating the exposure risks associated with methods such as x-ray and 

computed tomography( CT) scans (32). Second, MRI provides a 3-D view of internal soft tissues 

within the body in a single scan, whereas morphometric calculations from x-ray often require 

multiple films in order to capture images from different views. While this method can be used to 

create an estimate of the size and shape of ligaments, error from potential subject movement and 

reconstruction of images compounds with additional captures. Finally, MRI scans can be 

performed with many types of scan sequences in order to highlight specific tissues of interest. 

Common scan sequences can include T1-weighted and T2-weighted sequences with fat-

suppression capabilities although more specific sequences are indicated for certain tissues of 

interest. Double-echo steady state (DESS) scan sequences are particularly beneficial for the knee 

joint, as they are capable of differentiating between the soft tissues of the knee (33).  

Several groups have reported that the angular orientation of the ACL increases relative to 

the tibial plateau throughout growth, with increases in angle on the scale of 20° in both the 

sagittal and coronal planes (1, 34, 35). These changes in angular orientation may have significant 
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impacts on the distribution of force applied in plane with the tibial plateau between the segments 

of the lower limb. Additionally, one group found that the cross-sectional area (CSA) of the ACL 

increases earlier compared to the CSA of muscles around the knee (36). This finding suggests 

that musculoskeletal soft tissues in and around the knee joint respond differently to the 

environmental factors and mechanical stimuli initiating tissue growth. Another group found that 

the volume of the ACL ceases growth prior to the end of body growth assessed as body weight 

(37). This finding echoes the sentiment of the study reporting varied CSA growth across tissues, 

but expands on the findings to suggest that the ACL grows dissimilarly to the overall body, and 

as such to the scale of the mechanical forces transmitted through the knee joint.  

Functionally, there is little information available on pediatric human tissue mechanics, 

however modeling studies have suggested lower tissue stiffness values in the Achilles tendon in 

young subjects (38), and mechanical studies on a very limited sample of pediatric cadaveric 

knees revealed low values of Young’s modulus for pediatric ACLs (39). While direct 

measurements of the material properties of these tissues are limited, ongoing innovations in 

quantitative MRI may provide future avenues for assessing tissue mechanics in vivo in 

populations such as children and adolescents (40). Structural and functional tests can be highly 

invasive, so prior to studying changes in the human body, testing is often performed in a large 

animal model as discussed in the next section.  

 

1.3. The Porcine Skeletally Immature Musculoskeletal Model 

While there are several common large animal models for ACL studies, in this work all 

research was performed in Yorkshire cross-breed pigs, a large domestic pig breed. The selection 

of the pig model is discussed further in this section, an excerpt from Rise of the Pigs: Utilization 
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of the Porcine Model to Study Musculoskeletal Biomechanics and Tissue Engineering During 

Skeletal Growth (3). 

In terms of fibrous soft tissues of the knee, Proffen et al. performed a comparative 

anatomy study of the knee joint (or equivalent stifle joint) between cow, sheep, goat, dog, pig, 

rabbit and human joints (41).  All of the major soft tissue structures (ligaments, meniscus, etc.) 

were identified in all models. Unsurprisingly, differences in the limits of full extension were 

evident between the human knee and the animal stifle joints (0° of flexion in humans vs. 22-45° 

of flexion in the animals).  Finer anatomical differences also existed.  For example, the bundles 

of the anterior cruciate ligament (ACL) in the cow, sheep, and pig joints all were separated by 

the anterior insertion of the lateral meniscus on the tibial plateau.  Based on gross anatomy alone, 

the authors concluded that sheep, cows, and goats had the most similar ACL to humans.  In terms 

of dimensions, the absolute width and length measurement of the ACL were significantly similar 

between humans and cows, sheep, and pigs.  Importantly, all species exhibited an ACL featuring 

multiple bundles, consistent with other work including more exotic species such as deer, bears, 

lions, and antelope (42, 43).  Interestingly, this study found less similarity between all of the 

animal models and humans for the PCL.  The authors proposed that this may be related to the 

altered biomechanical demands of the knee in bipeds and quadrupeds.   

Biomechanical comparisons of the ACL in several species have also been performed 

(44).  Specifically, the in situ forces in the anteromedial (AM) and posterolateral (PL) bundles 

under an applied anterior drawer load were compared across humans, pigs, goats, and sheep 

using a modified materials testing system.  Relative to humans, the magnitude of force in the 

ACL and both bundles and the direction of force in the ACL and AM bundle were significantly 

different in goats and sheep.  The only statistically significant difference between the pig and 

human was in the magnitude and direction of force in the PL bundle.  The authors concluded that 



   

8 
 

the pig model was a better analog for human knees based on in situ biomechanics, although all 

three remain common pre-clinical models (45-50).  

Additional studies using the porcine model within a robotic testing system illustrated how 

restricting degrees-of-freedom (DOF) within the knee joint under applied loads can greatly 

impact the direction of the force in the ACL and the relative distribution of force across the AM 

and PL bundles (10).  Furthermore, recent studies in the human ACL have highlighted regional 

heterogeneity in the mechanical properties within each ACL bundle (51).  It is unclear how well 

pigs or other large animal models match this sub-bundle biomechanical heterogeneity. 

With respect to the meniscus, Proffen et al. found that pigs, sheep, and goats were most 

comparable to humans in regards to size, while the goat model also had similar insertion site 

locations to humans (41).  Further studies by Takroni et al. compared human, sheep, and pig 

menisci and found that sheep menisci were more similar than pig menisci to human tissues in 

terms of tissue volume and weight, although the human menisci had significantly greater 

circumference than both animal models (52).  In addition to studies on the body of the meniscus, 

inter-species comparisons have been made regarding the meniscofemoral ligaments (MFLs). The 

posterior MFL was present in humans, dogs, sheep, and shire horses, whereas there were no 

comparable tissues found for the human anterior MFL (53).   

Additional studies have compared the biomechanical properties of the human meniscus to 

those found in baboons, cows, dogs, pigs, and rabbits (54).  Across all models, the posterior 

region of the medial meniscus featured a lower shear modulus and aggregate modulus relative to 

the anterior and central regions.  The authors noted that no single animal model is ideal across 

the board for meniscus studies, but the bovine model was most similar to humans for aggregate 

and shear modulus, and the canine and baboon models were the most similar to humans in terms 

of permeability.  Studies comparing human menisci to those from pigs, sheep, dogs, monkeys, 
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and cows found that sheep exhibited the most similar aggregate modulus and permeability values 

to human data (55).  Other reviews of animal models for meniscus repair have confirmed that no 

one model is the current gold standard, and that the specific hypothesis should be carefully 

considered when selecting an appropriate large animal model (56). 

One challenge in the use of animal models for translational research is the definition of 

age equivalency.  Age can be defined on several scales including chronological age, sexual age, 

and skeletal age (57).  Within the pig model, chronological growth occurs on a significantly 

accelerated timeline compared to human growth.  Many pig strains reach sexual maturity 

between 4.5 and 6 months of age (58), and this age range is often used to describe “early 

adolescence.”  Skeletal age in humans is classically measured from a left-hand radiograph, and 

the lack of similar bony anatomy in the porcine forelimb makes this a difficult comparison (59).  

Depending on the particular bone, physes in hind limbs of Yorkshire pigs close between 12 and 

20 months of age (58).  As such, this age range (and sometimes a little older) is often used to 

define the end of “adolescence.” We will use the following terms to describe age: young (0-4.5 

months), early adolescent (4.5-6 months), adolescent (6-18 months), late adolescent (18-24 

months), and adult (>24 months).  

A second consideration is that dozens of porcine strains exist.  Some, such as Yorkshire 

pigs, are bred to gain weight rapidly for use in the food industry.  Universities with agricultural 

programs often have closed herds of these animals.  Often, the closely controlled genetics of 

these herds is useful from a scientific genetic standpoint (control groups can be siblings).  

Several strains are dubbed “minipigs,” including Yucatan, Hanford, Lee-Sung, Gottingen, and 

Changfeng minipigs, among others (60-64).  Many of these minipig lines exist in closed herds 

and have been bred specifically to limit rapid growth and increase docility, easing their use in 

biomedical research.   
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Several studies have examined biological differences between pig strains in terms of 

complications due to anesthesia (65) or the response of the skin to light due to differences in skin 

pigmentation (66).  In terms of biomechanics, Germscheid et al. studied porcine medial collateral 

ligaments (MCL) and the biomechanical differences between Yorkshire and red Duroc strains 

(67).  It was found that while MCL dimensions of both breeds were comparable to human MCLs, 

MCLs from the Duroc strain were larger in cross-sectional area and had lower tensile failure 

stress compared to MCLs from the Yorkshire strain.  These findings suggest that inter-strain 

differences exist for the porcine model, although direct comparisons between strains have been 

limited to date and require further investigation.  

A third consideration is the importance of the sex of the animals being studied. 

Unfortunately, research investigating the importance of sex in the porcine model is limited.  In 

Gottingen minipigs ranging in age from 11-55 (mean 24) months, males had significantly higher 

mean cartilage thickness than females in the lateral facet of the trochlear groove (68).  Separate 

work showed that sex, but not birth weight, had an effect on glucose intolerance in Yucatan 

minipigs (69).  Females had a higher visceral and subcutaneous adiposity and subsequent glucose 

intolerance than males after 10 months of the same feeding regimen, which is consistent with 

human data.  More recently, Kiapour et al. studied an ACL transection model in adolescent (15 

months on average) Yucatan minipigs repaired either with a conventional reconstruction using a 

soft tissue graft or combining with a collagen-platelet-rich plasma (PRP) treatment and found 

several differences between sexes (70).  For example, females had 19% lower yield load and 

12% lower stiffness than males after 15 weeks of healing.  Furthermore, in animals treated with 

conventional reconstruction, females had larger areas of articular cartilage damage.  These data 

suggest that tissue engineering strategies may need to be tailored to the sex of the patient.   
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CHAPTER 2 

Objectives 

Childhood and adolescent ACL injury incidence has been increasing in the past few 

decades, and current treatment approaches in young patients result in sub-par outcomes. 

Increased incidence of secondary ACL tears, additional soft tissue injuries, and high rates of 

osteoarthritis motivate further research into age-specific function of the knee and the ACL 

specifically. In order to understand the causes of the outcomes and develop age-appropriate 

treatments for this patient population, we first need to improve our understanding of structural 

and functional changes that occur in the knee during healthy growth. 

Thus, the broad objective of this thesis is to take an in depth look at changes in the 

structure and function of the ACL during skeletal growth. In order to address this gap, we used a 

pre-clinical large animal model, the Yorkshire pig. This model was selected for its proven 

similarity to the human ACL in both structure (41) and relative AM and PL bundle function (44). 

Stifle joints, the porcine knee equivalent, were collected from pigs ranging in age from birth 

through skeletal maturity and experiments using magnetic resonance imaging and a robotic 

biomechanical testing system were performed to study changes in the structure and function of 

these joints throughout growth. In order to approach this topic, there will be five major aims: (1) 

to quantify changes with age in the angular orientation of the ACL (Chapter 3), (2) to assess and 

compare the size and proportions of the ACL to other ligaments and tendons across ages 

(Chapter 4), (3) to measure changes during growth in the structure (cross-sectional area, length, 

and angular orientation) and function (under applied anterior loads and varus-valgus moments) 

of the primary bundles of the ACL along with assessing changes in knee kinematics under 

applied loads (Chapter 5), (4) to study the impact of partial and complete ACL injury on 

skeletally immature knee function (Chapter 6), and (5) to analyze changes with age in the shape 
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of load-deformation curves in response to applied anterior-posterior tibial loads throughout 

skeletal growth in both healthy and injured states (Chapter 7). Through these five aims, I 

describe how we intend to improve our understanding of how the tissues in the knee joint grow 

and how these structural changes impact the biomechanical function of the joint during skeletal 

growth. 
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CHAPTER 3 

Angular Orientation of the Porcine ACL Increases with Post-Natal Growth 

The initial study within this dissertation aimed to compare the porcine ACL during 

growth to the human ACL by measuring changes which were previously established in human 

literature: changes in the angular orientation of the ligament relative to the tibial plateau. Several 

papers have documented this change during growth in through retrospective MRI studies, finding 

that there are significant increases in the angle of incidence between the ACL and the tibia with 

the onset of adolescence (1, 35, 71). By performing this study, we hoped to find similar changes 

in the orientation of the porcine ACL during growth, as that would suggest continuity between 

age-dependent properties in the human ACL and our selected pre-clinical model, the pig.  

The text in this chapter was previously published in the Journal of Orthopaedic Research, 

under the following citation (34) and is reprinted with permission from John Wiley and Sons.  

(34) Cone SG, Simpson SG, Piedrahita JA, Fordham LA, Spang JT, Fisher MB. 

Orientation changes in the cruciate ligaments of the knee during skeletal growth: A 

porcine model. J Orthop Res. 2017;35(12):2725-32. doi: 10.1002/jor.23594. PubMed 

PMID: 28471537; PMCID: PMC5671372. 

3.1. Introduction 

Anterior cruciate ligament (ACL) injuries of the knee are increasingly common in the 

pediatric and adolescent populations (72). Incidence rates of ACL injury in patients under 18 

years of age have been increasing rapidly, with the overall rate of ACL injury in this population 

nearly tripling over the past twenty years from 17.6 to 50.9 per 100,000 people aged 13-20 (26). 

Concurrently, the rate of ACL reconstruction in patients under 14 years old has increased by 

11% every year since 2006 (25).  
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Clinical approaches to pediatric ACL injuries can be divided into conservative and 

surgical treatments. Conservative treatments avoid the risk of introducing additional damage to 

musculoskeletal structures (including open physes) and include functional bracing and activity 

modification to address the instability associated with ACL deficiency (20). Surgical 

reconstruction of the disrupted ACL in the pediatric patient requires modification of the 

traditional adult techniques to avoid direct interruption of the growth plates, and can be defined 

as all-epiphyseal, partial-transphyseal, transphyseal, or extraphyseal techniques depending on the 

graft placement (73, 74). Additionally, treatment of pediatric ACL injury is complicated by 

altered anatomic features relative to adult knees, requiring specialized procedures which are 

compatible with both the current anatomy and future anatomic changes throughout growth. 

Despite the modifications employed in current treatment of pediatric ACL injuries, 

complications include limb length discrepancy, high rates of graft failure requiring surgical 

revision, and early-onset osteoarthritis (OA) (73). Early onset osteoarthritis is a major concern 

with young patients, as the incidence of OA is approximately 50% at 10 year follow-up after 

ACL injury regardless of patient age (75). Between the increased pediatric injury incidence rates, 

challenges to surgery in growing patients, and long term risk factors, there is an increased need 

for improved understanding of the age-dependent structure and function of the ACL in both 

healthy and injured states.  

One potential complication in developing age-appropriate treatments is the changing 

structure and function of the skeletally immature knee. Decreases in both cellularity and 

vascularity in the ACL with increasing age have previously been reported in skeletally immature 

animal models (76). Moreover, changes in matrix organization of ligaments in the knee have 

been found during growth, with increasing collagen alignment in older specimens (77). In 

humans, the angular orientation of the ACL measured relative to the tibial plateau increases 
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substantially from birth through adolescence (1). Specifically, the orientation in both the sagittal 

and coronal planes changes over time with increases in the coronal plane of approximately 20° 

and increases in the sagittal plane of 15°, creating a more “vertical” orientation over time. The 

posterior cruciate ligament (PCL) also experiences an approximately 15° increase in the relative 

angle of its horizontal and vertical components, and an overall decrease in the horizontal-to-

vertical aspect ratio with age (1). By furthering the general knowledge of these changes in 

healthy patients, age-specific treatments can be designed to work within the growing joint and 

facilitate future changes during growth and maturation. 

A unique challenge in studying pediatric ACL structure and function is the limited 

availability of human cadaveric specimens. As such, validated large animal models provide a 

mechanism to study injuries and treatments during skeletal growth (78). Relative to other animal 

models, the adult porcine ACL is closest to human ACL in terms of dimensional parameters such 

as relative ACL width and length (41). Additionally, the adult porcine ACL proved more similar 

to the human ACL in terms of its biomechanical properties and the direction of force under 

anterior tibial loading than either the sheep or the goat (44). A complicating factor in performing 

translational growth and development studies in a large animal model is establishing the relative 

ages of the models. Age can be described using several different scales, including chronological 

age, skeletal age, and sexual age (57). Pigs and humans experience growth on different 

chronological scales, with pigs experiencing far more rapid growth and shorter lifespans. Human 

skeletal growth is often indexed based on a left-hand radiograph (59), a system which does not 

easily translate to the porcine model. As such, the most commonly applied age equivalency 

between pigs and humans is based on a combination of skeletal age and  sexual age, which 

defines age relative to pubertal changes. The age groups in this study are representative of the 

spectrum of growth, namely, newborn (0 month old), juvenile (1.5 and 3 month old), early 
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adolescent (4.5 month old), adolescent (6 month old), and late adolescent (18 month old) age 

groups (58).  

In order to establish a pre-clinical large animal model for skeletally immature knee 

injuries, the objective of this study was to characterize the changes in the orientation of the 

porcine ACL and PCL during post-natal skeletal growth, and to compare these changes to 

corresponding human values available in the literature. Given the large changes in cruciate 

ligament orientation observed in humans during skeletal growth and the similarities in the ACL 

and PCL in skeletally mature pigs and humans, we hypothesized that the porcine model would 

exhibit significant changes in ACL and PCL orientation throughout skeletal growth.  

 

3.2. Materials and Methods 

3.2.1. Study Design 
 

A total of 36 stifle (knee equivalent) joints were collected from female Yorkshire pigs 

(one joint per animal) at 0, 1.5, 3, 4.5, 6, and 18 months of age (n=6 per time point, Swine 

Educational Unit at North Carolina State University). The animals used in this study were 

obtained from a university owned herd, and all animals were healthy and of normal size. Swine 

were cared for according to the management practices outlined in the Guide for the Care and Use 

of Agricultural Animals in Teaching and Research and their use in the current experimental 

protocols was approved by the N.C.S.U. Institutional Animal Use and Care Committee (79). 

Animals were euthanized by one of two IACUC approved methods, intravenous injection of 

sodium pentobarbital, or penetrating captive bolt euthanasia followed by jugular exsanguination. 

The limbs were isolated from the pigs immediately following euthanasia and were stored at -20 

degrees Celsius until testing. 
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3.2.2. Magnetic Resonance Imaging 
 

Limbs were removed from the freezer and allowed to thaw at room temperature prior to 

imaging. All limbs were imaged at full extension, which in the porcine model is approximately 

35 degrees of flexion. Tissues were wrapped with saline-soaked gauze for imaging. Due to the 

small feature size in 0 month old specimens, imaging of the 0 month old limbs was performed in 

a separate scanner with improved resolution relative to the scanner employed for the other age 

groups. MR imaging for 0 month old limbs was performed in a 9.4-Tesla Bruker BioSpec 

94/30USR machine (Bruker BioSpin Corp, Billerica, MA) using a 3D fast low angle shot scan 

sequence (3D-FLASH, flip angle: 10°, TR: 38 ms, TE: 4.42 ms, acquisition time: 13 hours 18 

minutes, FOV: 30x30x30 mm) and a 35 mm volume coil with a voxel size of 0.1x0.1x0.1 mm 

and no gap between slices.  MR imaging for 1.5, 3, 4.5, 6, and 18 month old limbs was 

performed on a 7.0-Tesla Siemens Magnetom machine (Siemens Healthineers, Erlangen, 

Germany) with a 28 channel knee coil (Siemens Healthineers, Erlangen, Germany) using a 

double echo steady state scan sequence (DESS, flip angle: 25°, TR: 17 ms, TE: 6 ms, acquisition 

time: 24 minutes, FOV: 123x187x102 mm) with a voxel size of 0.42x0.42x0.4mm and no gap 

between slices. These sequences were selected as they allow for visualization of the boundaries 

between all musculoskeletal soft tissues within the knee joint at an adequately high resolution for 

post-processing and analysis. 

 
3.2.3. Image Post-Processing 
 

Image post-processing was performed in commercial tissue segmentation software 

(Simpleware 7.0, Synopsys, Chantilly, VA) using the “Distance”, “Angle”, and “Disconnected 

Angle” tools. All image processing and measurements were performed by a single author (SC) 

and analysis techniques had high intrareader repeatability (Intraclass Correlation Coefficient 

(ICC)=0.7113-0.9942) and interreader repeatability (ICC=0.7091-0.9702) (Table A-1-5). The 
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orientation and horizontal-to-vertical aspect ratios of the cruciate ligaments were collected using 

definitions established in the literature (1). As shown in Figure 3-2A, the sagittal angle of the 

ACL was collected by measuring the angle between the anterior edge of the ACL relative to the 

anterior-posterior line of the tibial plateau. This measurement was taken from the first full slice 

of the ACL approached from the medial aspect of the knee. The coronal angle of the ACL was 

collected from the medial edge of the ACL relative to the tibial plateau, as shown in Figure 3-

2A. This measurement was performed on the first scan slice with a full image of the ACL 

moving from the anterior aspect of the knee.  

Analysis of the posterior cruciate ligament (PCL) included measurement of the PCL 

angle and the horizontal-to-vertical ratio, as seen in Figure 3-3A. The PCL angle was calculated 

as the angle between the horizontal and vertical components of the ligament in the sagittal plane. 

The PCL horizontal-to-vertical ratio was calculated by dividing the length of the horizontal 

component by that of the vertical component, as measured from sagittal plane images. 

The Blumensaat line-to-ACL angle was described as the angle between the Blumensaat 

line and the anterior surface of the ACL in the intercondylar notch in the sagittal plane. The 

angle of inclination of the intercondylar roof was the sagittal plane angle of the intercondylar 

roof relative to the long axis of the femur. Notch width was calculated in the coronal plane 

following methods established in previous literature, in which the notch width index (NWI) was 

defined as the ratio of the intercondylar notch width and the width of the distal femur (80-83). 

These widths were measured from a coronal image along the medial-lateral line which 

intersected the notch at one-half the total notch height. 

 
3.2.4. Statistical Analysis 
 

Statistics were performed using SPSS (v21.0, IBM, Armonk, NY). All specimens (36/36) 

were used in data analyses and statistical testing. Normality was verified for each data set with 
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the Kolmogorov-Smirnoff test. Analysis for all data sets consisted of a one-way analysis of 

variance (ANOVA) with specimen age as the independent variable. Tukey’s and Games-Howell 

post hoc tests were used for further analysis depending on if the groups had equal or unequal 

variances, respectively. Overall significance was set at p<0.05. Data presented as mean ± 

standard deviation.  

 
3.3. Results 

Magnetic resonance images of porcine knees ranging from newborn to 18 month age 

groups revealed overall size increases, gross morphology changes, and differences in tissue 

orientation (Figure 3-1). In young specimens, the femur and tibia had a higher proportion of 

epiphyseal cartilage relative to the epiphyseal bone. By the adolescent age groups, only a thin 

layer of articular cartilage remained. Open growth plates were observed throughout the early 

adolescent stages, reaching a state of near or complete fusion by the late adolescent (18 month) 

age.   
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Figure 3-1. Magnetic resonance images of porcine stifle joints in the sagittal and coronal planes 
at 0, 1.5, 3, 4.5, 6, and 18 months of age. Scale bars are 10mm. 
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Analysis of the sagittal angle of the ACL relative to the tibial plateau revealed a 

statistically significant effect due to age (Figure 3-2B), as mean values from increased 30° in the 

newborn group to 60° in the 18 month old group which resulted in an overall change of 30° 

throughout growth. The most rapid change in sagittal angle occurred between 3 and 4.5 months 

(11° change between the group means over a 1.5 month timespan, p<0.05). Interestingly, the 

mean sagittal angle continued to increase by 11° between the 6 and 18 month time points 

(p<0.05). Analysis of the coronal angle revealed statistically significant effects due to age 

through the 4.5 month (early adolescent) age group (Figure 3-2C), with insignificant change 

occurring afterwards, which represented an overall increase of 41° throughout skeletal growth. 

Similar to the sagittal angle, the most rapid changes occurred between 3 and 4.5 months (15° 

change on average over 1.5 months, p<0.05); however, unlike the sagittal angle where major 

changes continued throughout adolescence, no statistically significant differences (3° and 5°) 

were found between 4.5 and 6, and 6 and 18 months, respectively (p>0.05).  
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Figure 3-2. The angle of orientation of the ACL in both the sagittal and coronal planes is 
measured as shown in panels A and C. The sagittal angle (B) increases significantly between 3 
and 18 months (late adolescence equivalent) while the changes in coronal angle (D) becomes 
insignificant after 4.5 months (early adolescence) in the porcine model. Data are presented as 
mean ± standard deviation, and age groups with different letters are statistically significant from 
one another. For example, for the sagittal ACL angle (panel B below), the 0 and 1.5 month age 
groups are not statistically different since they share a letter (p>0.05). The 3 and 4.5 month age 
groups are statistically different because they do not share a letter. 
 

The angle of the PCL increased from 112° to 142° in the first 18 months of growth, and 

these changes were significant between consecutive age groups up to the 4.5 month (early 

adolescent) time point (Figure 3-3B). The largest changes in PCL angle occurred between 1.5 

and 3, and 3 and 4.5 months of age with differences of 12° and 9° on average, respectively 

(p<0.05). No statistically significant changes were found following the onset of adolescence, 

with a mean difference between 6 and 18 month groups of only 2° over the course of 12 months 

(p>0.05). The PCL horizontal-to-vertical aspect ratio increased by nearly two-fold from 0.50 to 

0.93 during skeletal growth, and significant changes occurred through late adolescence (p<0.05).  
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Figure 3-3. The PCL angle, measured between the horizontal and vertical components shown in 
panel A, increases with increasing age (B). Significant increases occur between consecutive age 
groups between 1.5 and 4.5 months of age, equivalent to an early adolescent age in humans. The 
horizontal-to-vertical ratio, calculated from these components, nearly doubles throughout 
skeletal growth, with significant changes occurring through late adolescence (18 months). Data 
are presented as mean ± standard deviation, and age groups with different letters are statistically 
significant from one another. For example, for PCL angle (panel B below), the 0 and 1.5 month 
age groups are not statistically different since they share a letter (p>0.05). The 1.5 and 3 month 
age groups are statistically different because they do not share a letter. 
 

The angle between the Blumensaat line and the ACL decreased from 10° to 5.6° from 

birth to skeletal maturity in the porcine model (Table 3-1). These changes occurred gradually and 

only reached statistical significance across multiple time points (1.5 month to 6 months, for 

example), opposed to other orientation changes which are significant between sequential groups 

(p>0.05). Additionally, the angle of incidence of the intercondylar roof experienced a 5-fold 

decrease with increasing age (mean values of 32.9° and 5.7° at birth and 18 months, 

respectively) (Table 3-1); however, these changes were significant between sequential age 

groups through the onset of adolescence (p<0.05).   
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Table 3-1. Data on the angle between the Blumensaat line and the ACL and the angle of 
incidence of the intercondylar roof. Both angles decrease with increasing age. Data are presented 
as mean ± standard deviation, and age groups with different letters are statistically significant 
from one another. For example, for Blumensaat angle, the 0 and 1.5 month age groups are not 
statistically different since they share a letter (p>0.05). The 0 and 18 month age groups are 
statistically different because they do not share a letter. 

 

The notch width aspect ratio (Figure 3-4), calculated as the ratio of the horizontal length 

to the vertical width of the intercondylar notch, decreased with increasing age during the juvenile 

age groups (0-3 months), with minimal changes throughout the remainder of skeletal growth 

(p>0.05). Specifically, 84% of the total change in aspect ratio occurred prior to 3 months of age 

in the porcine model. This data reflected the changing bony morphology near the cruciate 

ligaments, and coincided with the change in epiphysis composition from a highly cartilaginous 

tissue to more defined bony structure. 
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Figure 3-4. Notch width aspect ratio is calculated as a ratio of the horizontal (“H”) and vertical 
(“V”) notch measurements (A). Values decrease with increasing age, and statistically significant 
changes occur prior to early adolescence. Data are presented as mean ± standard deviation, and 
age groups with different letters are statistically significant from one another. For example, for 
notch width aspect ratio (panel B below), the 0 and 1.5 month age groups are not statistically 
different since they share a letter (p>0.05). The 1.5 and 3 month age groups are statistically 
different because they do not share a letter. 
 

3.4. Discussion 

In order to study age-specific treatments in childhood musculoskeletal injuries, including 

ACL tears, a pre-clinical model exhibiting age-dependent changes similar to those seen in 

humans must be validated. This study has established in the female porcine model that the 

relative angle of the ACL to the tibial plateau increases in both the coronal and sagittal planes 

during post-natal skeletal growth. Additionally, the angle of the PCL changes throughout skeletal 

growth. All of the changes occur in an age-dependent manner, in accordance with the stated 

hypothesis.  

Humans experience significant orientation changes in the angular orientation of the ACL 

relative to the tibial plateau, with both the sagittal and coronal angles increasing by 

approximately 20° relative to the tibial plateau from early childhood through adulthood (1). 

Interestingly, the human data vary between male and female patients, with the sagittal angle of 

the ACL increasing through late adolescence in females and reaching a plateau during 

adolescence in male patients.  These changes are concurrent with other sex-dependent 
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differences, as significantly smaller intercondylar notches were found in the distal femur of 

adolescent female pigs relative to male pigs (81). The current study found that the sagittal and 

coronal ACL angles also increase in the porcine model throughout skeletal growth.  Moreover, 

female specimens in this study matched sex-specific findings in humans. The sagittal angle of 

the porcine ACL increases in the female pig throughout late adolescence (18 months) and human 

data from female subjects also change through late adolescence (17-20 years) (1). However, the 

coronal ACL angle increases only through an earlier stage of adolescence (6 months) in the pig. 

Likewise, the coronal angle of human female patients reaches a plateau at approximately 65° 

shortly after the onset of puberty (1). This suggests that future work in the porcine model needs 

to include similar characterization of soft tissue changes in a male population in order to 

determine the validity of the pre-clinical model for determining potential sex-based differences. 

Interestingly, the specific timing of these changes are similar in the human and porcine models, 

with major increases in the sagittal angle through late adolescence, while the coronal angle 

increases up to the onset of adolescence, with little change thereafter (Table 3-2). 

 

Table 3-2. The specific timing of orientation changes in the cruciate ligaments is similar 
between humans and the porcine model, with continued changes in the sagittal angle throughout 
adolescent growth, unlike the changes in the coronal ACL angle and the PCL angle which occur 
primarily during the early stages of growth. Data are presented as a percentage of the total 
orientation change from early youth through late adolescence in each species. Age groups are as 
follows: a0-3 years, b10-13 years, c1.5-3 months, d4.5-6 months, e18-20 years, f18 months. 
Human data from Kim et al (1). 
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While the PCL tends to be less frequently studied due to lower injury incidence rates 

(around 8-10% of the rate of ACL injury) (84-87), it serves as an additional comparison between 

the porcine model and humans. The angle between the horizontal and vertical aspects of the PCL 

experience a significant increase during skeletal growth (~15° increase) in human subjects.(1)  

Similar changes were seen in the porcine model (~30° increase). However, a comparison of 

horizontal-to-vertical component ratios of the PCL between human and porcine images differs 

with ratio decreases occurring with increasing age in humans, and ratio increases with increasing 

age in pigs. This disparity could be caused by several factors including different anatomy of the 

femur, altered loading patterns, and a major variation in the flexion angle of the joint at full 

extension (0° in humans, ~35° in pigs). Previous studies of pre-clinical knee models have found 

that the human PCL is relatively wider than the porcine PCL; however, the porcine model 

exhibits a similar length between the femoral and tibial insertion sites to the human knee (41). 

In both human and porcine studies, the angle of incidence of the intercondylar roof 

decreased with increasing age, in a manner potentially related to the altered angle of the ACL 

(1). Intercondylar roof angle has been correlated with ACL injury and tibial spine fractures at the 

distal insertion of the ACL in previous literature, with significant differences in the average 

intercondylar roof angle between the two injury mechanisms (88). When considering the angle 

between the Blumensaat line and the ACL, an interesting relationship between the models 

appears. In human subjects, the relationship between age and angle is only statistically 

significant when considering values from patient 2 years old and under (1). Similarly, in the 

porcine model, the only statistically significant changes in this parameter are found between 

newborn and early juvenile age groups, with insignificant changes occurring thereafter.  

Anatomical differences between human and porcine knees make a comparison of notch widths 

difficult, as human notch width index is traditionally measured at the level of the popliteal 
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groove, yet a direct comparison of this anatomic landmark is not available in pigs across all age 

groups. However, the notch measurements in this work are taken using similar metrics to 

previous studies (81). As such, the notch width aspect ratio may aid in understanding growth 

trends in the soft tissues of the porcine knee, as the bony anatomy can affect the structure and 

function of soft tissues within a joint. 

A limitation of this study is the inclusion of only female porcine specimens. Given the 

promising results of this initial work, future plans include similar studies on male pigs 

throughout skeletal growth in order to study the impact of both age and sex. An additional 

limitation of this study is the interspecies translation of ages between humans and pigs. However, 

using sexual maturity as a comparison scale, many similarities between pigs and humans were 

found in terms of ACL and PCL orientation. Additionally, the specific accuracy and repeatability 

measures established in this work are only applicable to in vitro work, and would need to be re-

established for any in vivo tests as limb positioning would be more challenging. Finally, the 

study is limited by comparison of specific porcine data to approximated human data collected 

from the literature. Without a wide range of age-specific human scans, this limits the analysis 

performed in this work to a subjective comparison instead of a statistical one. 

The anterior and posterior cruciate ligaments are two of the primary soft tissue stabilizers 

within the knee. The findings presented in this work show that major changes occur in the 

anatomic orientation of both ligaments throughout skeletal growth; however, orientation is only 

one of many factors which determine the overall function of the tissues. Other properties, 

including geometric measures, material properties, and intrinsic force distributions must be 

studied in order to develop a more complete understanding of the changes during post-natal 

growth and their impact on total knee behavior. Further work is needed to expand data that can 

be studied in both human and porcine models through non-invasive methods, including imaging 
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based analysis of tissue size and geometry (e.g. tissue volume, CSA, and length). These 

parameters can be evaluated at a higher resolution through high-strength MR imaging in both 

humans and the porcine model, which may be particularly important for smaller (i.e. younger) 

specimens (37, 89, 90). This may provide further verification that the porcine model has the 

potential to mimic complex processes involved in the growth of pediatric patients. Following 

further investigation of non-invasive parameters, characteristics including the biomechanical 

properties of musculoskeletal soft tissues will be investigated in the skeletally immature porcine 

model and/or through correlation analysis of imaging parameters and tissue properties.(40, 91) 

In summary, this work demonstrates that the female porcine model experiences age-

dependent changes in the orientation of the cruciate ligaments that mirror prior findings in 

skeletally immature humans during post-natal growth. This suggests that the porcine model may 

be appropriate for studying the ACL during normal growth, ACL injury, and response to clinical 

interventions in future studies. Given the growing prevalence of pediatric ACL injuries, an 

appropriate pre-clinical model will be instrumental for studying the long-term effects of ACL 

reconstructions, including graft remodeling and return of joint function. 

 

3.5. Conclusions and Broader Impact 

Through this study, we were able to show that the porcine ACL experiences significant 

increases in angular orientation in both the sagittal and coronal planes, similar to those changes 

seen in human growth. These changes in orientation are important in both healthy biomechanics, 

as the direction of the ACL determines the direction of force distribution within the knee, and in 

ACL reconstruction treatments, as differences in reconstruction techniques can lead to altered 

angular orientation of graft tissue. As such, different treatments, including those more commonly 

used in skeletally immature patients, may artificially create ACL orientations that are not optimal 
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for a given patient age. Armed with an improved understanding of the age-specific nature of 

ACL orientation, researchers and clinicians may be able to design treatment strategies that 

leverage native tissue orientation and better replicate the function of a healthy knee. Following 

this conclusion that the angular orientation of the ACL changes similarly in the porcine model 

compared to human changes, the next line of research was to study age-specific changes in the 

3D morphometry of the ACL. 
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CHAPTER 4 

ACL Morphometry Varies in an Allometric Manner During Growth 

While the findings in Chapter 3 established that the angular orientation of the ACL 

changes with age in a similar manner to previous human studies, many questions remained 

regarding changes in the size and shape of the ACL during skeletal growth. Previous studies 

have suggested that the ACL does not grow in time either by cross-sectional area compared to 

muscles around the knee (36), or by volume compared to overall body weight (37). This work 

drove us to ask the question: is the relative size and shape of the ACL consistent throughout 

skeletal growth? To answer this question we analyzed the length and cross-sectional area of the 

ACL and other ligaments and tendons in the knee and compared parameters to classify grow as 

either isometric (consistent in proportions) or allometric (differing in proportions).  

The text in this chapter is currently under review in the Annals of Biomedical 

Engineering under the following citation (92). 

(92) Cone SG., Piercy, HE., Lambeth, EP., Ru, H, Piedrahita, JA., Spang, JT., Fordham, 

LA., Fisher, MB. Tissue-Specific Changes in the Size and Shape of the Ligaments and 

Tendons of the Porcine Knee During Post-Natal Growth. Ann Biomed Eng. Under 

Review. 

4.1. Introduction 

Joints within the musculoskeletal system consist of a complex combination of active and 

passive tissues including ligaments and tendons that have specific morphometric and mechanical 

properties enabling force generation and movement.  Many studies have investigated early pre-

natal development of ligaments and tendons (93-98).  In addition, the structure, function, and 

biochemical makeup of ligaments and tendons undergo major changes throughout both pre-natal 

and post-natal growth (34, 37, 99-101).  Specific changes include increasing macroscale size and 



   

32 
 

mechanical stiffness and changing orientation and shape, among others.  These age-related 

changes are influenced by a variety of stimuli including biochemical and cell signaling as well as 

mechanical loading.  

Pioneering work by D’Arcy Thompson (102) and many others, have reported changes in 

the size and shape of biological tissues, resulting in the establishment of many terms and 

methods for classifying objects during growth.  The terms “isometry” and “allometry” describe 

changes in which the growth of a part do or do not match the growth of the whole, respectively 

(103).  Further research has built on this foundation to better understand morphologic changes in 

the musculoskeletal soft tissues, often with a focus on differences and similarities across tissues 

or between species (104-106).  In this work, we apply these methods of characterization to 

different tissues with similar structure and function within a single organ. 

Additional studies have investigated specific aspects of post-natal growth within a single 

tissue on the macroscale.  For example, the lapine medial collateral ligament (MCL) experiences 

growth along the full length of the tissue, with larger increases close to the tibial insertion site 

(107).  Interestingly, differences in growth rate coefficients were found between the proximal 

bones of the hindlimb (femur) and forelimb (humerus) in the porcine model through 3 months of 

age but not between the distal bones of the same limbs (tibia and radius) (108).  The same study 

found that both the tibia and femur experienced more rapid change in bone area relative to bone 

length (allometric growth), although the same trend was not found in the humerus (108).  A 

study in human growth found that the anterior cruciate ligament (ACL) experiences linear 

volumetric growth up to 10 years of age, with a plateau in ACL volume during the remaining 

period of growth during adolescence, showing age-specific allometric growth patterns between 

the ACL and the body (37).  Together, these studies show that ligaments undergo changes in 

CSA and length during post-natal growth and that tissues near the same joint can undergo 
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different patterns of growth.  However, it is unknown if ligaments and tendons within a single 

joint undergo similar or different changes during post-natal growth.  

The objective of this study was to analyze the post-natal morphometry of four soft tissues 

with similar structure and function in the same joint: the ACL, patellar tendon (PT), MCL, and 

lateral collateral ligament (LCL) of the knee joint.  In order to address this objective, we utilized 

a well-described porcine model to serve as an analog for the human knee (3, 109, 110).  

Magnetic resonance imaging (MRI) was performed to collect high-resolution images of joints 

from animals of different ages, and the macroscale size and shape of each tissue of interest was 

analyzed.  We assessed the isometry or allometry within and between each of these tissues by 

comparing relative changes in tissue length and CSA over time. 

4.2. Materials and Methods 

4.2.1. Specimen Collection 
 

Hind limbs were collected post-mortem from 36 female Yorkshire cross-breed pigs from 

birth to 18 months of age (n=6/age group, total n=36).  Specific age groups and estimated human 

equivalent age were 0 months (newborn), 1.5 months (early juvenile), 3 months (late juvenile), 

4.5 months (early adolescent), 6 months (adolescent), and 18 months (late adolescent).  Human 

age equivalencies were based on a combination of skeletal and sexual age scales in both species 

(58).  The animals used in this study were obtained from a university owned herd, and all 

animals were healthy and of normal size.  Swine were cared for according to the management 

practices outlined in the Guide for the Care and Use of Agricultural Animals in Teaching and 

Research and their use in the current experimental protocols were approved by the N.C.S.U. 

Institutional Animal Care and Use Committee (79).  Hind limbs were dissected to the stifle 

(knee) joint and wrapped in saline-soaked gauze prior to storage at -20°C until further testing. 
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4.2.2. Magnetic Resonance Imaging 
 

Limbs were allowed to thaw at room temperature prior to imaging.  All limbs were 

imaged using MRI scanners at the Biomedical Research Imaging Center (BRIC) at the 

University of North Carolina – Chapel Hill.  Due to the small size of the newborn hind limbs, 

imaging for this group was performed using a 9.4-Tesla Bruker BioSpec 94/30 USR machine 

(Bruker BioSpin Corp, Billerica, MA) with a 3D fast low angle shot scan sequence (3D-FLASH, 

flip angle: 10°, TR: 38 ms, TE: 4.42 ms, acquisition time: 13 hours 18 minutes, FOV: 30 x 30 x 

30 mm) using a 35 mm volume coil and isotropic voxels of 0.1 x 0.1 x 0.1 mm with no gap 

between slices.  Limbs from the older age groups (1.5 to 18 months) were imaged using a 7.0-

Tesla Siemens Magnetom machine (Siemens Healthineers, Erlangen, Germany) with a double 

echo steady state (DESS, flip angle: 25°, TR: 17 ms, TE: 6 ms, acquisition time: 24 minutes, 

FOV: 123 x 187 x 102 mm) using a 28 channel knee coil (Siemens Healthineers) and voxels of 

0.42 x 0.42 x 0.4 mm with no gap between slices. 

 
4.2.3. Image Post-Processing 
 

Image sequences were imported into commercial software (Simpleware 7.0, Synopsys, 

Chantilly, VA) and 3-dimensional (3D) models were generated for each tissue of interest (ACL, 

PT, MCL, LCL) (Figure 4-1).  Models were refined using the “close” and “discrete Gaussian” 

filters and were exported from the software as .stl files.  Models were translated into point 

clouds, which were then analyzed in a custom Matlab code.  Specifically, length was defined as 

the magnitude of the vector between the centroids of the femoral and tibial insertion sites (ACL, 

MCL, LCL) or the patellar and tibial insertion sites (PT).  Centroids were defined as the 

geometric center of the points surrounding the insertion of the soft-tissue into the bone.  Length 

measurements were complicated by insertion sites that have a substantial directional component 

parallel to the length of the ligament or tendon.  This included the insertions of the MCL, LCL, 
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and the tibial insertion of the PT, and some insertion sites extended beyond the field of view of 

the MRI scans for larger specimens.  As such, the location of these insertion sites were measured 

at the edge of the insertion most proximal to the joint center since this landmark could be 

consistently identified in all specimens.  The insertion was determined as the centroid of points 

collected around the tissue at this location along the tissue length.  Furthermore, to avoid 

variability caused by the changing CSA near the bony insertions, our CSA analysis was 

restricted to the midsubstance of the tissues.  Specifically, the CSA was measured from the 

central 50% (midsubstance) of the ligament or tendon by rotating the model of the tissue onto the 

longitudinal axis, dividing the model into slices at a 0.1 mm increments along the z-axis, 

measuring the area of each slice, and averaging the values within the central 50% along the 

length to collect a single value for each tissue. 

 

Figure 4-1.  3D models were created for tissues such as the anterior cruciate ligament (ACL) 
using MRI scans and segmentations of individual tissues. Images shown for newborn (0 month), 
early adolescent (4.5 month), and late adolescent (18 month) joints, scale bars are 10 mm. 
Length and cross-sectional area (CSA) calculation methods described for an ACL. 
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4.2.4. Analysis of Growth 
 

Data were analyzed for each parameter (length and CSA) of each tissue (ACL, PT, MCL, 

and LCL) with comparisons performed between tissues and between parameters using data from 

all age groups.  Log-log plots (log10) were created comparing experimental data to established 

isometric slopes listed in Figure 4-2.  This process was done for both intra-tissue comparisons 

(CSA versus length) and inter-tissue comparisons (ACL versus PT, ACL versus MCL, ACL 

versus LCL, PT versus MCL, PT versus LCL, MCL versus LCL) for each geometric parameter.  

Linear regressions were performed for each plot and the slope and R2 value were recorded. 

 

Figure 4-2.  Allometric growth within or between tissues can be assessed by plotting data on a 
log-log graph (A) and comparing to the slope of an isometric line.  Isometric slopes are listed for 
all possible combinations of CSA and length (B).   
 
4.2.5. Statistical Analysis 
 

For comparisons between tissues, normalization of tissue size was performed by dividing 

the data for each geometric parameter by its respective average 18 month value for each tissue.  

Normality of data sets was confirmed in JMP (JMP Pro 13, SAS Institute Inc., Cary, NC).  

Statistical analysis of each geometric parameter consisted of a two-way ANOVA with age and 

tissue type as major effects and a Bonferroni method to adjust for multiplicity and significance 

set at p≤0.05 (JMP Pro 13, SAS Institute Inc., Cary, NC).  For these analyses, tissue type was 

considered a within-subject variable while age was considered a between-subject variable.  

Analysis of the log-log plots was accomplished by comparing the slope of the linear regression 
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to the appropriate isometric value by an F-test by using the test statement in PROC REG 

Procedure (SAS 9.4, SAS Institute Inc., Cary, NC).  The adjusted significance level for F-test 

comparisons was set at p≤0.001. 

 

4.3. Results 

4.3.1. Changes in Size During Post-Natal Growth 
 

All of the ligaments and tendons of interest experienced significant growth in both length 

(Table A-2-1) and CSA (Table A-2-2) between birth and late adolescence (18 months) in this 

study (Figure 4-3).  Increasing age resulted in significant growth in all four tissues of interest 

(p<0.05).  Specifically, the length of the ACL increased 4-fold from an average of 9 mm to 35 

mm from birth through late adolescence (Figure 4-3A).  Simultaneously, the average length of 

the PT increased by 5-fold from 14 mm to 74 mm.  The length of the MCL and the LCL also 

increased by 5-fold (Figure 4-3A).  CSA increases varied across the tissue types.  In the ACL, 

the average CSA increased 10-fold from 6 mm2 to 57 mm2 between birth and late adolescence 

(Figure 4-3B).  This increase occurred alongside 24-fold (PT), 23-fold (MCL), and 16-fold (LCL) 

increases in the other ligaments and tendon types (Figure 4-3B).  The most rapid periods of 

growth occurred during the juvenile and early adolescent phases (statistically significant 

increases between consecutive age groups are highlighted in Figure 4-3 (p<0.05)). 
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Figure 4-3.  Length (A) and CSA (B) increase several fold in the ACL, PT, MCL, and LCL from 
birth through skeletal maturity.  Data for individual specimens are presented as points while 
mean and 95% confidence intervals are represented by dashes and lines.  Bars represent 
significant differences between consecutive age groups (p<0.05). 
 

To compare across tissues within specific ages, values for length were normalized to the 

average value at 18 months for each tissue (Figure 4-4, Table A-2-3).  For example, at birth, the 

average ACL length was 25% of the average ACL length at 18 months.  Similar length values 

were obtained at birth for the PT, MCL, and LCL (19%, 20%, and 22%, respectively).  Across 

all ages, these average changes in normalized tissue length were only statistically significant 

between the ACL and the PT, MCL, and LCL at 1.5 months of age, the ACL and the MCL at 3 

months of age, and the PT and the LCL at 6 months of age (p<0.05). 
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Figure 4-4.  Tissue length data compared across tissues at each age normalized to the late 
adolescent group.  Data for individual specimens are presented as points while mean and 95% 
confidence intervals are represented by dashes and lines.   * denotes p<0.05 from ACL, + 
denotes p<0.05 from PT. 

 

Values for CSA were also normalized to the average 18 month value for each tissue 

(Figure 4-5, Table A-2-4).  At birth, major differences in the normalized CSA of the tissues were 

observed.  Interestingly, the newborn ACL CSA was only 10% of the average 18 month group 

value.  This normalized CSA value was much higher compared to the other tissues of interest, as 

the CSA values of the PT, MCL, and LCL were 4%, 4%, and 5%, respectively (p<0.05 vs the 

ACL, Figure 4-5).  The ACL also had a significantly greater normalized CSA values at 0 and 3 

months compared to the other three tissues, and compared to the PT at 4.5 months of age 

(p<0.05).  No significant differences were found between the tissues during adolescence (6 and 

18 months, p>0.05). 
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Figure 4-5.  Tissue CSA data compared across tissues at each age normalized to the late 
adolescent group.  CSA is significantly greater in the ACL compared to the other tissues 
(p<0.05) at ages including 0, 3, and 4.5 months.  Data for individual specimens are presented as 
points while mean and 95% confidence intervals are represented by dashes and lines.   *  denotes 
p<0.05 from ACL. 

 

4.3.2. Intra-Tissue Growth Behavior 
 

Statistical analyses of log-log plots between morphometric parameters (length and CSA) 

for each tissue (ACL, PT, MCL, LCL) revealed differences in the modality of growth for each 

tissue (Figure 4-6).  The slope of best fit line for the CSA versus length plot of the ACL was 

1.54, which was significantly different from the isometric slope of 2 (p<0.001) and favored 

allometric increases in length over increases in CSA.  The slope of the CSA versus length plot 

for the PT was 1.85, which was not significantly different from the isometric slope (p=0.25).  

Similarly, the slope of the MCL CSA versus length plot (1.84) did not differ from the isometric 

slope (p=0.08).  However, the slope of the LCL CSA versus length plot (1.72) was significantly 



   

41 
 

different from that of an isometric slope (p=0.002) and favored greater length change over CSA 

change. 

 

Figure 4-6.  Assessment of allometric growth within each tissue.  Comparisons of CSA and 
length for the ACL and LCL reveal allometric growth whereas the PT and MCL exhibit 
isometric growth.  In these plots, the dashed line represents the line of isometry while the solid 
line represents the line of best fit for the data (R2 values provided, p<0.05 denote statistical 
difference from isometric line, slopes denote standard and best fit lines). 
 
4.3.3. Inter-Tissue Differences in Growth  
 

Similar analyses were performed to compare log-log plots of morphologic growth across 

the four tissues of interest in the joint, with varied results depending on the parameter of interest 

(Figure 4-7).  In terms of length, changes favored growth in the PT, MCL, and LCL over the 

ACL.  Specifically, the slopes of the plots for the ACL relative to these tissues were 0.88 

(p=0.010), 0.82 (p<0.001), and 0.88 (p=0.006), respectively.  Length changes were not 

statistically different from an isometric slope in the PT versus MCL (slope=1.02, p=0.52), PT 

versus LCL (slope=0.97, p=0.39), or MCL versus LCL (slope=1.03, p=0.04) plots. 
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Figure 4-7.  Comparisons of tissue length reveal differing rates of growth between the tissues.  
In these plots, the dashed line represents the line of isometry while the solid line represents the 
line of best fit for the data points (R2 values provided, p<0.05 denote statistical difference from 
isometric line, slopes denote standard and best fit lines). 
 

Comparisons of the slopes of log-log plots for CSA growth revealed some similar 

changes (Figure 4-8).  The ACL exhibited allometric behavior relative to all three of the other 

tissues with a slope of 0.68 versus the PT (p<0.001), 0.69 versus the MCL (p<0.001), and 0.78 

versus the LCL (p<0.001).  In all three of these cases, changes in CSA were greater for the MCL, 

LCL and PT relative to the ACL.  CSA changes were not statistically different from an isometric 

slope in plots comparing the PT versus MCL (slope=0.96, p=0.11), PT versus LCL (slope=0.85, 

p=0.75), or the MCL versus LCL (slope=1.10, p=0.08) plots. 
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Figure 4-8.  Comparisons of tissue CSA show differing rates of growth between tissues, 
specifically between the ACL and the other three. In these plots, the dashed line represents the 
mathematical line of isometry while the solid line represents the line of best fit for the data points 
(R2 values provided, p<0.05 denote statistical difference from isometric line, slopes denote 
standard and best fit lines). 
 
4.4. Discussion 

While previous studies have investigated growth across body segments, this work was 

performed to highlight differences in growth in tissues with similar structure in a single joint. 

Here we presented data showing that all four ligaments and tendons studied in the knee joint 

increased markedly in size during growth.  These changes included 4- to 5-fold increases in 

tissue lengths from birth through skeletal maturity alongside 10- to 20-fold increases in tissue 

CSA.  However, changes in shape varied between tissues.  Specifically, the ACL and LCL 

experienced allometric growth whereas the MCL and PT grew in an isometric manner.  

Additionally, while the increases in tissue length were similar across the tissues of interest, CSA 



   

44 
 

changes varied between tissues as the percent change in ACL CSA was lower than in the other 

tissues.   

The age-related size increases observed in our study match more limited data in the 

literature.   Additionally, the 2-fold changes we found from juvenile to skeletally mature groups 

in MCL CSA between were similar in scale to those previously reported during the same time 

frame in a study of rabbit MCL size (111).  Related studies also reported more rapid growth in 

MCL CSA during the juvenile and early adolescent stages relative to later stages of growth, and 

our study reflected these findings as well (112).  In another study in rabbits, MCL length 

increased by approximately one third to one half during a 10-week period of juvenile growth 

(107).  Similarly, our findings suggested that the porcine MCL increased by just under one half 

of its length during a similar time frame.  Our data build on these prior reports while allowing 

direct comparisons between tissues at a wider range of ages. 

Our findings regarding the growth of the ACL suggest that there are age-specific changes 

in the geometric proportions of the tissue throughout skeletal growth in the pig model, and that 

the growth of the ACL does not parallel growth in the other tissues.  Similarly, previous studies 

have shown that the CSA of the human ACL increases in size up to 10-12 years of age but halts 

in growth prior to the end of overall skeletal growth (37, 71).  Additional studies comparing the 

growth of the human ACL to muscles surrounding the knee have shown more rapid growth in the 

ACL halting prior to the end of muscle growth (36).  Our findings agree with these results 

demonstrating the allometric growth of the ACL relative to other tissues, while our findings add 

a more robust look into the timing of ACL growth in a relevant pre-clinical large animal model.   

In order to extend these findings to the study of human growth, similar data should be 

analyzed in human subjects.  MRI techniques have been previously employed to study the 

growth of musculoskeletal tissues in human populations, and some of the benefits and limitations 
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of this approach have been described previously.  MRI was used to study growth in the pediatric 

shoulder, where the ability to study changes in bone and soft tissues simultaneously was 

highlighted (113).  An additional MRI study reported age-related patterns in ligament anatomy 

including one reporting on the location of the femoral insertions of the collateral ligaments 

relative to the femoral growth plate (114).  Building on works such as these and the techniques 

described in our study, there is an opportunity to build on our understanding of ligament and 

tendon growth in human populations. 

Our study also relates to previous work in the porcine model focused on growth and 

morphometric changes of bones, while adding data regarding several soft tissues in the knee.  

Other groups have reported age-related changes in the growth of long bones in the hind- and 

fore-limbs where they found differences in CSA and length change in the bones of the hind-limb, 

and variations in growth coefficients between the bones of the hind-limb versus the fore-limb 

(108).  Our findings agreed with this work suggesting that musculoskeletal tissues can undergo 

shape changes during growth and may occur on altered timelines relative to similar tissues.  

Furthermore, the porcine model has been used to study tissue mechanics during growth 

specifically for bone and cartilage (115-117).  Thus, the porcine model may also be a valuable 

tool to study ligament and tendon mechanics during growth. 

The findings reported here can aide in designing clinical treatments for injured ligaments 

and tendons.  For example, when developing reconstruction treatments for the ACL in growing 

patients, clinicians may need to be cognizant of age-specific morphology and remaining growth 

in the knee.  The PT is a common graft for the ACL (118); however, if the PT grows at different 

rates during the healing process or experiences different changes in shape this may not be as 

appropriate for certain age groups.  In order to implement these findings in clinical treatments for 

human populations, this study should be repeated in a human population to confirm whether or 
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not these findings are species-specific.  Given the non-invasive nature of MRI studies, repeating 

this work with a wide range of ages during growth in a human cohort may reveal interesting 

differences in the relative size and shape of ligaments and tendons between species and age 

groups, as well as any interaction between these factors.  

These data also have implications in basic science research of ligaments and tendons. If 

developing a biomechanical model of the joint during growth, a single scaling factor cannot be 

applied across tissues within a single joint to create age-specific designs. Any biomechanical 

model of the knee should consider the corresponding relationships between length and CSA that 

are unique to a target age group.  When considering the consequences of these findings on the 

field of tissue engineering and applications for ligaments and tendons, tissue-specific growth 

should be taken into consideration when designing tissue engineered constructs for skeletally 

immature patients.  The study of tissue-specific changes during growth could be applied to other 

species and tissues.  This may reveal significant differences in tissue growth in precocial and 

altricial species, bipedal and quadrupedal species, and across upper and lower limbs within 

bipedal species.   

Moving forward, we plan to replicate this study in male animals in order to investigate 

the sex-specific changes in soft tissue morphology within the knee.  Previous studies showing 

significant differences in injury patterns between young male and female athletes suggest that the 

onset of adolescence leads to a disparity in ACL behavior between the sexes (119), and this 

future work may elucidate the impact of structural changes on these differences.  In combination 

with findings on the specific tissue composition and effects of altered mechanical loading on soft 

tissue morphogenesis, the porcine model can be used to isolate the underlying mechanisms 

which inform soft tissue growth in post-natal development.   
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Limitations of this study include the cross-sectional experimental design, as all 

morphological changes between ages are based on data from separate animals.  Future work 

using a longitudinal study design may be able to expand on the power of this work by 

eliminating inter-specimen variation.  An additional consideration is that these findings may be 

breed specific within the porcine species.  As such, it may be informative to repeat these 

measurements in other common porcine models, such as the Yucatan minipig.  Further 

limitations were introduced by the methodology for length calculations.  Specifically, since the 

geometry of the insertion sites for the ligaments and tendons are complex (and partially out of 

the field of view in some cases), our length measurements were constrained to the midsubstance 

of the tissues.  Additionally, the CSA measurements for each tissue were gathered from the 

midsubstance and were averaged across the tissue.  Thus, our measurements represent 

generalized metrics of the tissue substance.  Quantification of region-specific variations in size 

during growth would be an interesting area for exploration. 

While previous work has shown growth gradients across full limbs or body segments, this 

has shown that similar tissues within a single joint can grow at different rates.  Our findings 

support previous literature suggesting that age-related morphometry changes vary between 

tissues in the body, while increasing our understanding of this phenomenon from comparisons 

between body segments and multiple joints to comparisons between tissues within a single 

organ.  This data has many potential implications in understanding musculoskeletal growth, 

human clinical applications, and emerging tissue engineering and regenerative medicine 

therapies.    

4.5. Conclusions and Broader Impact 

In this chapter, we have shown that the ACL experiences allometric growth through both 

comparison of length and CSA across ages, and when comparing changes in the ACL to changes 
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in the collateral ligaments and the PT. This reinforces findings from previous studies, which 

stated that the ACL experiences growth on a different scale compared to the total body and 

muscles in the leg, while building on previous findings by focusing on tissues within a single 

joint. This potentially highlights the effect of specific functional demands and internal cues on 

the growth of the ACL, as the other tissues have similar biomechanical and biochemical 

environments. Prior to the implementation of these findings in the clinic, this study must be 

confirmed in a human study. The image processing and data analysis techniques described in this 

chapter can be readily implemented in a retrospective human study in order to both confirm the 

translation between the porcine model and humans, and compare tissue growth in males and 

females. To extend these findings into the next chapter, the analyses used between ligaments will 

be applied to the anteromedial and posterolateral bundles of the ACL, and I will describe our 

initial biomechanical studies in joints during growth. 
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CHAPTER 5 

Joint-Level Changes in Biomechanical Function Occur Alongside Bundle-Specific Changes 

in ACL Structure and Function During Skeletal Growth 

While findings in the previous chapter revealed interesting changes in ACL 

morphometry, we were interested in studying changes within the individual bundles of the ACL 

during growth. The ACL is comprised bundles of collagen fibrils, and the most common division 

of this tissue is into two bundles: the anteromedial (AM) and posterolateral (PL) bundles. 

Previous studies have shown that these bundles are engaged under different applied loads and in 

different postures in mature cases, with the AM bundle serving a dominant functional role under 

applied anterior tibial loads. Additionally, we were interested in studying changes in the joint 

responses to applied tibial loads and moments as a function of age and flexion angle, as these 

parameters may shift with alterations in the biomechanical function of soft tissues including the 

ACL. This chapter details an investigation into changes in these joint kinematic properties and 

bundle-specific functional properties coupled with applications of the orientation and 

morphometry analyses from the prior two chapters to the AM and PL bundles throughout 

growth. 

The text in this chapter has been provisionally accepted and is in revision at the Clinical 

Orthopaedic and Related Research journal under the following citation (120). 

120. Cone, S.G.; Lambeth, E.P.; Ru, H.; Fordham, L.A.; Piedrahita, J.P.; Spang, J.T.; 

Fisher, M.B. Biomechanical Function and Size of the Anteromedial and Posterolateral 

Bundles of the Anterior Cruciate Ligament Change Differently with Skeletal Growth in 

the Pig Model. Clin Orthop Relat Res. Under Review. 
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5.1. Introduction 

The ACL stabilizes the knee in multiple directions during activities of daily living and 

physically demanding athletic activities (121). Its structure is well suited to the multidirectional 

loads it experiences; the ACL is commonly divided into two sub-bundles: the anteromedial and 

posterolateral bundles (15, 122-126). The anteromedial bundle is more directly responsible for 

resisting anterior tibial loading and sees greater loads in deep flexion than the posterolateral 

bundle, while the posterolateral bundle contributes more to resisting rotational moments and in 

positions near full extension (121, 126, 127). 

As many as 250,000 ACL injuries occur in the United States each year (128), and the 

incidence of ACL injury is rising in the skeletally immature population (25). Recent studies have 

found rapid increases in the number of ACL reconstruction procedures annually in pediatric and 

adolescent patients (25, 26, 129, 130), with one study reporting that the fastest growing number 

of ACL reconstruction procedures in boys and girls in those younger than 14 years (25). Current 

clinical treatments for this age group focus on restoring stability while minimizing interruption 

of the femoral and tibial physes for patients with considerable  growth remaining (131, 132); 

however, these treatments may not restore normal kinematics and contact stresses in pediatric 

patients (31). This suggests a need for more knowledge regarding the normal function of the 

ACL during growth.  

The size and orientation of the ACL also undergoes substantive change during growth in 

childhood. The ACL increases in steepness in the sagittal and coronal planes in humans during 

growth (1, 35). The ACL cross-sectional area increases in children up to 10 years old, with more 

modest changes during adolescence (36, 37). However, little is known regarding whether and 

how ACL function and anteromedial and posterolateral bundle function, size, and anatomic 

orientation change during growth. 
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Large-animal models are valuable when the ability to collect human data is limited, such 

as in pediatric cadaveric studies. Previously, the pig ACL model has been validated as a 

surrogate for the ACL in skeletally mature humans; the length and cross-sectional area of the 

healthy ACL were found to be comparable between humans and pigs (110). Additionally, the pig 

model better replicates human anteromedial and posterolateral bundle function under anterior 

tibial loads than sheep and goat models do (44). More recently, the skeletally immature pig 

model yielded similar changes in ACL orientation to the human ACL with growth (1, 133). 

Another study of ACL reconstruction and repair also employed the pig model, using both young 

and mature animals (134). Thus, the pig model can provide clinically useful insight into ACL 

function during growth.  

The objectives were defined to study age-dependent changes in four parts: (1) to measure 

joint kinematics in response to applied anterior-posterior loads and varus-valgus moments, (2) to 

assess the response of the ACL under the same applied loads, (3) to compare the relative 

functional contributions of the anteromedial and posterolateral bundles of the ACL, and (4) to 

study changes in the cross-sectional area, length, and angular orientation of the bundles of the 

ACL.   

5.2. Materials and Methods 

5.2.1. Study Design 
 

The following methods are summarized in Figure 5-1. All pigs used in this study were 

obtained from a university-owned herd (Swine Education Unit, NC State University) and were 

healthy and of normal size. The animals were cared for according to the management practices 

outlined in the Guide for the Care and Use of Agricultural Animals in Teaching and Research 

(79), and experimental protocols were approved by our local institutional animal care and use 

committee. Hind limbs were collected from 30 female Yorkshire crossbreed pigs at ages ranging 
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from 1.5 to 18 months. Age groups (n = six per group) and equivalencies to human growth were 

based on studies of porcine skeletal and sexual maturity (3, 58) and included: early youth (1.5 

months), juvenile (3 months), early adolescent (4.5 months), adolescent (6 months), and late 

adolescent (18 months). Ages of animals were within a range of +/- 3 days for the early youth 

and juvenile groups, and within a range of +/- 7 days for the early adolescent through late 

adolescent groups.  Sample sizes were initially determined by a power analysis based on 

preliminary imaging data (effect size of 2), which found that n=8 per age group would be 

sufficient for to detect an effect size of 2 at a power of 0.8 and adjusting for multiple 

comparisons.  After initial testing, we observed larger effect sizes and determined that n=6 was 

sufficient to detect changes in major outcomes, , so animals were limited to n=6/group.  

Specimens were wrapped in saline-soaked gauze and stored at -20 °C.  

 

Figure 5-1. The overall methods for this manuscript are described, including specimen 
collection, magnetic resonance imaging, and biomechanical testing. 

 

5.2.2. MRI 
 

MRI analysis was performed in order to study the anatomic orientation, length, and cross-

sectional area of the ACL and its anteromedial and posterolateral bundles.  Hind limbs were 
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allowed to thaw at room temperature in preparation for MRI. Stifle joints were imaged at full 

extension (approximately 30°-40° of flexion) at the Biomedical Research Imaging Center at the 

University of North Carolina – Chapel Hill. MRI scans were performed in a 7.0-Tesla Siemens 

Magnetom scanner (Siemens Healthineers, Erlangen, Germany) using a double-echo steady-state 

sequence (flip angle: 25°; TR: 17 ms, TE: 6 ms; acquisition time: 24 minutes; FOV: 123 x 187 x 

102 mm) with a 28-channel knee coil (Siemens Healthineers) and voxel size of 0.42 x 0.42 x 0.4 

mm, with no gap between slices (Figure A-3-1). After imaging, each limb was wrapped in saline-

soaked gauze and stored again at -20 °C.  

MR images were analyzed using commercially available software (Simpleware 7.0, 

Synopsys, Chantilly, VA, USA) to measure the orientation and size metrics. To calculate the 

orientation of each bundle, we used a multiangle measurement tool to determine the angle of 

each bundle relative to the AP axis of the tibial plateau in both the sagittal and coronal planes, as 

previously reported by us and others (1, 133). Tissue length was calculated by identifying 

coordinates of approximately 15 evenly distributed points at the tibial and femoral insertion sites 

for each tissue and calculating the three-dimensional centroid for each insertion using a custom 

Matlab code (Matlab, Mathworks, Natick, MA). Length was then calculated as the magnitude of 

the vector between the centroids. Images were segmented to create three-dimensional models of 

each tissue, specifically the entire ACL, the anteromedial bundle, and the posterolateral bundle 

(Figure 5-2). Models were refined using “close” and “discrete Gaussian” filters before being 

exported as .stl files. 
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Figure 5-2. (A) Coronal and sagittal angles of the ACL bundles were measured on the most 
anterior (coronal, image shown) or the most medial (sagittal, image shown) slice depicting the 
full ACL relative to the anterior-posterior or medial-lateral plane of the tibial plateau 
(determined from a different MRI slice and transferred for measurement). (B) Bundle length was 
calculated between insertions (marked with red stars for the posterolateral bundle) based on 
points collected near the femoral and tibial insertion sites as shown in sagittal planes. (C) MR 
images were translated into three-dimensional models by creating masks for the individual 
tissues throughout the MRI scan and compiling the image masks to create 3D models. (D) The  
cross-sectional area was measured by isolating and rotating three-dimensional models of the 
ACL bundles, generating point clouds for each tissue, creating 2D cross-sections of these point 
clouds (shown in blue inset), and measuring the cross-sectional area at slices in the midsubstance 
of the tissue. 
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Cross-sectional area values were calculated from MR images in a manner similar to the 

method of Fujimaki et al. (89). The anteromedial and posterolateral bundles of the ACL were 

visualized, confirmed as inserting into the tibial plateau on the anterior and posterior side of the 

most medial aspect of the anterior insertion of the lateral meniscus (an anatomic feature of the 

porcine ACL), and transformed into individual masks (Figure A-3-2). The three-dimensional 

models were transformed into point clouds and imported into a custom Matlab code for further 

analysis. Point clouds for each tissue were rotated to align the line-of-best-fit (or long axis) to the 

Z-axis of a Cartesian coordinate system. The point cloud was then translated along the Z-axis to 

originate on the orthogonal X-Y plane, and points were projected onto planes distributed in 1-

mm slices along the Z-axis. The area within the collapsed points was recorded for each slice, and 

the areas identified from the central 50% of the tissue were averaged to calculate the mean cross-

sectional area value for the tissue. 

 

5.2.3. Biomechanical Testing 
 

Biomechanical testing was then performed in order to study the anterior-posterior tibial 

translation and varus-valgus rotation of the joints under applied loads and moments.  

Additionally, this testing was performed in order to study the in situ forces carried by the ACL 

and its anteromedial and posterolateral bundles under the applied forces and moments.  Before 

biomechanical analysis, limbs were removed from storage and allowed to thaw at room 

temperature. The femur, tibia, and fibula were cut in the center of the diaphysis, and the soft 

tissue was removed up to the joint. The bones were fixed in molds using an epoxy compound 

(Everglass, Evercoat, Cincinnati, OH, USA). Joints were wrapped in saline-soaked gauze, and 

additional saline was applied as needed throughout testing. 
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Robotic testing systems have been widely used to analyze the in situ function of 

musculoskeletal joints and individual tissues (10, 11, 127, 135, 136). Testing was performed 

using a 6 degrees of freedom robotic system (KR300 R2500, Kuka, Shelby Charter Township, 

MI, USA) powered by a separate controller (KRC4, Kuka, Shelby Charter Township, MI, USA) 

combined with a 6 degrees of freedom force/moment sensor (Omega160 IP65, ATI Industrial 

Automation, Apex, NC, USA) and integrated and controlled via the simVitro software package 

(Cleveland Clinic, Cleveland, OH, USA). This system is capable of operating under both 

kinematic and kinetic control, with kinematic repeatability of 0.1 mm and 0.1° and load cell 

sensitivity of 0.25 N. 

Specimens were attached to the robotic system with custom clamps, and the anatomic 

coordinate system of the joint was determined relative to the coordinate system of the robotic 

manipulator using a point digitizer with an accuracy of 0.23 mm (G2X, Microscribe, Amherst, 

VA, USA) as previously described (10, 127, 137). A passive path was established for each joint 

by increasing the flexion angle of the joint from full extension (approximately 40° of flexion, 

measured with a goniometer) to 90° by 1° increments while minimizing forces and moments in 

the other five degrees of freedom and recording the kinematics. 

Once the passive path positions were established, joint kinematics under applied anterior 

tibial loads at 40°, 60°, and 90° and varus-valgus moments at 60° were obtained (Table 5-1). The 

robotic system was operated under force control to apply selected loads at 40°, 60°, and 90° of 

flexion. Age-specific forces and moments (Table A-3-1) were selected based on preliminary 

experiments to engage the connective tissues of the knee and reach the linear region of the load-

displacement curve for the ACL under anterior loads. These load changes (sevenfold increase) 

were scaled with bone size increases (sevenfold increase). Kinematics were recorded under these 

applied loads and repeated in position control while force and moment data were collected. The 
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anteromedial bundle of the ACL was isolated and transected, and the kinematics of the intact 

joint were repeated to obtain force and moment data remaining in the anteromedial-deficient 

state. The posterolateral bundle was then transected. This order was maintained throughout 

testing because of our inability to access the posterolateral bundle from the anterior aspect of the 

joint before transecting the anteromedial bundle; however, in preliminary validation studies, 

blunt separation of the bundles resulted in minimal change in recorded resultant force under 

applied load (average of 1.7 N in the 3 month old juvenile group (n=5) and 3.8 N in the 18 month 

old late adolescent group (n=5)). This suggests minimal interaction between the anteromedial 

and posterolateral bundles. The kinematics of the intact joint were again repeated to measure the 

loads and moments resisted in the ACL-deficient state. 

Table 5-1. Experimental protocol for robotic testing of the stifle joints of pigs. 

Protocol Data collected 
(1) Intact joint 
     Passive flexion-extension path 
     Applied loading conditions 
          AP40: AP load at 40° 
          AP60: AP load at 60° 
          AP90: AP load at 90° 
          VV60: Varus-valgus moment at 60° 
Repeat kinematics (AP40, AP60, VV60, 
AP90) 
Transect AM bundle 

 
Passive path positions 
Intact kinematics (AP40, AP60, AP90, VV60) 
 
 
 
 
Applied forces (FAP40, FAP60, FAP90, 
FVV60) 

(2) AM-deficient joint 
     Repeat kinematics (AP40, AP60, AP90, 

VV60) 
      
 
     Transect PL bundle 

 
AM-deficient forces (FAP40, FAP60, FAP90, 
FVV60) 
AM bundle in situ forces (Fintact-FAMdeficient) 

(3) ACL-transected joint 
     Repeat kinematics (AP40, AP60, AP90, 

VV60) 

 
PL-deficient forces (FAP40, FAP60, FAP90, 
FVV60) 
ACL in situ forces (Fintact-FACLdeficient) 
PL bundle in situ forces (FAMdeficient-
FACLdeficient) 

AP: anterior-posterior; VV: varus-valgus; AM: anteromedial; PL: posterolateral 
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5.2.4. Biomechanical Data Processing 
 

Kinematic measurements included anterior-posterior tibial translation, calculated as the 

anterior-posterior distance between the point of maximum applied anterior force and posterior 

force, and varus-valgus rotation, measured as the rotation in degrees between the maximum 

applied varus and valgus torques. Anterior-posterior tibial translation was normalized to the 

length of the tibial plateau in the sagittal plane, measured from previously collected MR images, 

to correct for size differences because of growth between age groups. Forces were recorded in 

the anterior-posterior, medial-lateral, and proximal-distal directions at the peak force or moment 

of each applied condition. The principle of superposition was applied to calculate the in situ 

forces for each force component in the anteromedial bundle, posterolateral bundle, and ACL 

under the applied loads in all three conditions (44, 127). Resultant forces were calculated as the 

result of the force vector for each tissue under each applied load. Normalized forces were 

calculated as a tissue-specific percentage of the overall force in the joint, measured at the peak 

load.  

 

5.2.5. Primary and Secondary Outcomes of Interest 
 

Our primary study outcomes were age-dependent changes in anterior-posterior tibial 

translation and varus-valgus rotation, the biomechanical contribution of the ACL under applied 

anterior tibial loads, and relative function of the anteromedial and posterolateral bundles of the 

ACL under anterior tibial loads. We tested this by applying an anterior tibial load to joints of 

various ages and recording the resulting deformations and sensed forces.  

Our secondary study endpoints were changes in the size and angular orientation of the 

ACL bundles during growth. We tested these by comparing changes in tissue cross-sectional 
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area, length, and both sagittal and coronal tissue orientation throughout skeletal growth in the 

porcine model. 

 

5.2.6. Statistical Analysis 
 

The statistical analysis was performed using commercial software (JMP Pro 13.0, SAS 

Institute, Cary, NC, USA). For anterior-posterior tibial translation, normalized anterior-posterior 

tibial translation, and ACL force contribution, a two-way ANOVA was performed with age as an 

independent variable and flexion angle as a repeated measure. Varus-valgus rotation, ACL angle, 

bundle angle, ACL length, and cross-sectional area of the ACL were analyzed with a one-way 

ANOVA using age as the independent variable. Bundle contributions under varus and valgus 

torque, bundle angle, bundle length, and bundle cross-sectional area were analyzed using a two-

way ANOVA with age as an independent variable and bundle as a repeated measure. Normalized 

bundle contributions to anterior tibial force were analyzed individually by bundle using a two-

way ANOVA with age as the independent variable and flexion angle and bundle as a repeated 

measure; paired t-tests were used to compare values between bundles. For each ANOVA, 

Tukey’s honestly significant difference post hoc analyses were performed. For all tests, the 

overall alpha value was set at 0.05. Data are reported in tables and supplementary material as the 

mean ± SD (95% CI). Figures showing individual data points and means with 95% CIs are 

reported in the main text, with minimal statistical markings for clarity.  

 

5.3. Results 

5.3.1. Age-Dependent Joint Kinematics 
 

No differences in anterior-posterior tibial translation were found in response to applied 

loads because of age, despite increases in specimen size (p = 0.635) (Table A-3-2). Once it was 
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normalized to the length of the tibial plateau in the sagittal plane, anterior-posterior tibial 

translation decreased with increasing age (p < 0.001) (Figure 5-3). The average values for 

normalized anterior-posterior tibial translation in the late adolescent group (18 months) were 

only 50%, 56%, and 63% of that of the early youth group (1.5 months) at 40°, 60°, and 90° of 

flexion, respectively. These decreases occurred primarily before the onset of adolescence, with 

no changes during adolescence (between 4.5 and 18 months old) across all flexion angles (Table 

A-3-3). Varus-valgus rotation decreased with age (p < 0.001) (Figure 5-3) from an average of 

25.4° ± 2.2° [95% C.I.: 23.1-27.8] in early youth (1.5 months) to an average of 6.3° ± 1.6° [95% 

C.I.: 4.6-8.0] in late adolescence (18 months) (Table A-3-4). 
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Figure 5-3. In response to applied tibial loads, (A) anterior-posterior tibial translation decreased 
with age (p < 0.001) when normalized to the length of the tibial plateau in the sagittal plane (data 
shown at 60° of flexion). Additionally, (B) varus-valgus rotation decreased with age (p < 0.001). 
The bars represent the mean and 95% CI and the points represent data from individual 
specimens. 
 
5.3.2. ACL Function Under Applied Anterior Loads 
 

The ACL served as the primary restraint to anterior tibial load in the joint throughout 

skeletal growth (p = 0.630) (Figure 5-4). The functional contribution of the ACL was measured 

as the percentage of the overall joint anterior force at the peak applied anterior tibial load. 
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Specifically, the mean contribution of the ACL ranged from 75% to 104% at 40° of flexion, 97% 

to 110% at 60° of flexion, and 98% to 111% at 90° of flexion across all age groups relative to the 

intended target load (Table A-3-5).  

 

Figure 5-4. The ACL was a dominant soft-tissue restraint, reported here as a percentage of the 
target load, to applied anterior tibial loading, with no effect because of age (p = 0.63). Data are 
presented with a representative flexion angle (60°); the bars represent the mean and 95% CI. 

 

5.3.3. ACL Bundle Biomechanical Function Under Applied Loads 
 

Although the biomechanical function of the entire ACL was consistent across ages, the 

functional contributions of the anteromedial and posterolateral bundles shifted from both bundles 

having substantial but variable contributions in the younger age groups towards dominance of 

the anteromedial bundle under anterior loading after the onset of adolescence (Figure 5-5). In 

early youth (1.5 months), the average contribution of the anteromedial bundle was 44%, 50%, 

and 49% at 40°, 60°, and 90° of flexion, respectively. The functional contribution of the 

anteromedial bundle did not increase throughout youth and the onset of adolescence (6 months) 

(p = 0.151-1.000 between age groups). By late adolescence (18 months), the contributions of the 

anteromedial bundle had an average of 89%, 92%, and 86% of the anterior force of the ACL at 
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40°, 60°, and 90° of flexion, respectively (Table A-3-6).  This divergence of functional 

contributions was such that there was a difference in contributions between the bundles by 18 

months of age for all flexion angles (p < 0.001) (Table A-3-7).  

 

 



   

64 
 

 

Figure 5-5. The in situ force of the anteromedial and posterolateral bundles of the ACL under 
applied anterior loads is shown at (A) 40°, (B) 60°, and (C) 90° of flexion (reported as a 
percentage of the total force in the ACL). Data varied in younger groups, with substantial forces 
carried by both bundles (p = 0.04 and p = 0.98 between bundles); however, after the onset of 
adolescence, the contribution of the anteromedial bundle became dominant under an anterior 
load (p < 0.001 for all flexion angles). The bars represent the mean and 95% CI; * p < 0.05 
between bundles.  
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Under applied varus and valgus torques at 60° of flexion, the behavior of the 

anteromedial and posterolateral bundles also varied as a function of age (p < 0.001) (Figure 5-6). 

In the young age groups (1.5 to 3 months), biomechanical functional contributions from the 

anteromedial and posterolateral bundles were similar under varus and valgus loading. Beginning 

in early adolescence (4.5 months), the anteromedial bundle began to carry a greater portion of 

the resultant load under an applied varus moment (p < 0.001). By adolescence (6 months), the 

anteromedial bundle carried an average of 86% of the resultant force. In the late adolescent 

group (18 months), the anteromedial bundle carried 80% of the resultant force. Dissimilarly, 

under valgus loading, both bundles continued to have a substantial role with increased age. 

Highly variable behavior under valgus loads resulted in an average contribution from the 

anteromedial bundle that ranged between 44% and 72%, with no effect because of age (p = 

0.151) (Table A-3-8).  
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Figure 5-6. The in situ force of the anteromedial and posterolateral bundles in the ACL under 
applied varus and valgus moments (normalized to the total in situ force of the ACL). (A) Under 
varus moment, data varied in younger age groups, with both bundles carrying a portion of the 
forces  reported as a percentage of the total force in the ACL (p = 0.57 and p = 0.38 between 
bundles); the anteromedial bundle playing a greater role at later ages (p = 0.02 and p < 0.001). 
Dissimilarly, (B) the data were highly variable throughout all age groups under an applied valgus 
moment, because age did not have an effect on bundle behavior (p = 0.15). The bars represent 
the mean and 95% CI; * p < 0.05 between bundles. 

 

5.3.4. ACL Size and Orientation 
 

The cross-sectional area of the ACL increased steadily with age (444% average increase 

from early youth to late adolescence) (p < 0.001) (Table A-3-9). These changes were rapid 

between 3 and 4.5 months old (p = 0.002) (Figure 5-7). Simultaneously, the ACL had a 250% 
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increase in length from 1.5 to 18 months of age in the pig model (p < 0.001) (Figure A-3-3). 

These increases occurred gradually throughout skeletal growth.  

 

Figure 5-7. (A) The cross-sectional area of the ACL increased with increasing age (p < 0.001). 
(B) The cross-sectional area values of the anteromedial and posterolateral bundles were similar 
through 4.5 months old (p = 0.04 to 0.36), with the anteromedial bundle becoming larger in the 
6- and 18-month age groups (p = 0.003 and p < 0.001, respectively). The bars represent the mean 
and 95% CI. 
 

Both bundles had an increased cross-sectional area during youth (p < 0.001), but the 

anteromedial bundle had continued increases in the cross-sectional area throughout adolescence 

while the posterolateral bundle plateaued at the onset of adolescence. The midsubstance cross-

sectional area of the anteromedial bundle increased by sevenfold from 1.5 to 18 months old (p < 
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0.001) (Figure 5-7). Simultaneously, the cross-sectional area of the posterolateral increased by 

only 2.3 times (p < 0.001) (Table A-3-9). Between bundles, the cross-sectional area values only 

differed in the 6- and 18-month age groups (p < 0.001 at 6 months; p = 0.003 at 18 months), with 

the anteromedial bundle reaching 203% of the cross-sectional area of the posterolateral bundle 

by 18 months old (Figure 5-7). From birth through skeletal maturity, there were similar increases 

in the anteromedial and posterolateral bundle lengths (262% and 284%, respectively) (Figure A-

3-3). The length of the anteromedial bundle was greater than that of the posterolateral bundle in 

all groups between 1.5 and 18 months old (p < 0.001-p = 0.002 across ages) (Table A-3-10).  

The angular orientation of the anteromedial and posterolateral bundles similarly increased 

with increasing age in both the sagittal and coronal planes (p < 0.001). In the sagittal plane, these 

changes occurred in similar manners across bundles, with an average increase of 29° in the 

posterolateral bundle (early youth: 36° ± 3° [95% C.I.: 32°-39°]; late adolescence: 66° ± 4° [95% 

C.I.: 62°-71°]) and 23° in the anteromedial bundle (early youth: 32° ± 3° [95% C.I.:29°-35°]; late 

adolescence: 55° ± 5° [95% C.I.: 50°-61°])from early youth (1.5 months) to late adolescence (18 

months) (Figure 5-8). Increases occurred between consecutive age groups only at the early 

adolescent stage (3-4.5 months) (p = 0.001) (Table A-3-11). The average coronal angle of the 

anteromedial bundle increased by 28°, while that of the posterolateral bundle increased by 31° 

from youth through late adolescence (Figure 5-8). These increases occurred earlier in skeletal 

growth, with increases in both bundles between early youth (1.5 months) and the juvenile (3 

months) stage (p = 0.033), and increases in the anteromedial bundle in the juvenile (3 months) 

and adolescent (4.5 months) stages (p = 0.012) (Table A-3-12).  
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Figure 5-8. The (A) sagittal and (B) coronal angles of the anteromedial and posterolateral 
bundles of the ACL increased similarly with increasing age (p < 0.001). The bars represent the 
mean and 95% CI.  
 
5.4. Discussion 

Recent increases in the demand for ACL reconstructions in skeletally immature patients, 

coupled with initial reports of sub-optimal outcomes from traditional ACL reconstruction 

procedures in this population, have led to a need for age-specific studies of the native function 

and structure of the ACL during growth. As such, in this work we studied the joint stability, the 

biomechanical function of the ACL and its anteromedial and posterolateral bundles, and the 

structure and orientation of these bundles in a skeletally immature pre-clinical model of the knee, 
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the porcine stifle joint. We found that increasing age resulted in lower joint laxity under both 

applied anterior-posterior loads and varus-valgus moments. Additionally, we showed that the 

ACL carried the majority of force under an applied anterior load across ages and contributed to 

rotatory stability and the relative function of the anteromedial and posterolateral bundles of the 

ACL varied with age under anterior loading and varus torque. Near early adolescence, a shift in 

both relative size (cross-sectional area) and function occurred, where the anteromedial bundle 

had an increase in cross-sectional area and functional contribution, whereas the posterolateral 

bundle had a plateaued cross-sectional area and decreased functional contribution. The angular 

orientation of both bundles also increased with increasing age; however, the change in the 

orientation of the anteromedial and posterolateral bundles was similar throughout adolescence. 

These findings are important because the in situ functional behavior of a tissue depends on the 

tissue size, orientation, and intrinsic material properties, so by identifying growth stages where 

major structural and functional shifts occur in the ACL, we may be able to improve clinical 

planning to adapt for age-specific needs. 

This study had several limitations. Care should be taken when trying to directly 

extrapolate results from a translational large-animal model to humans. However, the stifle joint 

in pigs has commonly been accepted as a surrogate for human knee joints, with congruence 

between the structure and functional properties of the ACL in mature populations (44, 110). Yet, 

some anatomic differences exist between the pig stifle joint and human knees.  For example, 

testing in this study was limited to maximum extension at 40°. This resulted in a limitation 

because the posterolateral bundle plays a greater functional role near full extension (0°) in 

humans, and we were unable to study age-related changes for this flexion angle (127). 

Additionally, potential limitations may stem from our protocol, in which we transected the 

anteromedial bundle before the posterolateral bundle. While transecting the bundles in this order 
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was necessary for subsequent applied loading conditions not reported here, if the anteromedial 

and posterolateral bundles have a considerable physical interaction with one another, this may 

have affected the data presented in this study. Specifically, transection of the anteromedial 

bundle may have resulted in an underestimation of the functional contribution of the 

posterolateral bundle, because the principle of superposition assumes the anteromedial and 

posterolateral bundles are independent (44, 127). However, preliminary studies in our laboratory 

have confirmed that blunt separation of the bundles does not alter the forces carried by the ACL 

under these applied loads across a range of age groups. 

Additionally, we limited our comparison to the commonly defined anteromedial and 

posterolateral bundles, although recent studies have highlighted the presence of three major 

bundles in the ACL in both humans and pigs: the anteromedial, posterolateral, and intermediate 

bundles (8, 138). Although the anteromedial and posterolateral bundles were easily discerned 

across all ages, the intermediate bundle could only be separated from the posterolateral bundle at 

older ages during dissection, and was not consistently discernible on MR images. For 

consistency across ages, the posterolateral and intermediate bundles were considered a single 

bundle.  Reported sex-dependent differences in the incidence of ACL injury and the structural 

and biomechanical properties of the knee have motivated a need to investigate the effect of sex 

on the function of the ACL in both healthy and injured people during skeletal growth (18, 139, 

140). As such, future studies should replicate this study within a male pig population to identify 

any sex-dependent differences in ACL function throughout growth. Additionally, noninvasive 

parameters, such as those collected using MRI, should be explored to enable a longitudinal 

approach to studying functional properties in lieu of the current cross-sectional approach (141).  

Our imaging studies were limited by the resolution of our scanner and the repeatability of 

our analysis methods.  The scanner used in this study had a resolution of 0.42x0.42x0.44 mm, 
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which is well below the magnitude of our reported values, and well below our between-group 

differences in length and cross-sectional area.  Inter-viewer repeatability studies have shown that 

our sagittal angle measurements were repeatable within 2.6°, and our coronal angle 

measurements were repeatable within 2.7° across separate viewers.  Again, these differences are 

well below the reported between-group differences in this study. 

Analysis of the kinematics resulting from applied anterior-posterior loads and varus-

valgus moments in this study revealed that the general joint laxity decreases considerably with 

increasing age in the pig model. Other studies have addressed the kinematic response of porcine 

joints to these loads in adolescent and skeletally mature animals, and while our study did not 

match the specific porcine breed, age, and loading conditions, our findings for the adolescent 

groups generally fit with the magnitude of anterior-posterior tibial translation and varus-valgus 

rotation reported previously (14, 142). 

In this work we found that the ACL provided the vast majority of physical restraint to 

applied anterior tibial loads, not only in mature cases but throughout skeletally immature growth. 

These findings agreed with and built off of previous work showing that the ACL is the primary 

restraint to anterior tibial loads in both pig models and humans. Specifically, Xerogeanes et al. 

found that under 100N applied anterior tibial load, the adolescent porcine ACL restrained 95.6N 

± 10.6N while the human ACL restrained 94.0N ± 4.0N (44). 

Our findings regarding the functional contributions of the anteromedial and posterolateral 

bundles build from previous work studying the relative function of these bundles in skeletally 

mature human and animal models. Specifically, the relative force contributions of the 

anteromedial and posterolateral bundles under applied loads in adolescent (7-month-old) pigs 

were found to be more similar to those of humans than those of goats and sheep (44). In the 

aforementioned study, the anteromedial bundle carried 65% ± 21% of the in situ force of the 



   

73 
 

ACL under a 100 N applied anterior load for 6-month-old pigs, which was similar to our findings 

(44). Furthermore, it has been shown that the anteromedial bundle is a more considerable 

contributor under anterior tibial loads in the joints of skeletally mature pigs (10). However, we 

showed that this is not true in younger age groups. Additionally, in younger age groups, the 

posterolateral bundle plays a functional role under anterior tibial loads at all flexion angles in 

addition to applied rotational torque. 

Along with our analysis of functional changes in the ACL, this study compared the cross-

sectional area, length, and angular orientation of the ACL bundles during across stages of 

growth. While there is a paucity of functional data on the human ACL during childhood and 

adolescence, some comparisons have been made between anatomic changes in the ACL of pigs 

and humans throughout growth. These studies have shown that the angular orientation of the 

ACL becomes steeper relative to the tibial plateau in both the sagittal and coronal planes during 

skeletal growth in both species (1, 133). Additional studies in humans have found a plateau in the 

growth of the cross-sectional area of the ACL before the end of overall body growth (36). 

Previous studies in the pig model have shown that the length and width of the pig ACL was 

found to be similar to that of human ACL measurements (110). In our pig model, we found 

similar results; the cross-sectional area’s growth in the ACL plateaued during adolescence. In the 

future, data regarding the growth of the cross-sectional area of the anteromedial and 

posterolateral bundles in humans should be pursued to study similarities or differences in human 

and pig bundle-specific changes. 

These findings are clinically relevant because of the rapidly increasing numbers of ACL 

injuries in children and adolescents (25, 26) and the relatively high proportion of osteoarthritis 

and secondary injuries in this patient population (132). Although double-bundle surgeries may be 

difficult or impossible because of limited joint space, the information presented here direct future 
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clinical research to develop age-specific approaches to determine single-bundle graft size and 

placement with respect to the current ACL size, orientation, and function or anticipated changes 

in these parameters with future growth. Prior to implementing our findings into clinical practice, 

further work is needed to confirm the occurrence and specific timing of changes in ACL function 

and structure in human subjects.  Previously, modifications have been made in the surgical 

technique used for these populations relative to adults, primarily to avoid disturbing the tibial 

and femoral growth plates in patients with considerable growth remaining (131). Data on the 

age-specific function of the bundles of the ACL could be useful in developing age-specific 

procedures for the treatment of childhood ACL injuries, and in this study we have determined 

that the relative function of the anteromedial and posterolateral bundles changes throughout 

skeletal growth, with both bundles playing a significant role under anterior tibial loads in youth 

and early adolescence.  This expands on the previous understating of the field, which held that 

the anteromedial bundle was dominant under applied anterior tibial loads in mature cases, while 

the posterolateral bundle primarily functioned under rotatory movements and near full extension 

(44). Current adaptations for ACL reconstruction in young patients (such as all-epiphyseal and 

over-the-top methods) may not match the orientation and functional behavior of the ACL, and 

any changes in size, orientation, and function that would occur normally after surgery could 

further complicate effective surgical treatment (143). Further data from human studies, both 

clinical and cadaveric, may confirm the importance of matching age-specific function via graft 

selection and placement in children. The findings presented here can aid in directing future 

clinical studies to focus on aspects such as the timing of changes in the cross-sectional area of 

the ACL bundles, and direct biomechanical studies to anticipate general changes in laxity 

throughout growth and to focus on a redistribution of mechanical function between the bundles 

of the ACL. 
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In summary, while the overall function of the ACL as a primary stabilizer against anterior 

tibial load is maintained throughout skeletal growth, the individual roles of the anteromedial and 

posterolateral bundles undergo a major shift from shared biomechanical function in youth and 

early adolescence to anteromedial bundle dominant behavior after the onset of adolescence in 

pigs. These changes in function were coupled with changes in ACL size, with continued increase 

in the cross-sectional area of the anteromedial bundle and a plateau in posterolateral bundle 

cross-sectional area, but no differences between bundles in orientation as the bundles increased 

similarly throughout growth. These findings relating a shift in ACL bundle function suggest that 

age-specific surgical treatments with a focus on replicating the shared function of the 

anteromedial and posterolateral bundles during youth, and the anteromedial bundle dominance in 

adolescence, may result in improved functional outcomes in children; however, clinical studies 

are needed to confirm the relevance of these findings in humans. Moving forward, this work will 

be expanded to compare male and female pigs during growth, and the findings presented here 

will be used to motivate pre-clinical studies on the impact of partial and complete ACL injuries 

during skeletal growth. Additionally, the structural findings in this work can be compared to 

retrospective imaging databases of human growth in order to determine the similarities or 

differences in the timing of changes in the bundles of the ACL across species. 

 

5.5. Conclusions and Broader Impact 

Through this chapter, we have established that the age-specific changes in both 

biomechanical function and in structure differ between the AM and PL bundles of the ACL. 

Specifically, the changes in function under applied anterior tibial loads and varus tibial moments 

shift from shared function between bundles in youth to AM-dominant behavior in adolescence. 

During this shift from youth to adolescence, there is a notable difference in cross-sectional area 
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growth where the AM bundle experiences continued growth through adolescence while the PL 

bundle plateaus in early adolescence. With these stark differences established in healthy tissue 

function during growth, we were interested to see if there would be any changes in the functional 

response of joints from different ages to partial and complete ACL injuries. As such, Chapter 6 

will address the impact of AM bundle and total ACL injury on joint kinematics and the 

functional demands on the remaining soft tissues in the joints.   
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CHAPTER 6 

Joint Responses to Partial and Complete ACL Injuries Vary With Age 

In the previous chapter we saw continued functional relevance of the ACL in resisting 

anterior tibial translation throughout skeletal growth, with age-dependent changes in the specific 

function of the anteromedial (AM) and posterolateral (PL) bundles. Given the recent increases in 

both partial and complete ACL injuries in young populations, we hoped to use these functional 

findings to motivate a study on the immediate changes in knee kinematics and the distribution of 

applied loads through the remaining musculoskeletal soft tissues in our skeletally immature 

model. This chapter describes the resulting study and the primary kinematic and kinetic findings.  

The text in this chapter is in preparation for submission to the Journal of Biomechanics. 

 

6.1. Introduction 

The incidence of reported anterior cruciate ligament (ACL) injury in pediatric and 

adolescent patients has been steadily increasing over the past few decades (26).  A recent study 

found that the most common age of ACL injury has dropped to 17 years of age, while the most 

rapid increases in injury rates occurred for 10-14 year olds (25).  The skeletally immature 

population experience more partial ACL injuries to either the anteromedial (AM) or 

posterolateral (PL) bundles of the ligament in comparison to adult populations (144).  The 

treatment of partial injuries can vary based on the extent and location of the tear (145). These 

decisions are informed in part by functional outcomes such as joint stability, muscle strength, or 

accrual of secondary injuries.  

Complete ACL injury is frequently associated with secondary injuries of tissues such as 

the medial collateral ligament (MCL) and the medial meniscus as well as injury to the 

contralateral ACL (24).  In pediatric age groups, chances of subsequent injury to the meniscus, 
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contralateral ACL, or the reconstructed graft were higher in children compared to adult values 

(146, 147). Studies in skeletally mature joints have shown that the loads in tissues including the 

MCL and medial meniscus increased in the ACL-deficient joint, leading to increased functional 

demands (24, 148-153). Recent work in the pig model has shown that the ACL is the primary 

stabilizer against anterior tibial loads throughout skeletal growth (120), so it follows that 

secondary stabilizers, such as the MCL and medial meniscus, would be placed under increased 

functional demands following an ACL injury at younger ages.  However, little work has been 

done to assess age-dependent changes in the function of these tissues following partial or 

complete ACL injury during growth. 

The porcine model has been established as a robust surrogate for the human ACL studies 

in both morphometric and functional studies in skeletally mature specimens (3, 109, 110).  

Previous work in our lab has found that the porcine ACL undergoes changes in its angular 

orientation during growth similar to  the human ACL (133).  We have also identified bundle- and 

age-dependent changes in the biomechanical function in the porcine ACL during skeletal growth 

(120).  Specifically, under applied anterior and varus loads in the intact joint, the in-situ force 

carried by the PL bundle declines relative to the AM bundle from early to late adolescence.  

Recent work in a small set of pediatric human cadaveric specimens suggested that pediatric ACL 

tissue is weaker than adult tissue, and that the ACL experiences age-related microstructural 

changes that are disparate from those in the iliotibial band and the patellar tendon (39).  

However, we lack an understanding of age-dependent changes in the impact of ACL injury on 

joint kinetics and kinematics during growth. 

Here, we assessed joint kinematics and the relative function of soft tissues in the knee 

under applied loads after partial and ACL transection throughout skeletal growth in the pig 

model.  Given that the ACL is a primary stabilizer throughout growth (120), we hypothesized 
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that joint kinematics would increase under applied loads following partial and complete ACL 

injury for all age groups.  Additionally, we hypothesized that the distribution of in-situ forces 

within secondary stabilizers would vary with age given previous reports of age-specific 

secondary injury rates to the medial meniscus (24, 147).  To test these hypotheses, we used a 

robotic testing system to apply loads to porcine joints ranging from early youth to late 

adolescence to measure changes in anterior-posterior tibial translation and varus-valgus rotation 

in the joints and analyzed changes following partial and complete ACL injury in the in-situ 

forces within secondary tissues. 

 

6.2. Materials and Methods 

All animals in this study were obtained from a university-owned herd (Swine Educational 

Unit, North Carolina State University) and were healthy and of normal size.   Animals were 

cared for according to the management practices outlined in the Guide for the Care and Use of 

Agricultural Animals in Teaching and Research, and experimental protocols were approved by 

the North Carolina State University Institutional Animal Care and Use Committee (79).   Hind 

limbs were collected from 30 female Yorkshire cross-breed pigs at ages ranging from youth 

through late adolescence: early youth (1.5 months), juvenile (3 months), early adolescence (4.5 

months), adolescence (6 months), and late adolescence (18 months) (n=6/group).  Human age 

equivalencies were based on a combination of skeletal and sexual maturity (58, 133). Specimens 

were wrapped in saline soaked gauze and stored at -20°. 

Prior to biomechanical testing, specimens were allowed to thaw at room temperature.  

The femur, tibia, and fibula were cut in the center of the diaphysis and all soft tissue was 

removed from the bones.  The femur and tibia were set within custom molds using an epoxy 
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compound (Everglass, Evercoat, Cincinatti, OH).  Joints were wrapped in saline soaked gauze 

with supplemental saline applied throughout testing to ensure the tissues remained moist.  

Joint and tissue function were assessed using a 6 degree-of-freedom (DOF) robotic 

system (KR300 R3500, KUKA) operated by a separate controller (KRC4, KUKA) along with a 

6-DOF force sensor (Omega160 IP65, ATI).  These systems were integrated and controlled 

through a software package (SimVitro, Cleveland Clinic, Cleveland, Ohio), and data were 

processed using custom codes (Matlab2018b, Mathworks, Natick, MA).  This system is capable 

of testing under kinematic and kinetic control with repeatability 0.1 mm and 0.25 N.  We 

assessed repeatability in preliminary tests with joints mounted in the system.  We found that the 

system could target forces to within 1.4±0.7N and moments to within 0.2±0.1N*m with 

kinematic repeatability of <0.1mm and <0.1°.  

Custom clamps were used to attach each specimen to the robotic system, and a point 

digitizer (G2X, Microscribe) was used to define the anatomic coordinate system of the joint 

relative to the robotic coordinate system (10, 127, 137). A passive path was established by 

varying the flexion angle of the joint under kinematic control by 1° increments from full 

extension (40°) to flexion (90°) while minimizing forces and moments in the remaining 5 DOF.   

A series of loading conditions were then applied to the joint (Table 6-1).  Specifically, an 

anterior-posterior tibial load was applied at 40°, 60°, and 90° of flexion.  A varus-valgus torque 

was applied at 60° of flexion.  Testing under force control was performed with 4 DOF, as the 

flexion angle was held under kinematic control and internal-external rotation was kept under 

kinematic control due to the high rotational laxity in young porcine joints.  Age-specific loads 

were determined based on the size of the footprint of the tibial plateau, measured via MRI (Table 

6-2). Analyses of load-displacement curves from anterior-posterior load testing revealed that 
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loading levels were age-appropriate, as all specimens exceeded the toe region and none of the 

specimens experienced yield behavior or mechanical failure.   

 

Table 6-1.  Loading Protocol for Robotic Testing. Superscripts represent the in-situ force of a 
specific tissue, subscripts represent the kinematic state. 
 
Joint State Loading Conditions Data Acquired 
Intact Joint Anterior-posterior tibial load 

(40°, 60°, 90°) and varus-
valgus (60°) moment 
 

Kinematics from intact joint (Kintact) 
In-situ force of joint (F"#$%&$"#$%&$)  

AM Bundle 
Transected 

Anterior-posterior tibial load 
(40°, 60°, 90°) and varus-
valgus (60°) moment 
 

Repeat (Kintact) 
 

Kinematics from partial injury (KAMt) 
 
 
 

In-situ force of AM bundle 
(F"#$%&$() , F()$() )  
 

ACL Transected Anterior-posterior tibial load 
(40°, 60°, 90°) and varus-
valgus (60°) moment 
Repeat (Kintact, KAMt) 
 

Kinematics from ACL deficient knee 
(KACLt) 
In-situ force of PL bundle and ACL 
(F"#$%&$+, , F()$+, , F"#$%&$(-, , F()$(-,, F(-,$(-, )  
 

MCL Transected Repeat (Kintact, KAMt, KACLt) In-situ force of MCL 
(F"#$%&$)-, , F()$)-,, F(-,$)-, ) 
 

LCL Transected Repeat (Kintact, KAMt, KACLt) In-situ force of LCL 
(F"#$%&$,-, , F()$,-, , F(-,$,-, )  
 

Medial Meniscus 
Removed 

Repeat (Kintact, KAMt, KACLt) In-situ force of medial meniscus 
	(F"#$%&$))/0, F()$))/0, F(-,$))/0) 
 

Lateral Meniscus 
Removed 

Repeat (Kintact, KAMt, KACLt) In-situ force of lateral meniscus 
(F"#$%&$,)/0, F()$,)/0, F(-,$,)/0) 
 

 

Table 6-2.  Age-Specific Applied Loads and Moments for Robotic Testing. 
 
Age Anterior-Posterior Load Varus-Valgus Moment 
1.5 Months 20 N 1 N*m 
3 Months 40 N 2 N*m 
4.5 Months 80 N 4 N*m 
6 Months 100 N 5 N*m 
18 Months 140 N 7 N*m 
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Kinematics resulting from the applied loads and moments were recorded.  Intact joint 

kinematics were repeated under kinematic control on the intact joint, and resulting forces and 

moments were recorded.  The AM bundle was transected.  The loading conditions were applied 

to the joint under force control, and resulting kinematics were recorded as AM-deficient 

kinematics.  Both intact and AM-deficient kinematic paths were repeated on the specimen, and 

resulting forces and moments were recorded.   

The remainder of the ACL (the PL bundle) was transected, and the loading conditions 

were again applied.  Resulting kinematics were recorded as the ACL-transected path.  The 

kinematics from the intact, AM-deficient, and ACL-transected paths were repeated under 

kinematic control on the ACL-transected joint, and all forces and moments were recorded. To 

determine the contributions of the remaining soft tissues of the joint (MCL, LCL, PCL, medial 

meniscus, and lateral meniscus), each individual tissue was transected/removed, and the 

kinematics from the intact, AM-deficient, and ACL-transected states were repeated while 

recording the resulting forces and moments.   

All data was analyzed using a custom Matlab code.  Anterior-posterior tibial translation 

(APTT) with respect to the femur was calculated as the change in position that occurred between 

maximum applied anterior and posterior loads.  Varus-valgus rotation of the joint was calculated 

as the rotation of the tibia between the maximum varus and valgus moments.  Normalization of 

APTT was performed relative to the sagittal width of the tibial plateau as measured from 

magnetic resonance imaging (MRI) scans (Simpleware 7.0, Synopsys, Chantilly, Virginia) (133).   

Kinetic data was processed using custom Matlab codes to determine the contribution of 

each tissue to joint function under anterior translation, varus torque, and valgus torque (Table A-

4-1).  This was performed by applying the principle of superposition described previously (154).  

Resultant forces were calculated as the mathematical resultant of forces in the anterior-posterior, 
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medial-lateral, and proximal-distal directions.  Force data were normalized to applied forces in 

the joint to facilitate comparisons across age groups.  Percent contributions of the AM and PL 

bundles were calculated as the bundle contribution divided by the combined contribution of both 

bundles. 

Statistical analyses were performed using commercial software (JMP Pro 13.0, SAS 

Institute, Cary, North Carolina).  Normality was confirmed for each data set.  For APTT and 

tissue contributions to anterior tibial translation, a multi-way ANOVA test was performed with 

flexion angle as a repeated measure and age and state as main effects.  Varus-valgus rotation was 

analyzed using a two-way ANOVA with age and state as main effects.  Tukey’s post-hoc 

analysis was performed, and an overall alpha value of 0.05 was maintained.  Complete summary 

data and statistical results are reported in the Supplemental Materials, with major findings 

presented in the Results section. 

 

6.3. Results 

Loss of ACL function impacted anterior-posterior tibial translation (APTT) normalized to 

joint size in response to applied loads (Figure 6-1 and Table A-4-2).  Statistical analyses revealed 

significant interactions between injury state and age (p<0.05) as well as injury state and flexion 

angle (p<0.05).  Average values for the intact joint ranged from 0.17-0.34 across flexion angles.  

AM bundle transection led to normalized APTT values ranging from 0.21-0.40 on average.  

Statistically significant increases relative to the intact joint were only found for the late 

adolescent (18 month old) age group (41-52% relative to the intact joint across all flexion angles 

tested, (p<0.05)).  Across all ages, values for the AM-deficient group were statistically 

significant from the intact condition at 60° of flexion (p<0.05) but not 40° or 90° of flexion 

(p>0.05).  Complete ACL transection further increased average normalized APTT values to 
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0.42-0.74.  These values were approximately 2-fold higher than the intact and AM-deficient 

conditions across ages and flexion angles (p<0.05). In addition to normalized APTT, absolute 

values of APTT (not normalized to joint size) revealed similar differences due to partial and 

complete ACL transection (Figure A-4-1, Table A-4-3).   

 

Figure 6-1. Normalized anterior-posterior tibial translation (APTT) in response to an applied 
anterior-posterior tibial load increased following partial and complete ACL transection.  Two-
fold increases occurred following complete ACL transection. Values were normalized to the 
anterior-posterior length of the tibial plateau. Data represented as points, with bars showing 
mean and 95% confidence interval. * denotes p<0.05 from intact state, + denotes p<0.05 from 
intact and AM deficient states. 
 

ACL transection also resulted in increased varus-valgus rotation (Figure 6-2, Table A-4-

4). AM bundle transection resulted in 0.5°-1.5° increases from the intact state (p<0.05, Table A-

4-4), while increases due to complete ACL transection ranged from approximately 3°-5° 

compared to intact values across ages (p<0.05). In addition to increases due to injury, varus-

valgus rotation decreased with increasing age regardless of injury state (p<0.05).  For the intact 

state, varus-valgus rotation decreased from an average of 25.4° in youth to 6.3° in late 

adolescence.  For the ACL-transected state, values decreased from 30.1° in youth to 10.6° in late 

adolescence. 
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Figure 6-2.  Varus-valgus rotation increased under applied moments following both partial and 
complete ACL transection across ages. Data represented as points, with bars showing mean and 
95% confidence interval. * denotes p<0.05 from intact state, + denotes p<0.05 from intact and 
AM deficient states. 
 

In addition to changes in kinematic parameters, we studied the force distribution across 

tissues. In the intact state, the ACL served as the primary soft tissue stabilizer to anterior tibial 

translation across ages and flexion angles, carrying 75-111% of the applied anterior load (Table 

A-4-5).  Division of this load across the AM and PL bundles varied with age, with substantial 

contributions from both the AM and PL bundles in younger age groups and the AM bundle 

resisting the majority of the anterior load in adolescence (average 80-91% across flexion angles, 

Figure 6-3, Figures A-4-2, A-4-3, Tables A-4-6, A-4-7).  Following AM bundle transection, the 

PL-bundle carried 79-101% of the applied anterior load under anterior tibial translation across all 

age groups at 60° of flexion (Figure 6-3).  Similarly, at 60° and 90° of flexion, the average PL 

bundle contribution dropped no lower than 88% following AM bundle transection (Table A-4-7).  

While the contributions of the other soft tissues are minimal in both intact and partial injury 

states, they are substantial following ACL transection. 
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Figure 6-3. In-situ force contributions of the AM and PL bundles of the ACL relative to all other 
soft tissues in response to an applied anterior-posterior tibial load are shown for all ages for the 
intact, AM-deficient, and ACL-transected states at 60° of flexion normalized to the total force 
carried in the joint. The PL bundle resists the majority of the load across ages in the partial 
transection state, and other tissues carry all of the functional contributions in the ACL-transected 
state.  Data represented as points, with bars showing mean and 95% confidence interval.  Percent 
contribution is normalized to the total anterior force resisted by the joint under an applied load. 
 

As such, we assessed the in-situ forces of specific secondary stabilizers, namely the 

medial meniscus and the MCL, after ACL transection. Although the demand under anterior 

translation on secondary soft tissues did not increase following AM-bundle transection, the 

contributions of the MCL and medial meniscus increased significantly following complete ACL 

transection (Figure 6-4, Figures A-4-5, A-4-6).  In the ACL transected state, the MCL carried the 

greatest proportion of the applied anterior tibial load across ages, an average of 52-90% of the 

total load across flexion angles and ages (Figure 6-4, Table A-4-8).  The medial meniscus also 

played a substantial role, carrying up to 35% of the anterior load on average in the ACL 

transected state.  Of note, the contribution of the MCL was greater at 90° of flexion than either 

40° (p<0.05) or 60° (p<0.05) of flexion in the ACL transected state.  The contribution of the 
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medial meniscus was greater at 40° (p=0.01) and 60° (p<0.01) compared to 90° of flexion (Table 

A-4-9). 

 

Figure 6-4. The MCL and medial meniscus carry the majority of in-situ force within the ACL-
transected joint under an applied anterior tibial load across age groups.  Data represented as 
points, with bars showing mean and 95% confidence interval. Percent contribution is normalized 
to the total force resisted by the joint under an applied load. * denotes p<0.05 from both 40° and 
60° of flexion. 
 

6.4. Discussion 

In this study, we analyzed changes in joint function in the porcine model during growth 

following partial and complete ACL injury.  Under applied anterior-posterior tibial loads, 

complete ACL transection resulted in greater anterior-posterior tibial translation throughout 

skeletal growth, and partial ACL transection resulted in increased translation only in 

adolescence.  Under varus-valgus moments, both complete and partial ACL transection led to 

increased varus-valgus rotation at all ages.  Together, these findings partially affirmed our first 

hypothesis that joint kinematics would increase following partial and complete ACL transection 

for all age groups.  While the ACL was the primary restraint to anterior tibial loads across ages, 

the PL bundle was the primary restraint following AM bundle transection.  After complete ACL 

transection, the MCL and medial meniscus consistently provided the majority of functional 

restraint across flexion angles and age groups.  This finding was contrary to our second 
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hypothesis that the role of the secondary stabilizers following ACL transection would vary with 

age.    

This study reported the immediate ex-vivo changes in kinematic resulting from loss of 

ACL function.  We reported a 50% increase in anterior-posterior tibial translation following 

partial ACL injury only in the late adolescent group and 2- to 3-fold increases due to complete 

ACL injury across all ages.  A human cadaveric study using biplanar radiography and manual 

joint manipulation found that complete, but not partial, ACL transection resulted in a significant 

1.5- to 2-fold increase in anterior tibial translation under anterior tibial loads (155). Previous 

studies testing human specimens on robotic testing systems have also found that anterior 

translations doubled following ACL transection (17) while a porcine study reported that anterior 

tibial translations tripled following ACL transection (12). Additionally, we found an increase in 

varus-valgus rotation following both partial (5-20% increases) and complete (20-70% increases) 

ACL injuries at all ages.  Another study found significant 2-fold increases in varus-valgus 

rotational laxity in ACL-sectioned knees in passive flexion-extension paths (156). Although our 

results suggest difficulty in detecting partial ACL injuries in younger joints through clinical 

exams, prior studies in human patients reported greater sensitivity to partial ACL injuries in 

skeletally immature patients through clinical examination (76.5%) compared to MRI analysis 

(52.9%) (157). The sensitivity of clinical exams such as a Lachman test to partial ACL injuries is 

similar in mature patients, with a meta-analysis of 8 studies reporting an average sensitivity of 

68% (158). However, more sophisticated imaging in combination with clinical examinations 

may also allow better identification of partial ACL injuries (159).  A study employing 3T MRI 

scanners to diagnose partial ACL injuries found that sensitivity for partial ACL tears was 77%, 

representing a significant improvement from the earlier value in MRI sensitivity, matching the 

reported sensitivity of clinical examination by Kocher et al. (160).  
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With increasing numbers of pediatric and adolescent ACL injuries in recent years, an 

improved understanding of the functional properties of the soft tissues of the knee is increasingly 

necessary.  A need for subsequent reconstruction has been noted in cases of injuries affecting 

>50% of the midsubstance of the ACL and also in injury mainly to the PL bundle (144).  

Previous studies have considered the importance of the ACL in stabilizing the knee against 

anterior tibial translation, reporting that the ACL provides the majority (85-125%) of the overall 

restraint in both humans and animals (44, 49, 120).  The increased role of the PL bundle 

following an AM bundle injury, and that of the MCL and medial meniscus following complete 

ACL transection may provide insight into the cause of secondary injuries in young patients with 

partial ACL injuries., although more work is needed.  Along these lines, a recent study in an in-

vivo sheep model reported that AM bundle transection had varied results in joint kinematics and 

cartilage health between animals, with noticeable effects on some animals and minimal changes 

in others (161). Furthermore, our findings on the function of the AM and PL bundles under 

anterior tibial translation in the intact adolescent joint were in line with previous reports showing 

that  that 60-70% of the force carried in the ACL was carried through the AM bundle in 

adolescent pigs (44).   

In this study, we did not find age-related differences in the immediate loading of the 

MCL and medial meniscus. Age-specific differences in secondary injuries following ACL injury 

have been reported.  Specifically, patients over the age of 15 suffered from medial meniscus 

tears at a higher rate (29). However, additional factors related to different species, patient age 

and weight or time to surgery may contribute to this discrepancy (24, 29). Our findings regarding 

increased resultant loads in the medial meniscus following ACL transection are in agreement 

with a previous study which found significant increases in the resultant loads in the medial 

meniscus in ACL deficient knees compared to intact knees (149). Future in-silico and in-vivo 
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studies will aim to investigate the impact of tissue adaptation to ACL injury throughout skeletal 

maturity, which is particularly relevant within joints that are still growing.  

This work used a large animal model, the Yorkshire cross-breed pig. The porcine ACL 

has closer structural and functional properties to human ACL properties in comparison to other 

large animals, and our mature age group corresponded well to previously published works on 

porcine ACL function (3, 109, 110). As with all studies involving large animal models, 

differences exist relative to humans in terms of growth timeline, locomotion modality, and body 

size. Another limitation of this study is the inclusion of only specimens from female animals, and 

in the future, a similar study will be completed in a male population to assess the effect of sex on 

parameters measured in this study.  Additionally, this study involved only passive soft tissue 

restraints, whereas the behavior of the joint in-vivo is influenced by the activity of the muscles 

crossing the tibiofemoral joint.  Finally, we only studied partial ACL injury to the AM bundle, 

although comparison to injuries to the PL bundle would be an interesting direction for future 

studies.  

In conclusion, in response to applied loads, partial ACL injury led to increased anterior 

tibial translation only in late adolescence and increased varus-valgus rotation at all ages.  

Complete ACL injury led to increased translation and rotation at all ages.  The PL bundle, not 

the MCL or medial meniscus, carried the majority of load in case of a partial ACL injury to the 

AM bundle.  However, with the additional loss of PL bundle function, the MCL and medial 

meniscus provided functional restraint against anterior translation.  These findings add to our 

understanding of the knee joint during growth and may aid in clinical assessment and treatment 

of ACL injuries in skeletally immature patients.  
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6.5. Conclusions and Broader Impact 

Through this study, we found age-dependent kinematic responses to a partial ACL injury, 

with consistent responses to complete ACL injury. Specifically, partial ACL injury affected tibial 

rotation in response to applied varus-valgus moments across all ages, but increased tibial 

translation in response to applied anterior loads only in the skeletally mature group. Complete 

ACL injury resulted in increased laxity in all loading conditions tested. Interestingly, the medial 

meniscus and MCL were engaged in the complete injury case across age groups with no age-

specific behavior detected in immediate changes in biomechanics. This suggests that there may 

be differences either due to chronic damage or between our porcine model and the human 

condition as previous literature suggests that secondary injuries to these tissues occur in an age-

dependent manner. The functional studies in both this chapter and the previous chapter were 

limited to analysis at the maximum applied load or translation; however, in vivo knee loading 

often occurs somewhere within the working range. Additionally, by investigating changes in the 

shape of the load-deformation curve under applied anterior-posterior tibial loads we may be able 

to better understand the clinical implications of these changes in biomechanical function. As 

such, in the final aim of this dissertation we investigated differences between the endpoints of the 

load-deformation curve in both healthy and injured joints. 
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CHAPTER 7 

The Shape of the Load-Deformation Curve Under Applied Anterior-Posterior Tibial Loads 

Varies With Both Age and Injury During Growth 

Findings in the biomechanical studies from the previous two chapters suggest that the 

overall kinematic response of the knee, as well as the specific function of the multi-bundle ACL, 

vary with age throughout skeletal growth. However, in order to begin understanding the 

mechanisms of these changes we need to look deeper into the biomechanics of these tissues 

under applied loads. The parameters such as anterior-posterior tibial translation of the joint and 

anterior force carried in the ACL are measured from the maximum and minimum points of the 

load-deformation curves created from anterior-posterior tibial translation in response to loads 

applied to the tibia. In this chapter, we aimed to use metrics of in situ slack and in situ stiffness to 

describe the functional behavior of these joints and tissues throughout the application of these 

external loads.  

The text in this chapter is in preparation for submission to the Journal of Biomechanical 

Engineering. 

 

7.1. Introduction 

Traumatic sports injuries requiring treatment, including knee injuries such as partial and 

complete anterior cruciate ligament (ACL) tears, impact roughly one third of all children in the 

United States (162).  In a recent study, 60% of injuries treated in patients between 5-17 years of 

age were in the lower extremity, with ACL tears representing 9% of all injuries in the study. 

Interestingly, this injury was the 6th most common primary diagnosis in children between 5-12 

years of age and the 2nd most common injury in 13-17 year old patients (163).  Treatments for 

ACL injuries can range from conservative approaches such as functional bracing and physical 
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therapy to surgical reconstruction or repair, depending on both the severity of the injury and the 

remaining skeletal growth of the patient (20).  Specifically, partial tears affecting <50% of the 

tissue and injuries in young patients have been suggested for conservative treatment in previous 

studies (144).  While the intent of these conservative treatments is to improve joint stability by 

strengthening neuromuscular control, the ongoing instability may contribute to irreparable 

damage to the articular cartilage, potentially contributing to the near 50% incidence rates of 

osteoarthritis within 10 years of initial injury (23).  Although joint instability is well established 

as an issue in knee injuries, less work has been done in quantifying changes in joint stability 

throughout skeletal growth, particularly in cases of partial and complete ACL-deficiency.  

Joint instability, or laxity, can be assessed as the kinematic displacement of one bone 

relative to another in response to an applied load.  Knee laxity is frequently studied under applied 

anterior-posterior tibial loads, resulting in a measure of anterior-posterior tibial translation 

(APTT) relative to the femur (14, 164).  APTT is commonly assessed in patients via manual 

clinical exams (165) or in situ in cadaveric joints using force-sensing 6 degree-of-freedom 

(DOF) robotic systems in the lab (13, 127, 166, 167).  Through these approaches, previous 

studies have established that the instability associated with complete ACL injuries results in an 

increased APTT under maximum applied anterior-posterior tibial loads (127, 168).  In addition 

to work measuring APTT as an effect of ACL injury, a previous study by our lab has shown that 

skeletal growth (120) can have a considerable effect on APTT, with decreased laxity in older age 

groups when normalized to the size of the joint (anterior-posterior tibial plateau length) although 

differences were not significant in non-normalized cases.   

While APTT provides an end-point measurement of joint laxity, few studies have 

reported on the shape of the anterior-posterior tibial load-translation curve between these end-

points.  A recent paper by Imhauser et al. established parameters for describing this behavior for 
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knees and knee ligaments at sub-maximum loads, and related their findings back to the laxity of 

the joints under applied tibial loads (169).  This work described in situ slack as the relative 

motion in the joint between the points where the soft tissues began carrying considerable force in 

opposing directions, and in situ stiffness as the slope of the linear region of the load-translation 

curve after the slack region (169).  Their work was able to correlate in situ slack of the cruciate 

ligaments to anterior-posterior laxity, and both in situ slack and in situ stiffness of the medial 

collateral ligament to valgus laxity (169).  These findings led us to ask whether in situ slack and 

stiffness could be used to describe age- and injury-related changes in joint function during 

skeletal growth. 

As such, the objective of this study was to assess the effect of age and injury on the shape 

of the load-translation curve of both the joint and the ACL under applied anterior-posterior tibial 

loads during skeletal growth in a porcine model. In order to do so, we used a force-sensing 

robotic system to apply loads to joints ranging from early youth to skeletal maturity and recorded 

both the 6-DOF kinematics and 6-DOF kinetics throughout loading.  Load-translation plots were 

created for each joint and the ACL, and the in situ slack and in situ stiffness were compared 

across ages and states. 

 

7.2. Methods 

7.2.1. Specimen Collection 
 

Hind limbs were collected from 30 female Yorkshire cross-breed pigs from birth through 

skeletal maturity (1.5, 3, 4.5, 6, and 18 months of age, n=6 per age group).  These ages were 

equivalent to early juvenile, juvenile, early adolescent, adolescent, and late adolescent groups in 

humans, respectively, based on a combination of skeletal and sexual age scales in both species 

(58).  The animals used in this study were obtained from a university owned herd, and all 
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animals were healthy and of normal size.  All swine were cared for according to the management 

practices outlined in the Guide for the Care and Use of Agricultural Animals in Teaching and 

Research and their use in the current experimental protocols were approved by the N.C. State 

University Institutional Animal Care and Use Committee (79).  Hind limbs were dissected to the 

stifle (knee) joint and wrapped in saline-soaked gauze and stored at -20° C.  To prepare the joints 

for testing, the joints were thawed at room temperature overnight.  The femur, tibia, and fibula 

were cut at the mid-diaphysis and the bones on either side of the joint were fixed within an epoxy 

compound in custom molds.  The joints were wrapped in saline-soaked gauze and stored again at 

-20°C. 

 

7.2.2. Biomechanical Testing 
 

Biomechanical tests were performed using a 6-DOF (degree of freedom) robotic testing 

system (KR300 R2500, Kuka, Shelby Charter Township, MI) powered by a controller (KRC4, 

Kuka, Shelby Charter Township, MI) along with a 6-DOF force/moment sensor (Omega160 

IP65, ATI Industrial Automation, Apex, NC).  This system was integrated and controlled using a 

commercial software package (simVitro, Cleveland Clinic, Cleveland, OH).  The robotic system 

used in this study can operate under both kinematic and kinetic control and has a kinematic 

repeatability of 0.1mm and 0.1° and a load cell sensitivity of 0.25 N. Joints were attached to the 

robotic system using custom clamps with the femur attached to a clamp fixed to the floor and the 

tibia attached to the end effector of the robot.  The anatomic coordinate system of the joint was 

defined relative to the coordinate system of the robotic manipulator as described previously 

using a 3D point digitizer (G2X, Microscribe, Amherst, VA) (15, 120, 127).   

The following robotic protocol is summarized in Table 1.  A passive path was determined 

for each joint by changing the flexion angle of the joint from full extension (40° in the pig stifle 
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joint) to 90° of flexion in 1° increments while minimizing the forces and moments in the other 5-

DOF.  The kinematics of each passive position were recorded for each flexion angle. Joint 

kinematics were then recorded for the intact joint under applied anterior-posterior tibial loads at 

full extension (40°), 60°, and 90° of flexion.  These “intact” kinematic paths were repeated under 

kinematic control and the resulting forces were recorded.  The anteromedial (AM) bundle of the 

ACL was then transected and the anterior-posterior loads were applied again at 40°, 60°, and 90° 

of flexion.  The resulting “AM-deficient” kinematic paths and the intact kinematic paths were 

repeated in this state.  Then the remainder of the ACL (the posterolateral (PL) bundle) was 

transected and the anterior-posterior loads were applied in the ACL-deficient state.  The ACL-

deficient kinematics were then repeated along with the AM-deficient and intact kinematics.  

Table 7-1. Robotic loading protocol. 

Joint State Robotic Command Kinematic Outputs Kinetic Outputs 
Intact Joint Passive flexion-extension path Passive Path Positions  
Intact Joint Anterior-posterior loads  Intact Kinematics  
Intact Joint Repeat intact kinematic path  Intact path forces 
AM-Deficient 
Joint 

Anterior-posterior loads  AM-Deficient 
Kinematics 

 

AM-Deficient 
Joint 

Repeat intact path  AM-bundle in situ forces 

AM-Deficient 
Joint 

Repeat AM-deficient path  AM-deficient path forces 

ACL-Deficient 
Joint 

Anterior-posterior loads ACL-Deficient 
Kinematics 

 

ACL-Deficient 
Joint 

Repeat intact path  ACL in situ forces 

ACL-Deficient 
Joint 

Repeat AM-deficient path  PL-bundle in situ forces 

ACL-Deficient 
Joint 

Repeat ACL-deficient path  ACL-deficient path forces 

 
7.2.3. Biomechanics Data Processing 
 

Force and translation data were plotted against one another to create the load-translation 

plot represented in Figure 1. Anterior-posterior tibial translation, in situ forces in the AM bundle, 

in situ forces in the PL bundle, and in situ forces in the ACL.  APTT was calculated as the 

distance in the anterior-posterior plane between the point of maximum translation under applied 
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anterior and posterior tibial loads (Figure 1).  In situ forces in the AM bundle, PL bundle, and the 

ACL were calculated using the principle of superposition to calculate the force components in 3-

DOF under applied anterior tibial loads (15, 127).  Resultant forces were then calculated as the 

resultant of the force vector for each tissue.  

Biomechanical data at sub-maximum loads were assessed under applied anterior-

posterior loads in a manner similar to that published by Imhauser et al (169).  Force and 

displacement data were collected at intermediate points defined at increments of 20% of the peak 

applied load for each specimen (Figure 7-1).  A custom Matlab code was developed to fit data to 

bi-phasic curves in the anterior and posterior regions with an exponential fit ranging from the 

passive path position to a transition point and a linear fit from that transition point to the 

maximum load position.  This process was iterated with each of the intermediate points defined 

as the transition point.  The transition point resulting in the greatest combined r2 value from the 

exponential and linear regions was selected, and a single curve combining the curve-fits of the 

exponential and linear regions.  The process of selecting and generating a bi-phasic curve was 

repeated between the passive path position and the maximum applied posterior drawer.  A point 

of maximum curvature was determined for the new plot, and this was defined as the engagement 

point of the tissue.  In situ slack was defined as the distance between the engagement point in the 

anterior and posterior directions.  The stiffness of the tissue of interest, e.g. knee or ACL, was 

defined as the slope of the linear region of the plot under anterior load. 
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Figure 7-1. Schematic depicting the load-translation curve of the joint under anterior (positive) 
and posterior (negative) tibial translation and parameters determined from the curve. 
 
7.2.4. Statistical Analysis 
 

Statistical analysis was performed with commercial software (JMP Pro 13.0, SAS 

Institute, Cary, NC).  Analyses for APTT, in situ slack, and in situ stiffness consisted of multi-

way ANOVA tests with Tukey’s post-hoc analysis using age as a between subjects effect, and 

flexion angle and injury state as repeated measures with significance set at p<0.05. In situ stiffness 

of the joint and the ACL were compared via linear regression.  Slope of the line, the r2 value, and p value 

are reported. 

 

7.3. Results 

7.3.1. Joint Biomechanics 
 

Average anterior-posterior load-translation curves for the joints at all age groups are 

shown in Figure 7-2.  Data is shown for 60° of flexion, but similar behavior was found at 40° and 

90° of flexion (Figure A-5-1). These plots reveal a shift from shallow, linear curves in juvenile 

groups to steep, non-linear curves in late adolescence. These changes are partly driven by an 

increase in the age-specific target loads in both anterior and posterior directions (20 N in early 

youth to 140 N in late adolescence). However, concurrent with these 7-fold increases in load, 

there are no meaningful changes in APTT.  
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Figure 7-2. The anterior-posterior (A-P) load-translation curves of intact joints vary with age. 
Individual points represent group averages. For both the x- and y-axes, the posterior direction is 
negative, while the anterior direction is positive. Data presented at 60° of flexion. 

 

In order to better understand these changes in the shape of the load-translation curve, the 

in situ slack and in situ stiffness was calculated for each joint. First, analysis of the in situ joint 

slack versus age shows that the overall slack length of the joints (the length between anterior and 

posterior engagement points) did not vary substantially with age (Figure 7-3). Specifically, in 

situ slack length slack  ranged from 3.2 ± 1.1 mm to 5.5 ± 0.8 mm across ages and flexion angles 

(Figure 7-3, Table A-5-1). Statistical analysis of the in situ joint slack revealed that there were no 

significant differences due to age at any flexion angle tested (p>0.05) (Figure 7-3, Figure A-5-2).   

 
Figure 7-3. In situ joint slack did not vary substantially across age groups. Points represent data 
from separate specimens, bars represent mean ± 95% C.I. 
 

In situ joint stiffness increased between 1.5 and 18 months of age as shown in Figure 7-4. 

Increases of 4-fold to 5-fold were observed with age, as group averages ranged from 9 N/mm to 
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17 N/mm in juvenile age groups while group averages ranged from 31 N/mm to 72 N/mm in 

adolescent age groups across all flexion angles. The greatest increase between consecutive time 

points occurred at the onset of adolescence, between 3 and 4.5 months of age.  Statistically 

significant changes occurred due to age (p<0.05) but not flexion angle (p>0.05) (Figure A-5-3, 

Table A-5-2).  Relative to juvenile age groups (1.5 and 3 months), these increases were 

statistically significant in adolescent (4.5-18 month) age groups (p<0.05). There were no 

statistically significant differences detected between the adolescent age groups (p>0.05).   

 
Figure 7-4. In situ joint stiffness increases with increasing age across flexion angles. Points 
represent data from separate specimens, bars represent mean ± 95% C.I. * represents statistically 
significant difference from both 1.5 and 3 month age groups. Data presented at 60° of flexion. 
 
7.3.2. ACL Biomechanics Change During Skeletal Growth 
 

The anterior load-translation curves derived from the anterior load carried by the ACL 

were also evaluated (Figure 7-5). Visually, the engagement of the ACL under anterior tibial 

translation is evident across age groups, as the slope increased with increasing anterior tibial 

translation. With increasing age, the shape of the ACL curve varies from a shallow curve in the 

juvenile groups to a steep curve in late adolescence. Similar changes were seen across flexion 

angles (Figure A-5-4). 
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Figure 7-5. The anterior-posterior (A-P) load-translation curves of ACLs under applied anterior 
tibial loads vary with age. Individual points represent group averages. For both the x- and y-axes, 
the posterior direction is negative, while the anterior direction is positive. Data presented at 
60° of flexion. 
 

These qualitative assessments matched quantitative measures of in situ ACL stiffness 

(Figure 7-6).  Between 1.5 and 18 months of age, in situ ACL stiffness increased by 4-fold to 5-

fold. Specifically, in situ ACL stiffness ranged from an average of 9 N/mm in early youth to 45 

N/mm in late adolescence across flexion angles. Similar to changes in in situ joint stiffness, 

significant increases occurred primarily between juvenile and adolescent groups, with no 

significant change following the onset of adolescence (p>0.05). Higher values were found at 90° 

of flexion compared to 40° and 60° of flexion (p<0.05) (Table A-5-3, Figure A-5-5).   

 
 
Figure 7-6. ACL stiffness increases as a result of increasing age. Points represent data from 
separate specimens, bars represent mean ± 95% C.I. * represents statistically significant 
difference from both 1.5 and 3 month age groups. Data presented at 60° of flexion. 
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7.3.3. Relationship of ACL Stiffness and Joint Stiffness Throughout Skeletal Growth 

In order to assess the relationship between the in situ stiffness of the joint and the in situ 

stiffness of the ACL throughout skeletal growth, the two parameters were plotted and the linear 

correlation was assessed (data at 60° of flexion shown in Figure 7-7).  The in situ ACL stiffness 

was closely correlated to the in situ stiffness of the joint for all flexion angles. At 60° of flexion 

the resulting slope was 1.01 (r2=0.91, p<0.001) suggesting equal change in the two parameters 

(Figure 7-7).  At full extension (40° of flexion), the slope was 0.71 (r2=0.81, p<0.001), while at 

90° of flexion, the slope was 1.08 (r2=0.93, p<0.001) (Figure A-5-6). 

 
 
Figure 7-7. Line of best fit for ACL stiffness versus joint stiffness reveals a close correlation 
between the two parameters across all ages at 60° of flexion. 
 
 
7.3.4. Impact of Partial and Complete ACL Injury on Joint Biomechanics 
 

Building from the analysis of age-related changes in the load-translation curve for in situ 

parameters of the intact joint during growth, the next analysis assessed the impact of partial (AM 

bundle) and complete (total ACL) transections on these biomechanical parameters. The impact 

of injury on in situ slack is shown in Figure 8. Although age alone did not impact in situ joint 

slack in the intact joint, the introduction of partial and complete ACL transections did result in 

significant changes to this parameter.  Specifically, in situ slack increased 2-fold to 4-fold 

between the intact and ACL-transected states across ages and flexion angles (p<0.05) (data in 

Table A-5-4, additional flexion angles shown in Figure A-5-7).  AM bundle transection resulted 
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in significant increases in in situ joint slack only in the late adolescent case (p<0.05). Comparing 

between injury states, in situ joint slack was significantly greater with complete injury relative to 

partial injury regardless of age (p<0.05). 

 
Figure 7-8. In situ joint slack increases as a result of complete ACL injury across age groups, 
and as a result of partial ACL injury in late adolescence. Points represent data from individual 
specimens, bars represent mean ± 95% C.I. Top bars represent statistically significant differences 
between states. Data presented at 60° of flexion. 
 

The impact of injury on in situ stiffness is shown in Figure 7-9. In situ joint stiffness 

decreased significantly following the introduction of ACL injury to the joints in many cases. 

Specifically, complete ACL transection resulted in 3- to 4-fold decreases in total joint stiffness 

relative to the intact state across all ages and flexion angles (p<0.05 in 3-18 month age groups).  

Meanwhile, relative to the intact state, AM bundle transection resulted in a 67-86% decrease in 

in situ joint stiffness in the 6- and 18-month age groups (p<0.05), while there were no 

statistically significant changes between these states in the younger groups (p>0.05). Comparing 

between injury states, joint stiffness decreased significantly with complete ACL injury relative to 

partial ACL injury in age groups between 3 and 18 months (p<0.05). Data for all flexion angles 

are provided in Table A-5-5 and Figure A-5-7.  
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Figure 7-9. In situ joint slack decreases as a result of complete ACL injury across age groups (3-
18 months) and as a result of partial ACL injury in adolescence (6-18 months). Points represent 
data from individual specimens, bars represent mean ± 95% C.I.. Bars over data represent 
statistically significant differences between states. Data presented at 60° of flexion. 
 
7.4. Discussion 

In this work using a porcine model, we found that the shape of the load-translation curves 

of joints changes under applied anterior tibial loads throughout skeletal growth.  While there was 

a lack of significant changes in the low-load region of these curves, represented by the in situ 

slack, increasing age resulted in 4-fold to 5-fold increases to the slope of the high-load portion of 

the load-translation curve, represented by the in situ joint stiffness. Additionally, the in situ ACL 

stiffness increased by a similar amount throughout skeletal growth.  Combined with the lack of 

significant changes in the toe region of these curves, represented by the in situ slack, this 

differences suggests a change in the shape of the load-translation curve during growth.  

Additionally, we report that the in situ slack increases and the in situ stiffness decreases with 

complete ACL injury across all ages and with partial (AM bundle) injury in adolescent and late 

adolescent groups.  

The findings presented here fit with the current understanding of changes in joint laxity 

with skeletal growth. Specifically, previous studies in humans show greater joint laxity in the 

knee in children and adolescents compared to mature populations (170-172). Furthermore, a 

study by Ford et al. analyzed active knee stiffness from computational models measured in the 
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sagittal plane during the stance phase of a jump landing task (38).  This group reported ~5-7% 

increases in knee stiffness in within the same adolescent subjects over a period of one year.  

Moreover, post-pubertal subjects (14.5 ± 1.4 years) had stiffness values ~15% higher than 

pubertal subjects (12.4 ± 0.9 years). In this study we found increases in joint stiffness of ~10% 

between early adolescent and adolescent age groups. Our work has expanded on and reinforced 

this body of knowledge by reporting changes in an in situ measure of joint slack and stiffness at 

ages ranging from early youth to late adolescence in a common pre-clinical model for the knee. 

There is less information available regarding the function of the skeletally immature 

ACL. Through this analysis of ACL function throughout the load-translation curve, we have 

developed an improved understanding of how its function changes with age. The ACL acts to 

stabilize the porcine stifle joint against anterior tibial loads across ages, with similar low-load (or 

“toe region”) behavior across age groups, but major increases in the in situ stiffness describing 

the high-load portion of the load-translation curve. The stiffness values reported for the late 

adolescent group in this work were similar to mature human values reported by Imhauser et al., 

as our adolescent and late adolescent in situ ACL stiffness values ranged from 24 - 52 N/mm 

across ages and flexion angles, while the in situ ACL stiffness for skeletally mature humans 

reported by Imhauser et al. was 33 N/mm at 30° of flexion (169), suggesting that both the tissue 

properties and methods are repeatable across research groups. 

In addition to studies reporting the effect of growth on joint mechanics, some studies 

have worked to quantify the effects of partial and complete ACL injury on knee biomechanics. 

Specific to comparisons of partial and complete ACL tears, one study found that clinicians were 

able to diagnose complete ACL tears with 77% accuracy, while they could only diagnose AM 

bundle injuries with 13% accuracy (155). Interestingly, another study reported higher sensitivity 

in clinical examination (76.5%) compared to MRI (52.9%) for partial ACL tears confirmed by 
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arthroscopic examination (157). This study went on to report that the diagnostic performance of 

clinical examinations for ACL tears was not significantly different between children younger or 

older than 12 years of age, although the diagnostic performance of MRI examinations was worse 

in the younger cohort of children.   

There were several limitations to this work.  While the porcine model has been presented 

as a surrogate for the human knee in many studies (34, 41, 49, 109, 173), there are some 

differences between human joints and porcine joints.  Notably in this study, porcine joints are 

limited in extension to approximately 40° of flexion while human knees can extend much further 

(0° of flexion).  Additionally, the translation between porcine and human stages of growth 

requires consideration of multiple factors such as skeletal and sexual maturity, and as such, there 

is no confirmed direct correction factor between chronological ages in the two species. The 

calculation of load-translation curves were limited to data points at discrete load levels between 

maximum posterior and maximum anterior translation, which may impact curve fitting and 

resulting values for in situ slack and stiffness.  These parameter estimates could be improved by 

using more continuous data points in the future.  Nevertheless, inter-specimen variability 

observed in in situ slack values was very similar to that observed in total translation values (~10-

35% standard deviation relative to the mean for both in situ slack and anterior-posterior tibial 

translation across ages and flexion angles) leading us to believe that the variability observed here 

represented biological variability, and was likely not a result of inaccurate curve fitting.    

These findings motivate several avenues of future research.  In order to assess sex-

dependent changes in joint biomechanics at sub-maximum loads, we intend to repeat this study 

in the same age groups and injury conditions in a male porcine population. This work also 

motivates future in vivo studies analyzing changes in sub-maximum joint kinematics due to 

tissue remodeling following ACL injury and reconstruction in skeletally immature animals. 
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In conclusion, the biomechanical response of the porcine stifle joint to applied anterior 

tibial loads varies with age during skeletal growth due to increases in the in situ stiffness, but not 

slack, of the joint. Furthermore, in situ ACL stiffness increased during skeletal growth in a 

similar manner to in situ joint stiffness.  Regardless of age, complete ACL injuries resulted in 

significant increases in the in situ slack length of the joint, and significant decreases in the in situ 

stiffness of the joint, with partial injury incurring these results in adolescent age groups.  

Clinically, these findings suggest that the kinematic response of knees to standard clinical exams 

may be age-dependent. As such, both patient age and specific ACL injury type are important 

factors to consider during clinical examinations to assess ACL function.  

  

7.5. Conclusions and Broader Impact 

Through this study, we were able to isolate the biomechanical function of skeletally 

immature knees in either the toe region or the linear portion of the anterior-posterior load-

deformation curve. By separating these sections into in situ slack and in situ stiffness we found 

that the primary age-dependent changes under applied anterior loads are due to changes in the 

linear region, with increases in in situ stiffness occurring with growth. Additionally, we saw 

marked increases in in situ slack along with decreases in in situ stiffness due to both partial and 

complete ACL injury across ages. These changes are related to differences in kinematics prior to 

the engagement of secondary stabilizing tissues, and as such this study may lead to an improved 

understanding of chronic injuries following ACL rupture. 
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CHAPTER 8 

Discussion, Conclusions, Implications, and Future Directions 

8.1.  Summary of Findings 

The past five chapters describe a series of investigations into changes in the structure and 

function of the multi-bundle ACL throughout skeletal growth in a pre-clinical model, the 

Yorkshire cross-breed pig. By combining magnetic resonance imaging (MRI), anatomic and 

morphometric analysis techniques, a robotic biomechanical testing system, and computational 

analysis of the resulting kinematic-kinetic relationships, we are able to draw several conclusions 

about changes in the structure and function of the ACL during growth. 

Through the analysis of magnetic resonance images, we were able to study changes in the 

orientation of the ACL and the AM and PL bundles throughout growth. Our findings in Chapter 

3 reporting an increase in the angular orientation of the ACL were in agreement with human 

studies performed by other groups (1, 35) encouraging further investigation of the porcine model 

as a surrogate for the human ACL in skeletally immature populations. This method was again 

applied in Chapter 5, where we found that angular orientation changes are not bundle-specific, as 

the AM and PL bundles experience similar changes during growth.  

Additional analysis of the MRI scans in Chapter 4 revealed a shift in the relative 

proportions of the ACL causing a change from a short, broad shape during youth to a longer, 

thinner ligament in skeletally mature limbs. In the same chapter we described allometric growth 

between the ACL and other ligaments and tendons in the knee, as the ACL did not grow 

proportionately to the other tissues. Later, in Chapter 5, we compared the growth of the AM and 

PL bundles and found that even within the ACL tissue growth occurs with varied timing as the 

AM bundle continued growing past the end of PL bundle growth. 
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Beyond studying changes in the structure of the ACL with growth, we aimed to 

characterize the biomechanical function to the ACL and its constituent bundles throughout 

skeletal growth. In Chapter 5 we first confirmed that the ACL is the primary restraint to anterior 

tibial loads throughout growth. Although this did not vary with age, our analysis of the 

individual AM and PL bundle contributions revealed age-specific changes in the function of the 

ACL. In pre-adolescent groups we found shared functional contributions of the AM and PL 

bundles under applied anterior tibial loads and varus moments, but in adolescent and late 

adolescent groups we found that the AM bundle dominates the function of the ACL in healthy 

cases. We expanded on these studies of healthy ACL function in Chapter 7, where we divided 

the load-deformation curve into the toe region and the linear region. Here we found consistent 

increases in the in situ stiffness of the knee and the ACL, calculated as the slope of the linear 

region of the load-deformation curve. The close relationship of knee stiffness and ACL stiffness 

across age groups highlighted our previous findings regarding the importance of the ACL in 

stabilizing the knee against applied anterior tibial loads throughout growth. 

Finally, we aimed to assess changes in the biomechanics of the knee following partial and 

complete ACL injuries across age groups. Chapter 6 describes an increase in joint laxity in 

response to both anterior loads and varus-valgus moments following complete ACL injury 

regardless of age, and increased laxity due to partial ACL injury across ages in response to 

varus-valgus moments and in mature ages in response to anterior loads. We studied the in situ 

slack and in situ stiffness of these joints in injured states in Chapter 7, and found that both the toe 

region and linear region of load-deformation curves are impacted by ACL injuries. 
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8.2. Limitations and Challenges 

The studies described in this dissertation were limited by several challenges. First, these 

studies are limited to a female, porcine sample. Pediatric studies involving invasive methods, 

such as the biomechanical studies described here, are frequently limited to pre-clinical models 

due to the paucity of pediatric cadaveric specimens. Wherever possible we aimed to compare our 

outcomes in the late adolescent group to values available in the literature for mature 

musculoskeletal studies in both human and porcine studies. Our general findings regarding 

decreased mechanical stiffness in young tissues are in line with recent data in the literature from 

a limited sample of pediatric cadaveric limbs (39). The inclusion of only female specimens was 

intended to isolate age- and sex-dependent changes in the ACL, and questions regarding the 

interaction of these effects will be addressed by ongoing studies in male specimens. 

An additional limitation to these findings is related to the ex vivo approach used in our 

biomechanical studies. While the use of a robotic system to test joints ex vivo allows for high 

accuracy and repeatability and isolating the functional contribution of individual tissues, it does 

limit the study to a cross-sectional approach. This introduces animal-to-animal variability, 

whereas a less invasive biomechanical testing approach would allow for longitudinal studies, 

matching functional data within an animal across different age groups. Another impact from 

using this testing approach is the limitation of our injury studies to immediate functional 

changes. The changes we observed due to partial and complete ACL injuries may be amplified 

due to the lack of active stabilization from the muscles of the lower limb. Additionally, some 

patients with ACL injuries have been described as “copers” and are able to alter their lower limb 

kinematics to compensate for the lack of ACL function (174, 175). These compensations may 

not be evident immediately following ACL transection and without the proprioception and 

neuromuscular feedback loops which are present in patients. 
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A final challenge throughout this body of work was scaling methods and processes for 

specimens across a wide range of ages and sizes. Overall changes in the length of the ACL were 

ten-fold from birth through skeletal maturity, requiring the use of two MRI scanners in order to 

achieve adequate resolution for the smallest limbs while being able to physically contain the 

largest limbs. Specimens for mechanical testing experienced seven-fold increases in size from 

the youngest to oldest joints, requiring the development of protocols and methods which allowed 

for accurate preparation, analysis, and dissection of the full range of joints. Additionally, 

adjustment parameters were required for the load levels applied to this range of joints.  

 

8.3. Clinical Implications 

Many of the findings reported in this dissertation have potential applications in the 

diagnosis and treatment of ACL injuries in young populations. The angular orientation of the 

ACL has been reported to increase in human populations (1, 35) and through our study we have 

confirmed these changes in a pre-clinical model. The angular orientation of the ACL is readily 

altered by adjusting tunnel placement in the tibia and femur,  making this parameter a 

straightforward target for tailoring reconstruction practices to individual age groups. 

Additionally, common variations of ACL reconstructions used in skeletally immature 

populations result in altered orientation angles for the graft tissues (30). The variation from 

healthy anatomy caused by this tissue orientation may be related to the poor outcomes often seen 

in physeal sparing techniques. 

In addition to changes based on the orientation of the ACL, findings regarding age-

specific tissue morphometry can be implemented in clinical studies and treatments for young 

populations. In Chapter 4 we demonstrated a shift in ACL shape from a greater CSA-to-length 

ratio in youth compared to adolescence, as the length of the ACL experienced more change with 
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age. A major decision made in ACL reconstruction is selection of graft size and length, and if 

reconstructions are performed in young patients without adapting for the age-specific geometry 

of the tissue, the resulting graft may be too elongated and thin for the patient’s native anatomy. 

The timing of major changes in the morphometry of the ACL may be of interest to clinicians and 

tissue engineers working to develop ACL replacements, as we have shown that the majority of 

growth in the ACL occurs relatively early. Furthermore, when considering graft options for very 

young patients, it may be important to consider the age-specific proportions of the ACL, with 

greater CSA compared to length at young ages.  

In addition to implications from our structural findings, functional outcomes from 

Chapter 5 may help tailor ACL reconstructions in young populations. Specifically, when 

considering graft placement in mature patients many clinical techniques suggest targeting the 

footprint of the AM bundle, as this bundle performs more significant functional roles in mature 

joints. However, our findings suggest that the AM and PL bundles both serve major roles in 

youth, suggesting that a shift in tunnel placement towards the midpoint of the two footprints may 

better replicate native function.  

Finally, our findings regarding age-dependent changes in the kinematic response of the 

knee to applied loads following partial and complete ACL injuries may lead to improved 

sensitivity and specificity of clinical examinations for these injuries in young patients. Our 

findings in Chapter 6 suggest that while purely translational tests were only sensitive to partial 

ACL injury in the late adolescent group, rotational tests were sensitive to partial ACL injury 

across age groups. By improving our understanding of age-dependent responses to injuries we 

may be able to diagnose injuries more quickly and effectively, leading to earlier treatments and 

less risk of subsequent injuries.  
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While these findings have many exciting clinical implications, there are several 

intermediate steps between this research and changing surgical practices in the clinic. The 

structural findings reported here should be confirmed in human MRI studies, and suggest that 

consideration of tissue morphometry instead of reporting only length or CSA may help identify 

the timing of structural changes in the ACL. While many of the functional changes described in 

this work are not readily repeated in human ex vivo studies due to the paucity of cadaveric limbs 

from skeletally immature populations, many of the broad kinematic changes in response to 

applied tibial loads could be confirmed in an in vivo study. Additionally, computational 

modeling using subject-specific geometries and in vivo force data may be able to confirm our 

findings in human populations. 

 

8.4. Basic Science and Engineering Implications 

The methods and tools described in this body of work have been designed to use common 

approaches and techniques across a broad range of musculoskeletal joints. In addressing 

challenges related to applying imaging and mechanical testing systems to joints ranging in size 

by up to 10-fold differences, this dissertation includes methods for scaling applied loads based 

on bone size, repeatability of image processing techniques across multiple MRI scanners, and 

descriptions of tissue dissections that are applicable to small and large joints. The principles 

applied to scale these techniques could be further expanded when translating studies between 

small and large animal models, or animal models to cadaveric or in vivo human research.  

In addition to validating the use of these techniques across joint sizes, the completion of 

this work involved developing a large portfolio of computational code. Within the structural 

studies, I have developed custom codes to analyze the morphometry of tissues and compare the 

proportions of tissue during growth. These tools could be used to compare the size and shape of 
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many tissues within the body either during healthy growth or following injury or healing 

responses. Within the field of biomechanical functional testing, we have developed a large 

collection of data processing and analysis code. Additionally, we have worked to confirm the 

independent function of many tissues in the knee across ages, and have established that the 

primary function of the ACL is consistent from youth through late adolescence in the porcine 

knee. 

 

8.5. Future Directions 

Moving forward from this body of work there are several avenues for additional study. 

Continuing in the porcine model, the interaction between age- and sex-dependent changes in 

ACL structure and function should be assessed. Analysis of human ACL injury patterns has 

shown that ACL injury incidence is similar in males and females during childhood with an 

increase in injury risk for females following the onset of adolescence (20). By repeating the 

studies described here in a male cohort it may be possible to isolate differences in native ACL 

structure or function between the sexes during growth, potentially improving our understanding 

of the mechanisms between this sex-dependent injury risk. Additionally, the age-dependent ACL 

morphometry and bundle-specific behavior described here could be used to develop longitudinal 

in vivo studies in the skeletally immature porcine model to study long-term outcomes from ACL 

reconstructions performed either with standard graft sizes and placement, or using clinical 

decisions which anticipate changes in ACL structure and function.  

In addition to further studies in the porcine model, there are several opportunities for 

expanding this work through human studies. While some of the MRI studies described here have 

been applied to skeletally immature human cohorts, the analysis techniques described in Chapter 

4 have not been applied to pediatric human scans. If these studies are repeated in humans and 
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reveal the same allometric growth patterns in the ACL, the case for using the porcine model as a 

surrogate for pediatric human knees would be strengthened. Additionally, MRI studies using 

state-of-the-art scanning technology such as high-field MRI and quantitative MRI with pediatric 

subjects may provide options for studying bundle-specific changes in the growing ACL and 

changes in the material properties of tissues in vivo (176). In addition to MRI-based studies, 

approaches involving non-invasive sensors may provide options for studying global changes in 

musculoskeletal soft tissues during growth (177). While the ACL is difficult to access non-

invasively, many tendons and ligaments in the lower limb are located near the skin, and methods 

involving ultrasound and mechanical deflection could be used to study changes in tissue 

properties during growth. By combining these tools with common gait lab analysis techniques 

and the motivation provided through this dissertation, I think that there are many opportunities 

for expanding our understanding of age-related changes both in individual tissues and the 

musculoskeletal system in general. 
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Appendix 1 
 
Table A-1-1. Both the sagittal and coronal angles of the ACL increase with increasing age. 
Different letters represent statistically significant differences between age groups (p<0.05). 
 

Age [months] Sagittal ACL 
Angle [deg] 

Coronal ACL 
Angle [deg] 

0 29.8±3.8a 36.0±4.7a 

1.5 29.1±2.8a 45.7±4.9b 

3 36.0±1.7a 54.4±6.5c 

4.5 47.8±7.2b 69.4±3.3d 

6 49.3±5.0b 72.6±4.9d 

18 60.3±5.0b 77.6±4.1d 

 

Table A-1-2. Both the PCL angle and the PCL horizontal-to-vertical ratio increase with 
increasing age. Different letters represent statistically significant differences between age groups 
(p<0.05). 
 

Age [months] PCL Angle [deg] PCL H-to-V Ratio 
0 112.3±4.6a 0.50±0.06a 

1.5 114.7±2.6a 0.60±0.07a,b 

3 126.6±4.4b 0.65±0.07b 

4.5 135.6±3.1c 0.82±0.03c,d 

6 140.1±2.9c,d 0.86±0.08d,e 

18 142.6±3.1d 0.93±0.03e 

 

Table A-1-3. The notch width index (calculated as the witch of the notch divided by the width of 
the femoral condyles) and the notch width aspect ratio (as described in Figure 3-5) decrease with 
increasing age. Different letters represent statistically significant differences between age groups 
(p<0.05). 
 

Age [months] Notch Width 
Index 

Notch Width 
Aspect Ratio 

0 0.21±0.02a 1.83±0.19a 

1.5 0.21±0.04a 1.45±0.30a 

3 0.12±0.02b 0.70±0.15b 

4.5 0.13±0.01b 0.67±0.12b 

6 0.15±0.02b 0.60±0.14b 

18 0.12±0.02b 0.57±0.10b 
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Table A-1-4. The specific timing of orientation changes in the cruciate ligaments is similar 
between humans and the porcine model, with continued changes in the sagittal angle throughout 
adolescent growth, unlike the changes in the coronal ACL angle and the PCL angle which occur 
primarily during the early stages of growth. Age groups are as follows: a0-3 years, b1.5-3 months 
, c10-13 years, d4.5-6 months, e18-20 years, f18 months. Porcine data calculated from the current 
study by averaging age groups if needed. Approximate mean human data estimated from Kim et 
al (1). 
 

Anatomic 
Feature 

Human Early 
Youtha 

Porcine Early 
Youthb 

Human Pre-
Adolescentc 

Porcine Pre-
Adolescentd 

Human Late-
Adolescente 

Porcine Late-
Adolescentf 

Sagittal ACL 
Angle ~48° 33° ~55° 49° ~62° 60° 

Coronal ACL 
Angle ~52° 50° ~64° 71° ~69° 78° 

PCL Angle ~110° 121° ~119° 138° ~122° 143° 
 

Table A-1-5. Intraclass correlation coefficients (ICC) calculated for all measurements across 
images of both skeletally immature and mature pigs. Intrauser ICC values were calculated from 3 
separate measurements performed by a single user, while interuser ICC values were calculated 
from measurements taken by 3 individuals. Calculation of ICC values were performed in JMP 
[SAS, Cary, NC] using the Measurement Systems Analysis tool. Intraclass correlation with bias 
and interactions reported for all values. 
 

 
ACL 

Sagittal 
Angle 

ACL 
Coronal 
Angle 

PCL 
Angle 

PCL 
Horizontal 

Length 

PCL 
Vertical 
Length 

Intercondylar 
Roof Angle 

Blumensaat-
ACL Angle 

Notch 
Width 
Index 

Notch 
Width 

Aspect 
Ratio 

Intrauser 
ICC [All 
Ages] 

0.97 0.94 0.95 0.80 0.92 0.71 0.85 0.75 0.84 

Interuser 
ICC [All 
Ages] 

0.95 0.81 0.86 0.75 0.97 0.86 0.90 0.71 0.80 
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Figure A-1-1. Alternative representation of statistics from Figure 3-2. The angle of orientation 
of the ACL in both the sagittal and coronal planes is measured as shown in panels A and C. The 
sagittal angle (B) increases significantly between 3 and 18 months (late adolescence equivalent) 
while the changes in coronal angle (D) becomes insignificant after 4.5 months (early 
adolescence) in the porcine model. * represents statistical significance between age groups 
(p<0.05). 
 

 

Figure A-1-2. Alternative representation of statistics from Figure 3-3. The PCL angle, measured 
between the horizontal and vertical components shown in panel A, increases with increasing age 
(B). Significant increases occur between consecutive age groups between 1.5 and 4.5 months of 
age, equivalent to an early adolescent age in humans. The horizontal-to-vertical ratio, calculated 
from these components, nearly doubles throughout skeletal growth, with significant changes 
occurring through late adolescence (18 months). * represents statistical significance between age 
groups (p<0.05). 
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Figure A-1-3. Alternative representation of statistics from Figure 3-4. Notch width aspect ratio 
is calculated as a ratio of the horizontal (“H”) and vertical (“V”) notch measurements (A). 
Values decrease with increasing age, and statistically significant changes occur prior to early 
adolescence. * represents statistical significance between age groups (p<0.05). 
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Appendix 2 

Table A-2-1. Tissue length data presented as mean ± standard deviation [95% C.I.]. 

Age 
(months) 

ACL Length  
(mm) 

PT Length 
(mm) 

MCL Length  
(mm) 

LCL Length 
(mm) 

0 8.7  ± 1.4 
[7.2-10.1] 

14.2 ± 1.2 
[13.0-15.4] 

7.7 ± 1.8 
[5.9-9.6] 

7.8 ± 1.1 
[6.6-9.0] 

1.5 16.7 ± 3.0 
[13.6-19.8] 

25.8 ± 3.4 
[21.6-30.0] 

12.5 ± 2.2 
[10.2-14.8] 

12.5 ± 0.8 
[11.7-13.3] 

3 23.1 ± 2.1 
[20.9-25.3] 

41.3 ± 2.9 
[38.3-44.3] 

20.8 ± 2.1 
[18.6-23.0] 

22.2 ± 4.5 
[17.5-26.9] 

4.5 29.2 ± 2.4 
[26.7-31.7] 

54.9 ± 7.2 
[47.4-62.4] 

33.0 ± 3.2 
[29.7-36.3] 

29.4 ± 2.1 
[27.2-31.5] 

6 30.5 ± 1.0 
[29.5-31.5] 

58.0 ± 1.2 
[56.5-59.5] 

34.2 ± 2.6 
[31.5-36.9] 

34.5 ± 4.1 
[30.3-38.8] 

18 34.2 ± 2.3 
[32.3-37.1] 

73.8 ± 8.8 
[64.5-83.0] 

38.7 ± 3.4 
[35.1-42.3] 

35.6 ± 3.3 
[32.2-39.0] 

 

Table A-2-2. Tissue CSA data presented as mean ± standard deviation [95% C.I.]. 

Age 
(months) 

ACL CSA  
(mm2) 

PT CSA 
(mm2) 

MCL CSA 
(mm2) 

LCL CSA 
(mm2) 

0 5.6 ± 0.7 
[4.9-6.4] 

2.9 ± 1.2 
[1.6-4.1] 

0.9 ± 0.3 
[0.6-1.2] 

1.7 ± 0.4 
[1.2-2.1] 

1.5 14.7 ± 4.7 
[9.7-19.6] 

15.6 ± 6.6 
[7.4-23.8] 

3.7 ± 1.2 
[2.5-5.0] 

6.3 ± 1.6 
[4.6-7.9] 

3 39.9 ± 4.5 
[35.2-44.6] 

24.5 ± 3.5 
[20.9-28.2] 

9.3 ± 1.8 
[7.4-11.2] 

13.3 ± 1.9 
[11.3-15.2] 

4.5 43.0 ± 7.5 
[35.1-50.9] 

36.0 ± 7.3 
[28.3-43.6] 

14.0 ± 2.3 
[11.7-16.4] 

18.5 ± 4.3 
[13.9-23.0] 

6 41.0 ± 6.4 
[34.4-47.7] 

52.3 ± 18.9 
[28.8-75.7] 

19.8 ± 2.9 
[16.7-22.9] 

26.3 ± 3.6 
[22.6-30.0] 

18 57.4 ± 8.9 
[48.1-66.8] 

70.5 ± 19.5 
[50.0-91.0] 

22.5 ± 3.5 
[18.7-26.2] 

31.3 ± 5.1 
[25.9-36.7] 
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Table A-2-3. Tissue length normalized as a percentage of the average 18-month old value 
presented as mean ± standard deviation [95% C.I.]. 
 

Age 
(months) 

ACL Length  
(%) 

PT Length 
(%) 

MCL Length 
(%) 

LCL Length 
(%) 

0 25.0 ± 4.1 
[20.7-29.2] 

19.3 ± 1.5 
[17.6-20.9] 

20.0 ± 4.6 
[15.2-24.8] 

21.8 ±3.2 
[18.5-25.2] 

1.5 48.1 ± 8.6 
[39.2-57.1] 

35.0 ± 4.6 
[29.2-40.7] 

32.3 ± 5.6 
[26.5-38.2] 

35.2 ± 2.1 
[32.9-37.4] 

3 66.5 ± 6.1 
[60.1-72.9] 

56.0 ± 3.9 
[51.9-60.1] 

53.7 ± 5.4 
[48.1-59.4] 

62.2 ± 12.6 
[49.0-75.4] 

4.5 84.1 ± 6.8 
[76.9-91.3] 

74.5 ± 9.7 
[84.7-64.3] 

85.3 ± 8.2 
[76.7-93.9] 

82.4 ± 5.8 
[76.3-88.5] 

6 87.8 ± 2.8 
[84.8-90.8] 

78.6 ± 1.7 
[76.6-80.7] 

88.5 ± 6.7 
[81.5-95.5] 

97.0 ± 11.4 
[85.0-109.0] 

18 100.0 ± 6.5 
[93.2-106.8] 

100.0 ± 12.0 
[87.4-112.6] 

100.0 ± 8.8 
[90.7-109.3] 

100.0 ± 9.2 
[90.4-109.6] 

 

Table A-2-4. Tissue cross-sectional area normalized as a percentage of the average 18-month old 
value presented as mean ± standard deviation [95% C.I.]. 
 

Age 
(months) 

ACL CSA  
(%) 

PT CSA 
(%) 

MCL CSA 
(%) 

LCL CSA 
(%) 

0 9.8 ± 1.3 
[8.5-11.1] 

4.1 ± 1.7 
[2.3-5.8] 

4.0 ± 1.4 
[2.5-5.4] 

5.3 ± 1.3 
[3.9-6.7] 

1.5 25.6 ± 8.3 
[16.9-34.2] 

22.2 ± 9.4 
[10.5-33.8] 

16.6 ± 5.4 
[10.9-22.3] 

19.8 ± 5.0 
[14.5-25.0] 

3 69.5 ± 7.8 
[61.3-77.7] 

34.8 ± 4.9 
[29.6-40.0] 

41.5 ± 8.1 
[33.0-50.1] 

42.0 ± 5.9 
[35.8-48.2] 

4.5 74.8 ± 13.1 
[61.2-88.6] 

51.0 ± 10.4 
[40.1-61.9] 

62.5 ± 10.0 
[52.0-73.0] 

58.5 ± 13.8 
[44.0-72.9] 

6 71.5 ± 11.1 
[59.9-83.1] 

74.1 ± 26.8 
[40.9-107.4] 

88.2 ± 13.1 
[74.5-102.0] 

83.1 ± 11.3 
[71.3-95.0] 

18 100.0 ± 15.5 
[83.7-116.3] 

100.0 ± 27.7 
[71.0-129.0] 

100.0 ± 15.8 
[83.4-116.6] 

100.0 ± 16.2 
[82.1-116.1] 
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Appendix 3 

 

Figure A-3-1. MRI scans of porcine stifle joints (knee equivalent) ranging from 1.5 months 
through 18 months of age, scale bar is 20 mm. 
 

 

Figure A-3-2. Masking of the anteromedial and posterolateral bundles of the ACL via MRI.  
Sample images show for juvenile (3 months) and late adolescent (18 months) knee joints. Scale 
bars are 10 mm. 
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Figure A-3-3. The length of the ACL and its bundles increase similarly with age.  Bars represent 
mean with a 95% confidence interval. 
 
Table A-3-1. Applied Forces and Moments for Each Age Group 
 
Age Anterior-Posterior Load Varus-Valgus Moment 
1.5 Months 20 N 1 N*m 
3 Months 40 N 2 N*m 
4.5 Months 80 N 4 N*m 
6 Months 100 N 5 N*m 
18 Months 140 N 7 N*m 
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Raw Anterior-Posterior Tibial Translation (APTT) Summary Data  

Direct measurements of anterior-posterior tibial translation (APTT) were not significantly 

affected by age (p=0.64) and varied significantly by flexion angle (p=0.001) with no interaction 

between the terms (p=0.24) via two-way ANOVA. Summary data presented as mean ± standard 

deviation [95% confidence interval of the mean]. 

Table A-3-2. APTT Summary Data [mm] 

 40° of Flexion 60° of Flexion 90° of Flexion 
1.5 Months 8.7 ± 1.6  

[7.0-10.3] 
8.6 ± 1.5  
[7.1-10.2] 

7.4 ± 0.5  
[6.9-7.9] 

3 Months 10.3 ± 4.6  
[5.5-15.1] 

10.2 ± 3.4  
[6.7-13.7] 

8.9 ± 1.9  
[6.9-10.9] 

4.5 Months 8.4 ± 1.1  
[7.3-9.6] 

9.2 ± 1.3  
[7.9-10.5] 

8.0 ± 1.2  
[6.7-9.3] 

6 Months 8.7 ± 3.1  
[5.5-11.9] 

9.8 ± 3.0  
[6.7-13.0] 

8.9 ± 2.5  
[6.3-11.6] 

18 Months 9.0 ± 0.8  
[8.2-9.8] 

10.1 ± 0.9  
[9.1-11.1] 

9.7 ± 1.2  
[8.5-10.9] 

 

Normalized APTT Summary Data and Statistics 

Anterior-posterior tibial translation normalized to the anterior-posterior length of the 

tibial plateau decreased significantly with increasing age (p<0.001) and varied significantly by 

flexion angle (p<0.001) with no interaction between the terms (p=0.14) via two-way ANOVA. 

Summary data presented as mean ± standard deviation [95% confidence interval of the mean]. 

Table A-3-3. Normalized APTT Summary Data [A.U.] 

 40° of Flexion 60° of Flexion 90° of Flexion 
1.5 Months 0.34 ± 0.08 [0.26-0.43] 0.34 ± 0.08 [0.26-0.43] 0.29 ± 0.03 [0.26-0.33] 
3 Months 0.28 ± 0.10 [0.1-0.39] 0.28 ± 0.08 [0.20-0.36] 0.25 ± 0.06 [0.19-0.31] 

4.5 Months 0.29 ± 0.03 [0.17-0.23] 0.22 ±0.03 [0.18-0.25] 0.19 ±0.03 [0.15-0.22] 
6 Months 0.19 ± 0.07 [0.12-0.25] 0.21 ± 0.07 [0.14-0.28] 0.19 ± 0.06 [0.13-0.25] 
18 Months 0.17 ±0.01 [0.16-0.19] 0.19 ± 0.02 [0.18-0.21] 0.17 ±0.01 [0.16-0.19] 
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Varus-Valgus Rotation Summary Data and Statistics 

Varus-valgus rotation at 60° of flexion decreased significantly with increasing age 

(p<0.001) in response to applied varus and valgus moments via one-way ANOVA. Summary 

data presented as mean ± standard deviation [95% confidence interval of the mean].  

Table A-3-4. Varus-Valgus Rotation Summary Data [degrees] 

 60° of Flexion 
1.5 Months 25.4 ± 2.2 [23.1-27.8] 
3 Months 20.0 ± 3.6 [16.2-23.7] 

4.5 Months 12.1 ± 0.7 [11.4-12.8] 
6 Months 11.6 ± 1.9 [9.6-13.5] 
18 Months 6.3 ± 1.6 [4.6-8.0] 

 

ACL Contribution to Anterior Load Summary Data and Statistics 

The contribution of the ACL to resisting the applied anterior load was not significantly 

different across ages (p=0.63), although it varied by flexion angle (p<0.001), and there was an 

interaction between the two effects (p<0.001) via two-way ANOVA. Summary data presented as 

mean ± standard deviation [95% confidence interval of the mean].  

Table A-3-5. ACL Contribution to Anterior Load Summary Data [% of Total Joint Force] 

Age 40° of Flexion 60° of Flexion 90° of Flexion 
1.5 Months 105 ± 14  

[90-119] 
109 ± 17  
[92-127] 

109 ± 19  
[89-129] 

3 Months 89 ± 20  
[68-111] 

101 ± 18  
[82-120] 

101 ± 25  
[75-127] 

4.5 Months 80 ± 26  
[52-108] 

110 ± 21  
[87-132] 

111 ± 18  
[92-130] 

6 Months 75 ± 14  
[60-89] 

97 ± 11  
[86-108] 

107 ± 11  
[95-118] 

18 Months 91 ± 14  
[76-105] 

100 ± 16  
[83-117] 

98 ± 11  
[86-110] 

 

Bundle Contributions to ACL Function Summary Data and Statistics 

The relative functional contributions of the AM and PL bundles to overall ACL behavior 

varied as an effect of age (p<0.001) and flexion angle (p<0.001) with a significant interaction 
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between the two (p<0.001) via two-way ANOVA. Summary data presented as mean ± standard 

deviation [95% confidence interval of the mean]. 

Table A-3-6. AM Bundle Functional Contribution Summary Data [% of Total ACL Force] 

Age 40° of Flexion 60° of Flexion 90° of Flexion 
1.5 Months 44 ± 21  

[22-66] 
50 ± 19  
[30-70] 

49 ± 15  
[34-65] 

3 Months 31 ± 17  
[13-48] 

45 ± 21  
[23-67] 

48 ± 22  
[25-71] 

4.5 Months 49 ± 26  
[21-76] 

59 ± 22  
[36-82] 

41 ± 21  
[19-62] 

6 Months 65 ± 20  
[45-86] 

76 ± 19  
[56-95] 

63 ± 21  
[40-85] 

18 Months 89 ± 13  
[75-103] 

93 ± 12  
[79-104] 

86 ± 16  
[70-103] 

 

Table A-3-7. PL Bundle Functional Contribution Summary Data [% of Total ACL Force] 

Age 40° of Flexion 60° of Flexion 90° of Flexion 
1.5 Months 57 ± 21  

[34-79] 
50 ± 19  
[30-71] 

51 ± 16  
[35-67] 

3 Months 69 ± 17  
[52-87] 

55 ± 22  
[33-78] 

52 ± 22  
[29-75] 

4.5 Months 51 ± 26  
[24-79] 

41 ± 22  
[18-64] 

59 ± 21  
[38-81] 

6 Months 35 ± 20  
[14-55] 

24 ± 19  
[5-44] 

37 ± 21  
[15-59] 

18 Months 11 ± 13  
[-3-25] 

8 ± 12  
[-4-21] 

14 ± 16  
[-3-30] 

 

Bundle Contributions to ACL Function Under Applied Varus and Valgus Moments Summary 

Data and Statistics 

The relative functional contributions of the AM and PL bundles to overall ACL behavior 

under applied varus loads at 60° of flexion varied as an effect of age (p<0.001) via one-way 

ANOVA. Age did not have a significant effect on bundle contributions under valgus loads 

(p=0.15) via one-way ANOVA. Summary data presented as mean ± standard deviation [95% 

confidence interval of the mean].  
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Table A-3-8. Bundle Specific Contributions to Resultant Force in the ACL Summary Data [% of 
total ACL Force] 
 

Age AM Varus  PL Varus  AM Valgus  PL Valgus  
1.5 Months 46 ± 16  

[30-63] 
54 ± 16  
[37-70] 

47 ± 16  
[31-63] 

53 ± 16  
[37-69] 

3 Months 55 ± 14  
[41-70] 

45 ± 14  
[30-59] 

55 ± 26  
[29-82] 

45 ± 26  
[18-71] 

4.5 Months 71 ± 8  
[62-79] 

30 ± 8  
[21-38] 

72 ± 17  
[54-90] 

28 ± 17  
[10-46] 

6 Months 86 ± 3  
[83-90] 

14 ± 3  
[11-17] 

44 ± 21  
[21-66] 

56 ± 21  
[34-79] 

18 Months 80 ± 21  
[57-102] 

20 ± 21  
[-2-43] 

59 ± 20  
[39-80] 

41 ± 20  
[20-61] 

 

Tissue Cross-Sectional Area Summary Data and Statistics 

The CSA of the ACL, AM, and PL bundles increased significantly with increasing age 

(p<0.001) via one-way ANOVA.  The CSA values of the AM bundle became significantly 

greater than those of the PL bundle in adolescence. Summary data presented as mean ± standard 

deviation [95% confidence interval of the mean].  

Table A-3-9. CSA Summary Data [mm2] 

 ACL CSA AM Bundle CSA PL Bundle CSA 
1.5 Months 12 ± 3  

[9-15] 
5 ± 2  
[3-7] 

7 ± 2  
[5-10] 

3 Months 20 ± 4  
[16-24] 

9 ± 3  
[7-12] 

12 ± 2  
[10-14] 

4.5 Months 40 ± 5  
[35-45] 

22 ± 4  
[18-25] 

19 ± 5  
[14-24] 

6 Months 44 ± 11  
[33-55] 

28 ± 6  
[21-34] 

16 ± 4  
[11-20] 

18 Months 53 ± 13  
[40-66] 

35 ± 8  
[27-44] 

17 ± 7  
[10-25] 

 

Tissue Length Summary Data and Statistics 

The length of the ACL, AM, and PL bundles increased significantly with increasing age 

(p<0.001) via one-way ANOVA.  Summary data presented as mean ± standard deviation [95% 

confidence interval of the mean].  
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Table A-3-10. Tissue Length Summary Data [mm] 

Age ACL AM Bundle PL Bundle 
1.5 Months 14 ± 4  

[10-18] 
15 ± 3  
[12-18] 

8 ± 2  
[6-10] 

3 Months 23 ± 2  
[21-25] 

25 ± 2  
[22-27] 

14 ± 3  
[11-17] 

4.5 Months 29 ± 2  
[27-32] 

35 ± 3  
[32-38] 

18 ± 3  
[14-22] 

6 Months 31 ± 1 
[30-32] 

38 ± 3  
[35-41] 

24 ± 2  
[21-26] 

18 Months 35 ± 2 
[33-37] 

40 ± 3  
[37-43] 

22 ± 3  
[20-25] 

 

Bundle Sagittal Angle Summary Data and Statistics 

The sagittal orientation angle of the AM and PL bundles increased significantly with 

increasing age (p<0.001) and varied by specific bundle (p<0.001) via two-way ANOVA 

although there was no significant interaction (p=0.06). Summary data presented as mean ± 

standard deviation [95% confidence interval of the mean].  

Table A-3-11. ACL Bundle Sagittal Angle Summary Data 

Age AM Bundle PL Bundle 
1.5 Months 32 ± 3  

[29-35] 
36 ± 3  
[32-39] 

3 Months 37 ± 3  
[34-41] 

43 ± 5  
[38-47] 

4.5 Months 48 ± 6  
[42-53] 

58 ± 7  
[50-66] 

6 Months 51 ± 5  
[46-56] 

63 ± 11  
[52-75] 

18 Months 55 ± 5  
[50-61] 

66 ± 4  
[62-71] 

 

Bundle Coronal Angle Summary Data and Statistics 

The coronal orientation angle of the AM and PL bundles increased significantly with 

increasing age (p<0.001) and varied by specific bundle (p<0.001) via two-way ANOVA and 



   

147 
 

there was a significant interaction between the two (p=0.02). Summary data presented as mean ± 

standard deviation [95% confidence interval of the mean].  

Table A-3-12. ACL Bundle Coronal Angle Summary Data 

Age AM Bundle PL Bundle 
1.5 Months 44 ± 3  

[41-47] 
47 ± 3  
[44-50] 

3 Months 54 ± 5  
[49-59] 

63 ± 3  
[60-67] 

4.5 Months 65 ± 4  
[60-69] 

70 ± 7  
[63-78] 

6 Months 71 ± 4  
[67-76] 

75 ± 6  
[68-81] 

18 Months 75 ± 3  
[72-78] 

74 ± 5  
[69-80] 
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Appendix 4 

Table A-4-1.  Loading Protocol for Robotic Testing with Additional Calculations. Superscripts 
represent the joint state, subscripts represent the kinematic state. 
 
Joint State Loading 

Conditions 
Data Acquired Calculations 

Intact Joint Anterior-posterior 
tibial load (40°, 
60°, 90°) and 
varus-valgus (60°) 
moment 
 

Kinematics from intact joint 
(Kintact) 
In-situ force (F()$()$)  

 

AM Bundle 
Transected 

Anterior-posterior 
tibial load (40°, 
60°, 90°) and 
varus-valgus (60°) 
moment 
 

Repeat (Kintact) 
 

Kinematics from partial injury 
(KAMt) 
 
 
 
 

In-situ force (F"#$%&$()$ , F()$()$)  
 

 
 
 
 
 
AM bundle in-situ force 
(F"#$%&$"#$%&$ − F"#$%&$()$ ) 

ACL 
Transected 

Anterior-posterior 
tibial load (40°, 
60°, 90°) and 
varus-valgus (60°) 
moment 
Repeat (Kintact, 
KAMt) 
 

Kinematics from ACL 
deficient knee (KACLt) 
 
 
 
In-situ force  
(F"#$%&$(-,$ , F()$(-,$, F(-,$(-,$)  
 

 
 
 
 
 
ACL in-situ force 
(F"#$%&$"#$%&$ − F"#$%&$(-,$ ) 
PL bundle in-situ force 
(F"#$%&$()$ − F"#$%&$(-,$ ) 
(F()$()$ − F()$(-,$) 
 

MCL 
Transected 

Repeat (Kintact, 
KAMt, KACLt) 

In-situ force 
(F"#$%&$)-,$ , F()$)-,$, F(-,$)-,$)  

MCL in-situ force 
(F"#$%&$(-,$ − F"#$%&$)-,$ ) 
(F()$(-,$ − F()$)-,$) 
(F(-,$(-,$ − F(-,$)-,$) 
 

LCL 
Transected 

Repeat (Kintact, 
KAMt, KACLt) 

In-situ force 
(F"#$%&$,-,$ , F()$,-,$, F(-,$,-,$)  

LCL in-situ force 
(F"#$%&$)-,$ − F"#$%&$,-,$ ) 
(F()$)-,$ − F()$,-,$) 
(F(-,$)-,$ − F(-,$,-,$) 
 

Medial 
Meniscus 
Removed 

Repeat (Kintact, 
KAMt, KACLt) 

In-situ force 
	(F"#$%&$))/0$, F()$))/0$, F(-,$))/0$) 
 

Medial Meniscus  
in-situ force 
(F"#$%&$,-,$ − F"#$%&$))/0$) 
(F()$,-,$ − F()$))/0$) 
(F(-,$,-,$ − F(-,$))/0$) 
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Table A-4-1.  (continued) 

Lateral 
Meniscus 
Removed 

Repeat (Kintact, 
KAMt, KACLt) 

In-situ force  
(F"#$%&$,)/0$, F()$,)/0$, F(-,$,)/0$) 

Lateral Meniscus  
in-situ force 
(F"#$%&$))/0$ − F"#$%&$,)/0$) 
(F()$))/0$ − F()$,)/0$) 
(F(-,$))/0$ − F(-,$,)/0$) 
 

 

Normalized APTT Summary Data  

Anterior-posterior tibial translation normalized to the length of the tibial plateau varied 

with age (p=0.003), angle (p<0.001), and state (p<0.001) with significant interactions between 

age and angle (p<0.001), age and state (p=0.027) and angle and state (p=0.001) but not between 

age, angle, and state (p=0.056) via multi-way ANOVA and Tukey’s post-hoc analysis. Summary 

data presented as mean ± standard deviation [95% confidence interval of the mean].  
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Table A-4-2.  Normalized APTT Summary Data [mm/mm] (ap<0.05 vs. intact at a given flexion 
angle; bp<0.05 vs. AM-deficient at a given flexion angle; cp<0.05 vs. intact at a given age; 
dp<0.05 vs. AM-deficient at a given age). 
 
40° of Flexion 
 

Intact AM-Deficient ACL-Deficienta,b 

1.5 Months 
 

0.35 ± 0.08  
[0.26-0.43] 

0.40 ± 0.10  
[0.30-0.50] 

0.74 ± 0.14c,d  
[0.59-0.89] 

3 Months 0.28 ± 0.10  
[0.18-0.39] 

0.32 ± 0.11  
[0.20-0.43] 

0.68 ± 0.13c,d  
[0.54-0.81] 

4.5 Months 0.20 ± 0.03  
[0.16-0.23] 

0.23 ± 0.04  
[0.18-0.27] 

0.46 ± 0.14c,d  
[0.31-0.60] 

6 Months 0.19 ± 0.07  
[0.11-0.25] 

0.23 ± 0.08 
[0.15-0.31] 

0.50 ± 0.15c,d  
[0.34-0.65] 

18 Months 0.17 ± 0.01  
[0.16-0.19] 

0.24 ± 0.02c  
[0.22-0.26] 

0.49 ± 0.05c,d  
[0.44-0.55] 

60° of Flexion 
 

Intact AM-Deficienta ACL-Deficienta,b 

1.5 Months 0.34 ± 0.08  
[0.26-0.43] 

0.40 ± 0.09 
[0.30-0.49] 

0.66 ± 0.18c,d  
[0.48-0.85] 

3 Months 0.28 ± 0.08  
[0.20-0.36] 

0.32 ± 0.09  
[0.23-0.42] 

0.64 ± 0.14c,d  
[0.49-0.79] 

4.5 Months 0.22 ± 0.03  
[0.18-0.25] 

0.26 ± 0.03  
[0.22-0.29] 

0.50 ± 0.10c,d  
[0.40-0.60] 

6 Months 0.21 ± 0.07  
[0.14-0.28] 

0.28 ± 0.07  
[0.20-0.35] 

0.57 ± 0.08c,d  
[0.49-0.65] 

18 Months 0.19 ± 0.02  
[0.18-0.21] 

0.29 ± 0.03c  
[0.26-0.32] 

0.52 ± 0.06c,d  
[0.46-0.58] 

90° of Flexion 
 

Intact AM-Deficient ACL-Deficienta,b 

1.5 Months 
 

0.29 ± 0.03  
[0.26-0.33] 

0.33 ± 0.04  
[0.28-0.37] 

0.42 ± 0.16c,d  
[0.25-0.58] 

3 Months 0.25 ± 0.06  
[0.19-0.31] 

0.28 ± 0.07  
[0.21-0.36] 

0.53 ± 0.18c,d  
[0.34-0.72] 

4.5 Months 0.19 ± 0.03  
[0.15-0.22] 

0.21 ± 0.03  
[0.18-0.25] 

0.45 ± 0.06c,d  
[0.39-0.52] 

6 Months 0.19 ± 0.06  
[0.13-0.25] 

0.25 ± 0.07  
[0.18-0.32] 

0.52 ± 0.05c,d  
[0.47-0.58] 

18 Months 0.18 ± 0.02  
[0.17-0.20] 

0.27 ± 0.03c  
[0.23-0.30] 

0.47 ± 0.06c,d  
[0.40-0.53] 

 

APTT Summary Data  

Anterior-posterior tibial translation varied significantly with age (p=0.004), angle 

(p<0.001), and state (p<0.001) and there were significant interactions between age and angle 
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(p<0.001), age and state (p<0.001) and angle and state (p=0.007) but not between age, angle, and 

state (p=0.498) via multi-way ANOVA and Tukey’s post-hoc analysis. Summary data presented 

as mean ± standard deviation [95% confidence interval of the mean].  

 
Figure A-4-1.  Anterior-posterior tibial translation (APTT) increased following partial and 
complete ACL transection in response to an applied anterior-posterior tibial load.  Data 
represented as points, with bars showing mean and 95% confidence interval. * denotes p<0.05 
from intact state, + denotes p<0.05 from intact and AM deficient states.  
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Table A-4-3. APTT Summary Data [mm] (ap<0.05 vs. intact at a given flexion angle; bp<0.05 
vs. AM-deficient at a given flexion angle; cp<0.05 vs. intact at a given age; dp<0.05 vs. AM-
deficient at a given age). 
 
40° of Flexion Intact AM-Deficienta ACL-Deficienta,b 

1.5 Months 8.7 ± 1.6  
[7.0-10.3] 

10.0 ± 1.8  
[8.1-11.9] 

18.6 ± 3.4c,d  
[15.1-22.1] 

3 Months 10.3 ± 4.6  
[5.5-15.1] 

11.5 ± 4.9  
[6.3-16.6] 

24.1 ± 5.2c,d  
[18.6-29.6] 

4.5 Months 8.4 ± 1.1  
[7.3-9.6] 

9.6 ± 1.8  
[7.7-11.4] 

19.4 ± 5.9c,d  
[13.1-25.6] 

6 Months 8.7 ± 3.1  
[5.5-12.0] 

10.9 ± 3.7c 

[7.0-14.8] 
23.3 ± 7.0c,d  
[16.0-30.7] 

18 Months 9.0 ± 0.8  
[8.2-9.8] 

12.7 ± 0.7c  
[12.0-13.5] 

25.8 ± 2.8c,d  
[22.9-28.7] 

60° of Flexion Intact AM-Deficienta ACL-Deficienta,b 

1.5 Months 8.6 ± 1.5  
[7.1-10.2] 

9.9 ± 1.7 
[8.1-11.7] 

16.7 ± 1.7 c,d  
[12.3-21.0] 

3 Months 10.2 ± 3.4  
[6.7-13.7] 

11.5 ± 3.8  
[7.5-15.6] 

22.6 ± 4.5 c,d  
[17.9-27.3] 

4.5 Months 9.2 ± 1.3  
[7.9-10.5] 

10.9 ± 1.3  
[9.5-12.3] 

21.0 ± 4.2 c,d  
[16.6-25.4] 

6 Months 9.8 ± 3.0  
[6.7-13.0] 

12.9 ± 3.3c  
[9.5-16.4] 

26.9 ± 3.6 c,d  
[23.1-30.7] 

18 Months 10.1 ± 0.9  
[9.1-11.1] 

15.1 ± 1.1c  
[13.9-16.3] 

27.5 ± 3.3 c,d  
[24.0-30.9] 

90° of Flexion Intact AM-Deficienta ACL-Deficienta,b 

1.5 Months 7.4 ± 0.5  
[6.9-7.9] 

8.2 ± 0.6  
[7.6-8.8] 

10.6 ± 4.4 c,d  
[6.1-15.2] 

3 Months 8.9 ± 1.9  
[6.9-10.9] 

10.0 ± 2.4  
[7.5-12.5] 

18.6 ± 5.6 c,d  
[12.8-24.4] 

4.5 Months 8.0 ± 1.2  
[6.7-9.3] 

9.0 ± 1.2  
[7.7-10.3] 

19.1 ± 2.8 c,d  
[16.2-22.0] 

6 Months 8.9 ± 2.5  
[6.3-11.6] 

11.7 ± 2.9 c  
[8.6-14.8] 

24.6 ± 2.1 c,d  
[22.4-26.8] 

18 Months 9.7 ± 1.2  
[8.5-11.0] 

14.0 ± 1.5 c  
[12.4-15.5] 

24.4 ± 3.7 c,d  
[20.6-28.3] 

 

Varus-Valgus Rotation Summary Data  

Varus-valgus rotation at 60° of flexion varied significantly with age (p<0.001) and state 

(p<0.001) with no significant interaction between age and state (p=0.523) via two-way ANOVA 
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and Tukey’s post-hoc analysis. Summary data presented as mean ± standard deviation [95% 

confidence interval of the mean].  

Table A-4-4. Varus-Valgus Rotation Summary Data [degrees] (ap<0.05 vs. intact; bp<0.05 vs. 
AM-deficient; cp<0.05 vs. 1.5 months; dp<0.05 vs. 3 months; ep<0.05 vs. 4.5 months; fp<0.05 vs. 
6 months). 
 
 Intact AM-Deficienta ACL-Deficienta,b 

1.5 Months 25.4 ± 2.2  
[23.1-27.8] 

26.0 ± 2.5  
[23.4-28.6] 

30.1 ± 2.9  
[27.1-33.1] 

3 Monthsc 20.0 ± 3.6  
[16.2-23.7] 

21.4 ± 4.2  
[17.0-25.8] 

24.6 ± 6.3  
[17.9-31.2] 

4.5 Monthsc,d 12.1 ± 0.7  
[11.4-12.8] 

12.9 ± 1.0  
[11.9-13.9] 

14.7 ± 0.8  
[13.8-15.6] 

6 Monthsc,d 11.6 ± 1.9  
[9.6-13.5] 

12.7 ± 2.1 
[10.5-15.0] 

16.8 ± 4.5  
[12.0-21.5] 

18 Monthsc,d,e,f 6.3 ± 1.6  
[4.6-8.0] 

7.6 ± 2.1  
[5.4-9.8] 

10.6 ± 4.1  
[6.3-14.9] 

 

ACL Functional Contribution to Anterior Load in the Intact State Summary Data  

The functional contribution of the ACL to resisting the applied anterior load was not 

significantly different across ages (p=0.630), although it varied by flexion angle (p<0.001), and 

there was an interaction between the two effects (p<0.001) via two-way ANOVA and Tukey’s 

post-hoc analysis. Summary data presented as mean ± standard deviation [95% confidence 

interval of the mean].  

Table A-4-5. ACL Functional Contribution to Anterior Load in the Intact State Summary Data 
[% of total anterior joint force]. 
 

Age 40° of Flexion 60° of Flexion 90° of Flexion 
1.5 Months 104.5 ± 13.6  

[90.3-118.7] 
109.2 ± 16.8  
[91.5-126.8] 

108.8 ± 19.0  
[88.9-128.8] 

3 Months 89.3 ± 20.4  
[67.9-110.7] 

101.0 ± 18.3  
[81.8-120.2] 

101.2 ± 24.8  
[75.1-127.2] 

4.5 Months 79.8 ± 26.4  
[52.1-107.5] 

109.8 ± 21.4  
[87.3-132.3] 

111.0 ± 18.4  
[91.7-130.3] 

6 Months 74.7 ± 13.8  
[60.2-89.1] 

97.0 ± 10.6  
[85.9-108.2] 

106.5 ± 10.6  
[95.4-117.6] 

18 Months 90.7 ± 13.7  
[76.3-105.1] 

100.3 ± 16.1  
[83.4-117.3] 

98.2 ± 11.4  
[86.2-110.2] 
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AM Bundle Functional Contribution to Anterior Tibial Load Summary Data  

The relative functional contribution of the AM bundle to overall anterior tibial load 

resistance varied as an effect of age (p=0.008) and flexion angle (p<0.001) with a significant 

interaction between the two (p=0.013) via two-way ANOVA and Tukey’s post-hoc analysis. 

Summary data presented as mean ± standard deviation [95% confidence interval of the mean]. 

 

Figure A-4-2. In situ force contributions of the AM and PL bundles of the ACL relative to all 
other soft tissues shown at 40° of flexion across states and ages.  Analyzing the in situ forces in 
response to an applied anterior-posterior tibial load, we see that the PL bundle resists the 
majority of the load across ages in the partial transection state, and other tissues carry all of the 
functional contributions in the ACL-transected state.  Data represented as points, with bars 
showing mean and 95% confidence interval.  Percent contribution is normalized to the total force 
resisted by the joint under an applied load. 
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Figure A-4-3. In situ force contributions of the AM and PL bundles of the ACL relative to all 
other soft tissues shown at 90° of flexion across states and ages.  Analyzing the in situ forces in 
response to an applied anterior-posterior tibial load, we see that the PL bundle resists the 
majority of the load across ages in the partial transection state, and other tissues carry all of the 
functional contributions in the ACL-transected state.  Data represented as points, with bars 
showing mean and 95% confidence interval.  Percent contribution is normalized to the total force 
resisted by the joint under an applied load. 
 

Table A-4-6. AM Bundle Functional Contribution Summary Data [% total anterior joint force] 
(ap<0.05 vs. 1.5 months at a given flexion angle; bp<0.05 vs. 3 months at a given flexion angle; 
cp<0.05 vs. 4.5 months at a given flexion angle; dp<0.05 vs. 6 months at a given flexion angle). 

Intact 40° of Flexion 60° of Flexion 90° of Flexion 
1.5 Months 43.9 ± 19.1  

[23.8-63.9] 
52.0 ± 14.8  
[36.4-67.5] 

51.9 ± 13.6  
[37.6-66.1] 

3 Months 25.4 ± 10.6  
[14.2-36.5] 

43.9 ± 17.1  
[25.9-61.8] 

46.1 ± 21.9  
[23.0-69.1] 

4.5 Months 42.4 ± 29.6  
[11.4-73.5] 

67.3 ± 34.7  
[30.9-103.7] 

48.0 ± 31.3  
[15.1-80.8] 

6 Months 50.0 ± 20.0  
[29.0-71.0] 

74.4 ± 24.1  
[49.1-99.7] 

68.3 ± 30.2  
[36.6-100.0] 

18 Months 79.9 ± 10.7b  
[68.7-91.1] 

90.7 ± 11.4b  
[78.7-102.7] 

84.4 ± 15.8  
[67.8-101.0] 
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PL Bundle Functional Contribution to Anterior Tibial Load Summary Data  

The relative functional contribution of the PL bundle to overall anterior tibial load 

resistance varied significantly with age (p=0.013), angle (p<0.001), and state (p<0.001) and there 

was an interaction between age and angle (p<0.001), angle and state (p=0.002), and age and state 

(p<0.001) and no significant interaction between age, angle, and state (p=0.669) via multi-way 

ANOVA and Tukey’s post-hoc analysis. Summary data presented as mean ± standard deviation 

[95% confidence interval of the mean].  

Table A-4-7. PL Bundle Functional Contribution Summary Data [% total anterior joint force] 
(ap<0.05 vs. 1.5 months at a given state; bp<0.05 vs. 3 months at a given state; cp<0.05 vs. 4.5 
months at a given state; dp<0.05 vs. 6 months at a given state; ep<0.05 vs. intact for a given age). 
 

Intact 40° of Flexion 60° of Flexion 90° of Flexion 
1.5 Months 60.5 ± 27.4  

[31.8-89.2] 
57.3 ± 27.4  
[28.5-86.0] 

56.9 ± 24.8  
[30.8-82.9] 

3 Months 64.0 ± 27.3  
[35.4-92.7] 

57.2 ± 26.2  
[29.8-84.7] 

54.9 ± 30.1  
[23.3-86.5] 

4.5 Months 17.0 ± 6.9  
[19.6-55.3] 

42.4 ± 19.0  
[22.5-62.3] 

63.2 ± 15.2  
[47.2-79.1] 

6 Months 24.7 ± 12.5  
[11.5-37.8] 

22.5 ± 16.3  
[5.4-39.6] 

37.9 ± 20.8  
[16.1-59.7] 

18 Months 10.7 ± 14.8a,b,c  
[-4.8-26.3] 

9.5 ± 15.2a,b,c  
[-6.5-25.4] 

13.8 ± 16.7a,b,c 
[-3.7-31.4] 

AM-Deficient 40° of Flexion 60° of Flexion 90° of Flexion 
1.5 Monthse 105.3 ± 12.2  

[92.4-118.2] 
108.5 ± 16.8  
[90.8-126.1] 

107.3 ± 18.1  
[88.3-126.2] 

3 Monthse 89.4 ± 19.1  
[69.3-109.5] 

89.0 ± 39.0  
[48.1-129.9] 

98.0 ± 28.7  
[67.9-128.1] 

4.5 Monthse 72.9 ± 22.6  
[49.2-96.7] 

104.7 ± 17.5  
[86.3-123.1] 

112.0 ± 20.3  
[90.7-133.3] 

6 Monthse 66.0 ± 15.5  
[49.8-82.3] 

88.1 ± 14.7  
[72.6-103.5] 

108.8 ± 11.6  
[96.7-120.9] 

18 Monthse 78.5 ± 16.7  
[60.9-96.0] 

101.0 ± 16.3  
[83.8-118.1] 

92.9 ± 10.8  
[81.6-104.2] 

 

MCL Functional Contribution to Anterior Tibial Load Summary Data  

The relative functional contribution of the MCL to overall anterior tibial load resistance 

varied significantly with angle (p<0.001), and state (p<0.001) but not age (p=0.869), and there 
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was an interaction between angle and state (p<0.001) but not age and angle (p=0.999), age and 

state (p=0.201) or age, angle, and state (p=1.000) via multi-way ANOVA and Tukey’s post-hoc 

analysis. Summary data presented as mean ± standard deviation [95% confidence interval of the 

mean].  

Table A-4-8. MCL Functional Contribution Summary Data [% total anterior joint force] 
(ap<0.05 vs. intact; bp<0.05 vs. AM-deficient; cp<0.05 vs. intact at 40° of flexion; dp<0.05 vs. 
AM-deficient at 60° of flexion). 
 

Intact 40° of Flexion 60° of Flexion 90° of Flexion 
1.5 Months 0.1 ± 1.4  

[-1.3-1.5] 
1.9 ± 4.8  
[-3.2-7.0] 

5.5 ± 5.6  
[-0.4-11.3] 

3 Months 2.0 ± 4.2  
[-2.4-6.3] 

0.3 ± 0.9  
[-0.6-1.3] 

6.0 ± 8.4  
[-2.8-14.8] 

4.5 Months 0.5 ± 0.8  
[-0.3-1.3] 

0.2 ± 0.5  
[-0.4-0.7] 

0.6 ± 0.6  
[0.0-1.2] 

6 Months -0.3 ± 0.5  
[-0.8-0.3] 

0.3 ± 0.7  
[-0.4-1.0] 

0.5 ± 1.2  
[-0.8-1.8] 

18 Months -0.5 ± 1.0  
[-1.8-0.8] 

0.6 ± 1.0  
[-0.5-1.6] 

4.6 ± 6.9  
[-2.6-11.8] 

AM-Deficient 40° of Flexion 60° of Flexion 90° of Flexion 
1.5 Months 0.9 ± 2.5  

[-1.6-3.5] 
2.0 ± 2.1  
[-0.3-4.2] 

4.0 ± 5.8  
[-2.2-10.1] 

3 Months 5.1 ± 9.0  
[-4.4-14.5] 

2.5 ± 3.0  
[-0.6-5.7] 

8.7 ± 11.9  
[-3.8-21.2] 

4.5 Months 0.2 ± 0.4  
[-0.2-0.6] 

0.7 ± 1.0  
[-0.3-1.8] 

3.2 ± 0.7  
[-0.4-1.0] 

6 Months 0.8 ± 1.7  
[-1.0-2.6] 

1.0 ± 2.2  
[-1.4-3.3] 

0.4 ± 0.9  
[-0.6-1.3] 

18 Months 1.2 ± 2.4  
[-1.3-3.8] 

1.4 ± 2.4  
[-1.1-3.8] 

9.4 ± 11.8  
[-2.9-21.8] 

ACL-Deficienta,b 40° of Flexionc,d 60° of Flexionc,d 90° of Flexionc,d 

1.5 Months 56.7 ± 30.4  
[24.8-88.6] 

70.7 ± 34.3  
[34.6-106.7] 

84.4 ± 34.7  
[48.0-120.9] 

3 Months 51.5 ± 19.6  
[30.9-72.1] 

64.5 ± 22.1  
[41.4-87.7] 

75.8 ± 21.5  
[53.2-98.4] 

4.5 Months 59.8 ± 34.8  
[23.2-96.3] 

68.5 ± 37.0  
[29.6-107.4] 

89.6 ± 44.8  
[42.6-136.6] 

6 Months 44.7 ± 23.7  
[19.8-69.6] 

58.7 ± 22.1  
[35.6-81.9] 

75.0 ± 22.2  
[51.7-98.3] 

18 Months 48.2 ± 23.9  
[23.1-73.3] 

54.8 ± 21.8  
[31.9-77.7] 

70.1 ± 28.5  
[40.2-100.0] 
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Medial Meniscus Functional Contribution to Anterior Tibial Load Summary Data  

The relative functional contribution of the medial meniscus to overall anterior tibial load 

resistance varied significantly with angle (p=0.002), and state (p<0.001) but not age (p=0.448), 

and there was an interaction between angle and state (p=0.013) and age and state (p=0.003), but 

not between age and angle (p=0.708) or age, angle, and state (p=0.926) via multi-way ANOVA 

and Tukey’s post-hoc analysis. Summary data presented as mean ± standard deviation [95% 

confidence interval of the mean].  
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Table A-4-9. Medial Meniscus Functional Contribution Summary Data [% total anterior joint 
force] (ap<0.05 vs. intact; bp<0.05 vs. AM-deficient; cp<0.05 vs. intact at a given age; dp<0.05 
vs. AM-deficient at a given age). 
 

Intact 40° of Flexion 60° of Flexion 90° of Flexion 
1.5 Months 0.2 ± 1.4  

[-1.3-1.7] 
1.0 ± 2.7  
[-1.9-3.8] 

-2.1 ± 5.5  
[-7.9-3.7] 

3 Months -0.2 ± 0.8  
[-1.0-0.6] 

-0.2 ± 0.9  
[-1.1-0.7] 

-1.3 ± 1.1  
[-2.4 - -0.1] 

4.5 Months 0.6 ± 0.8  
[-1.4-0.3] 

-2.2 ± 1.8  
[-4.0 - -0.3] 

-3.3 ± 3.6  
[-7.0-0.5] 

6 Months 0.0 ± 0.4  
[-0.4-0.4] 

-0.8 ± 1.6  
[-2.5-0.9] 

-1.1 ± 1.2  
[-2.4-0.2] 

18 Months -1.1 ± 2.2  
[-3.4-1.1] 

-1.5 ± 2.5  
[-4.2-1.2] 

-1.1 ± 3.6  
[-4.8-2.7] 

AM-Deficient 40° of Flexion 60° of Flexion 90° of Flexion 
1.5 Months -0.1 ± 1.5  

[-1.7-1.5] 
-1.3 ± 4.7  
[-6.3-3.7] 

-1.8 ± 3.8  
[-5.8-2.2] 

3 Months -0.6 ± 0.6  
[-1.2-0.1] 

-0.2 ± 0.8  
[-1.0-0.6] 

-1.7 ± 1.0  
[-2.4- -0.1] 

4.5 Months 0.0 ± 0.6  
[-0.6-0.6] 

-2.4 ± 2.6  
[-5.0-0.3] 

-4.9 ± 4.4  
[-9.5 - -0.3] 

6 Months 0.2 ± 0.2  
[0.0-0.3] 

-0.2 ± 1.5  
[-1.9-1.4] 

-2.1 ± 2.6  
[-4.8-0.7] 

18 Months 0.9 ± 1.0  
[-1.9-0.2] 

-2.2 ± 3.8  
[-6.2-1.8] 

-3.1 ± 6.8  
[-10.2-4.0] 

ACL-Deficienta,b 40° of Flexion 60° of Flexion 90° of Flexion 
1.5 Monthsc,d 28.0 ± 28.0  

[-2.5-56.4] 
21.8 ± 24.1  
[-3.5-47.1] 

18.5 ± 22.1  
[-4.7-41.6] 

3 Monthsc,d 24.2 ± 20.5  
[2.6-45.7] 

23.4 ± 23.2  
[-0.9-47.7] 

16.0 ± 23.9  
[-9.1-41.1] 

4.5 Months 13.9 ± 13.5  
[-0.2-28.0] 

14.8 ± 17.6  
[-3.7-33.2] 

-9.0 ± 13.2  
[-22.9-4.9] 

6 Monthsc,d 16.3 ± 16.5  
[-1.1-33.6] 

26.0 ± 13.5  
[11.8-40.2] 

11.5 ± 9.1  
[1.9-21.1] 

18 Monthsc,d 23.6 ± 17.3  
[5.4-41.8] 

34.7 ± 21.3  
[12.3-57.1] 

20.7 ± 27.2  
[-7.8-49.2] 
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Appendix 5 

 

Figure A-5-1. The anterior-posterior (A-P) load-deformation curves of intact joints vary with 
age. Individual points represent group averages. Y-axis values range from negative (posterior 
tibial force) to positive (anterior tibial force) while x-axis values range from negative (posterior 
tibial translation) to positive (anterior tibial translation). Data presented at 40°, 60°, and 90° of 
flexion. 

 

Figure A-5-2. In situ joint slack does not change substantially across age groups. Points 
represent data from separate specimens, bars represent mean ± 95% C.I. Data presented at 60° of 
flexion.  
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Figure A-5-3. In situ joint stiffness increases with increasing age across flexion angles. Points 
represent data from separate specimens, bars represent mean ± 95% C.I. * represents statistically 
significant difference from both 1.5 and 3 months. Data presented at 60° of flexion. 
 

 

Figure A-5-4. The anterior-posterior (A-P) load-deformation curves of ACLs vary with age. 
Individual points represent group averages. Y-axis values range from negative (posterior force) 
to positive (anterior force) and x-axis values range from negative (posterior translation) to 
positive (anterior translation). Data presented at 60° of flexion. 
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Figure A-5-5. ACL stiffness versus age. Points represent data from separate specimens, bars 
represent mean ± 95% C.I. * represents statistically significant difference from both 1.5 and 3 
months. 
 

 

Figure A-5-6. Line of best fit for ACL stiffness versus joint stiffness at 60° of flexion. 
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Figure A-5-7. In situ joint slack increases as a result of both partial and complete ACL injury. 
Points represent data from individual specimens, lines connect data within specimens across 
states. Bars represent statistically significant differences between states. 
 

 

Figure A-5-8. In situ joint stiffness increases with age, but decreases as a result of complete 
ACL injury and partial injury in older groups. Points represent data from individual specimens, 
lines connect data within specimens across states. Bars represent significant differences between 
states (p<0.05). * represents significant difference from both 1.5 and 3 months (p<0.05). 
 
Table A-5-1. Total joint in situ slack length varied significantly as an effect of age (p<0.001) and 
angle (p=0.008), with no interactions between age and angle (p=0.767). 

 In Situ Slack Length in mm 
Age [months] 40° of Flexion 60° of Flexion 90° of Flexion 

1.5 4 ± 1 [2 – 5] 4 ± 1 [3 – 5] 3 ± 1 [2 – 4] 
3 4 ± 2 [2 – 5] 4 ± 1 [2 – 5] 3 ± 2 [1 – 6] 

4.5 4 ± 1 [3 – 5] 5 ± 1 [4 – 6] 4 ± 1 [3 – 5] 
6 4 ± 1 [3 – 5] 5 ± 1 [4 – 6] 4 ± 1 [4 – 6] 

18 4 ± 1 [4 – 5] 5 ± 1 [5 – 6] 6 ± 1 [6 – 7] 
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Table A-5-2. Normalized total joint in situ slack length varied significantly as an effect of angle 
(p=0.008), but not by age (p=0.188), with no interactions between age and angle (p=0.489). 
 

 Normalized In Situ Slack Length  
Age [months] 40° of Flexion 60° of Flexion 90° of Flexion 

1.5 0.14 ± 0.06 
[0.08 – 0.20] 

0.15 ± 0.03 
[0.11 – 0.18] 

0.12 ± 0.03 
[0.09 – 0.16] 

3 0.11 ± 0.05 
[0.06 – 0.15] 

0.11 ± 0.05 
[0.06 – 0.16] 

0.10 ± 0.06 
[0.03 – 0.17] 

4.5 0.10 ± 0.02 
[0.08 – 0.12] 

0.12 ±0.03 
[0.10 – 0.15] 

0.10 ± 0.02 
[0.08 – 0.13] 

6 0.08 ± 0.02 
[0.06 – 0.11] 

0.10 ± 0.02 
[0.07 – 0.12] 

0.09 ± 0.01 
[0.08 – 0.11] 

18 0.08 ± 0.01 
[0.08 – 0.09] 

0.14 ± 0.09 
[0.05 – 0.23] 

0.10 ± 0.02 
[0.08 – 0.13] 

 

Table A-5-3. Total joint in situ stiffness varied significantly as an effect of age (p<0.001) but not 
angle (p=0.323), with no interactions between age and angle (p=0.997). 
 

 Joint In Situ Stiffness in N/mm 
Age [months] 40° of Flexion 60° of Flexion 90° of Flexion 

1.5 9 ± 2 [7 – 10] 9 ± 3 [6 – 12] 11 ± 4 [7 – 15] 
3 12 ± 5 [7 – 17] 13 ± 5 [8 – 18] 17 ± 9 [7 – 26] 

4.5 34 ± 4 [30 – 39] 31 ± 6 [25 – 37] 33 ± 7 [27 – 40] 
6 37 ± 17 [20 – 54] 35 ± 15 [19 – 50] 45 ± 20 [24 – 65] 

18 46 ± 4 [42 – 50] 45 ± 4 [41 – 49] 49 ± 8 [41 – 57] 
 

Table A-5-4. ACL in situ stiffness varied significantly as an effect of age (p<0.001) and angle 
(p<0.001), with no interactions between age and angle (p=0.219). 
 

 ACL In Situ Stiffness in N/mm 
Age [months] 40° of Flexion 60° of Flexion 90° of Flexion 

1.5 9 ± 2 [10 – 7] 9 ± 3 [6 – 12] 11 ± 3 [8 – 15] 
3 11 ± 4 [6 – 15] 11 ± 7 [4 – 19] 17 ± 11 [29 – 6] 

4.5 24 ± 6 [18 – 30] 32 ± 5 [27 – 37] 39 ± 5 [34 – 44] 
6 24 ± 14 [10 – 38] 30 ± 15 [14 – 46] 49 ± 21 [27 – 71] 

18 37 ± 12 [25 – 49] 47 ± 6 [41 – 53] 52 ± 13 [38 – 66] 
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Table A-5-5. Joint in situ slack length varied significantly as an effect of age (p<0.001), state 
(p<0.001), and angle (p=0.008), with an interactions between age and state (p<0.001), but no 
interactions between age and angle (p=0.767), state and angle (p=0.641), or age, state, and angle 
(p=0.903). 
 

 Joint In Situ Slack in mm 
Intact State 40° of Flexion 60° of Flexion 90° of Flexion 

1.5 3.5 ± 1.4 
[2.0 – 5.1] 

3.8 ± 0.7 
[3.1 – 4.5] 

3.2 ± 1.1 
[2.0 – 4.3] 

3 3.8 ± 1.5 
[2.2 – 5.3] 

3.8 ± 1.4 
[2.3 – 5.3] 

3.5 ± 2.1 
[1.3 – 5.7] 

4.5 4.2 ± 1.0 
[3.2 – 5.3] 

5.3 ± 1.1 
 [4.0 – 6.4] 

4.4 ± 1.0 
[3.4 – 5.4] 

6 3.8 ± 1.2 
[2.6 – 5.0] 

4.5 ± 1.0 
[3.5 – 5.5] 

4.3 ± 0.6 
[3.8 – 4.9] 

18 4.4 ± 0.4 
[4.0 – 4.8] 

5.5 ± 0.8 
[4.6 – 6.4] 

5.5 ± 1.2 
[4.3 – 6.8] 

AM- State 40° of Flexion 60° of Flexion 90° of Flexion 
1.5 3.1 ± 2.0 

[1.0 – 5.3] 
4.5 ± 1.7 

[2.8 – 6.3] 
3.5 ± 1.7 

[1.7 – 5.4] 
3 4.4 ± 1.6 

[2.6 – 6.0] 
4.1 ± 2.2 

[1.8 – 6.5] 
4.3 ± 2.3 

[1.9 – 6.7] 
4.5 5.1 ± 1.6 

[3.4 – 6.7] 
6.4 ± 1.4 

[5.0 – 7.9] 
5.1 ± 1.3 

[3.8 – 6.4] 
6 4.9 ± 1.2 

[3.7 – 6.2] 
6.5 ± 1.6 

[4.8 – 8.2] 
6.0 ± 1.6 

[4.3 – 7.6] 
18 7.4 ± 0.5 

[6.9 – 7.9] 
9.5 ± 1.3 

[10.9 – 8.2] 
8.6 ± 1.7 

[6.7 – 10.4] 
ACL- State 40° of Flexion 60° of Flexion 90° of Flexion 

1.5 10.1 ± 4.3 
[5.5 – 14.6] 

7.9 ± 3.6 
[4.1 – 11.7] 

7.0 ± 2.2 
[4.6 – 9.3] 

3 9.7 ± 6.0 
[3.3 – 16.0] 

12.9 ± 5.1 
[7.5 – 18.3] 

10.8 ± 5.1 
[5.5 – 16.2] 

4.5 10.6 ± 5.3 
[5.1 – 16.2] 

13.7 ± 3.2 
[10.3 – 17.0] 

11.4 ± 3.0 
[8.3 – 14.5] 

6 13.2 ± 6.1 
[6.8 – 19.6] 

15.3 ± 3.2 
[11.9 – 18.7] 

15.0 ± 1.9 
[13.0 – 16.9] 

18 16.4 ± 4.1 
[12.1 – 20.8] 

18.2 ± 3.1 
[15.0 – 21.5] 

14.9 ± 2.5 
[12.3 – 17.6] 
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Table A-5-6. Normalized total joint in situ slack length varied significantly as an effect of age 
(p<0.001), state (p<0.001), and angle (p=0.047), with an interaction between age and state 
(p<0.001), but no interactions between age and angle (p=0.916), state and angle (p=0.381), or 
age, state, and angle (p=0.999). 
 

 Joint In Situ Stiffness in N/mm 
Intact State 40° of Flexion 60° of Flexion 90° of Flexion 

1.5 9 ± 2 [7 – 10] 9 ± 3 [6 – 12] 11 ± 4 [7 – 15] 
3 12 ± 5 [7 – 17] 13 ± 5 [8 – 18] 17 ± 9 [7 – 26] 

4.5 34 ± 4 [30 – 39] 31 ± 6 [25 – 37] 33 ± 7 [27 – 40] 
6 37 ± 17 [20 – 54] 35 ± 15 [19 – 50] 45 ± 20 [24 – 65] 

18 46 ± 4 [42 – 50] 45 ± 4 [41 – 49] 49 ± 8 [41 – 57] 
AM- State 40° of Flexion 60° of Flexion 90° of Flexion 

1.5 8 ± 2 [6 – 10] 8 ± 2 [6 – 11] 10 ± 3 [7 – 14] 
3 11 ± 5 [6 – 16] 11 ± 5 [6 – 16] 14 ± 7 [7 – 22] 

4.5 32 ± 3 [29 – 35] 27 ± 6 [21 – 34] 30 ± 7 [23 – 38] 
6 32 ± 14 [17 – 47] 27 ± 12 [15 – 39] 30 ± 12 [17 – 43] 

18 36 ± 5 [30 – 41] 31 ± 4 [26 – 35] 34 ± 4 [29 – 38] 
ACL- State 40° of Flexion 60° of Flexion 90° of Flexion 

1.5 2 ± 1 [1 – 3] 3 ± 1 [1 – 4] 4 ± 1 [2 – 5] 
3 3 ± 1 [1 – 4] 3 ± 1 [2 – 5] 5 ± 1 [4 – 6] 

4.5 12 ± 8 [4 – 21] 13 ± 5 [8 – 18] 12 ± 4 [9 – 16] 
6 10 ± 5 [5 – 14] 10 ± 2 [7 – 12] 11 ± 2 [8 – 13] 

18 15 ± 4 [10 – 19] 16 ± 5 [11 – 21] 16 ± 4 [12 – 20] 
 

 

 

 

 

 

 

 


