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v

Biomechanics is the bridge between biology and orthopaedic surgery!
Musculoskeletal biomechanics has a very long history. In the fifteenth cen-
tury, Leonardo da Vinci studied biomechanics of muscles and bones in the 
human body. Later, Galileo Galilei used mechanics to describe force, motion, 
and strength of materials. By the seventeenth century, Sir Isaac Newton gave 
us the laws of physics.

Since the 1970s, orthopaedic biomechanics has experienced an explosive 
growth as engineers and surgeons began to work together and used biome-
chanical principles to study tissue behaviour and joint motion, to evaluate 
body function as well as to develop mathematical models and computation 
methods for better implant design. Biomechanics has become a part of the 
regular curriculum in orthopaedic education. It became clear that a good 
understanding of biomechanics and quantitative data is essential for success-
ful clinical management of patients.

It is so timely for the International Society of Arthroscopy, Knee Surgery, 
and Orthopaedic Sports Medicine (ISAKOS) to ask Drs. Jason Koh, Stefano 
Zaffagnini, Ryosuke Kuroda, Umile Giuseppe Longo, and Farid Amirouche 
to lead the efforts in preparing a textbook entitled Orthopaedic Biomechanics 
in Sports Medicine.

These editors are to be congratulated for carefully selecting and assem-
bling a strong list of corresponding authors from around the world. The topics 
covered (33 chapters) are relevant and encompassing. These chapters are 
logically organized into eight (8) parts that flow seamlessly from Basic 
Principles of Biomechanics and Properties of Materials to Biomechanics of 
Shoulder, Elbow, Hip, Knee, Ankle, and Foot, and ending with Tissue Repair 
Techniques.

Moreover, the materials presented have a strong international flavour. This 
writer knows almost all of the corresponding authors personally and has a 
high regard for their knowledge and clinical expertise. As such, each chapter 
will provide the reader with materials on biomechanics that are comprehen-
sive and clinically relevant as well as translational.

Foreword
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It is without a doubt that this book will be of significant value to the 
ISAKOS community, especially for our young and up and coming surgeons 
in orthopaedic sports medicine.

Savio L. -Y. Woo 
Musculoskeletal Research Center  

Department of Bioengineering 
Swanson School of Engineering  

University of Pittsburgh 
Pittsburgh, PA, USA

Foreword
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On behalf of the editors, contributing authors, and the International Society 
of Arthroscopy, Knee Surgery, and Orthopaedic Sports Medicine (ISAKOS), 
it is with great pleasure that we invite you to enjoy our book Orthopaedic 
Biomechanics in Sports Medicine.

Knowledge of orthopaedic biomechanics is fundamental to understanding 
normal function, injury, repair, and recovery in sports medicine. Over the past 
several years, there have been many recent advances, spurred by the growth 
and development of such areas as image analysis, robotics, and finite element 
analysis. Researchers have used these techniques to build upon existing infor-
mation to gain a better understanding of how the body moves and functions.

In this book, an international team of experts has come together to provide 
a comprehensive introduction to orthopaedic biomechanics. These clinicians 
and researchers have a profound understanding of biomaterials, tissues, and 
joint function from the shoulder and elbow to the hip, knee, and ankle. Based 
on the newest research and analytical techniques, this book is intended to 
assist clinicians, researchers, and students in gaining a background in ortho-
paedic biomechanics as it relates to sports medicine.

As editors and authors, it has been a pleasure to create this work, and we 
hope you find this book interesting and informative. We have all been stu-
dents and learned from many pioneers before us and hope that this contrib-
utes to further understanding and future progress in orthopaedic 
biomechanics.

Many thanks,

October 2021
Evanston, IL, USA Jason Koh
Bologna, Italy Stefano Zaffagnini
Kobe, Japan Ryosuke Kuroda
Rome, Italy Umile Giuseppe Longo
Chicago, IL, USA Farid Amirouche
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Biomechanics of Human Joints

Farid Amirouche and Jason Koh

1.1  Introduction

The mechanics of the shoulder joint has been the 
subject of numerous studies focusing mostly on 
three clinical complications such as the glenoid 
implant loosening [1–3], rotator cuff repair [4, 5], 
and total shoulder arthroplasty [6, 7]. TSA has 
consistently provided successful outcomes for 
patients with severe arthritis [8], and patients 
where rotator cuff repair was unsuccessful result-
ing in joint instability and cruciate pain. The GH 
joint is the most mobile joint in the human body, 
supported and guided by a structure composed of 
rotator cuff muscles, ligaments, and an intrinsic 
cartilaginous glenoid surface that conforms to the 
humeral head geometry.

Related challenges to TSA include edge 
contact- friction loading and rim stress due to 
eccentric loading of glenoid implant resulting 
from migration and translation of the humeral 
head causing the rocking-horse phenomenon [9], 
this is an inherent problem due to implant bone 
fixation. So, bone–material interface and meth-
ods of fixation including the bony stock condi-
tions for the glenoid dictate the course of success 
and become a real challenge to overcome. This is 
associated with several contributing parameters 
such as glenoid asymmetric bone loss, glenoid 
rim defect, bony conditions and depth, and sizing 
of the onlay or inset and bone removal.

It’s obvious that the complexity of the GH joint 
is one that requires modeling and analysis to gain 
insight into its kinematic-kinetic function. 
Modeling of the human joint using a simple 2D or 
3D model has usually evolved around the knee, 
hip and spine but very few models exist for the 
shoulder joint. This is due in part to the shoulder 
griddle complexity in terms of articulating sur-
faces and muscle structures and ligaments that 
make up the anatomy of the GH joint. Current 
shoulder models include the one by a group in 
Sweden [10, 11] related to the model of Hogfors 
et al. [12, 13], the Newcastle shoulder model [14], 
the shoulder part of the AnyBody Modeling 
System [15], the open SIMM Stanford model [16], 
and the Delft Shoulder Model (DSM) to name few.

These complex musculoskeletal models of the 
shoulder and upper arm have been developed to 

F. Amirouche 
Department of Orthopaedic Surgery, Orthopaedic & 
Spine Institute NorthShore University Health System, 
Evanston, Illinois, USA 

Department of Orthopeadic Surgery, College of 
Medicine, University of Illinois,  
Chicago, Illinois, USA
e-mail: FAmirouche@northshore.org,  
amirouch@uic.edu 

J. Koh (*) 
Department of Orthopaedic Surgery, Orthopaedic & 
Spine Institute NorthShore University HealthSystem, 
Skokie, Illinois, USA

University of Chicago Pritzker School of Medicine, 
Chicago, Illinois, USA

Northwestern University McCormick School of 
Engineering, Evanston, Illinois, USA

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-81549-3_1&domain=pdf
https://doi.org/10.1007/978-3-030-81549-3_1#DOI
mailto:FAmirouche@northshore.org
mailto:amirouch@uic.edu
mailto:amirouch@uic.edu


4

study the shoulder joint and its muscles during 
abduction-adduction. Biomechanical models are 
essential tools for simulation and predictions of 
clinical scenarios not feasible with standard 
in vivo studies.

Computer modeling and simulation of human 
joints has risen to new heights in recent years, 
mainly because of the medical needs and advances 
in imaging and sensors technology. The growing 
belief that models can provide more quantitative 
explanations of how the neuromuscular and mus-
culoskeletal systems interact to produce move-
ment is vital to orthopedic surgeons.

Dynamic models provide knowledge of mus-
cles and joint reaction forces, stress-strain behav-
ioral responses to load, micromotion 
measurements and potential pitfalls which are 
invaluable to the clinician. They provide essential 
parameters to the design, validation of orthopedic 
implants and patient-specific orthopedic solu-
tions. Recent studies use computed tomography 
(CT) images to build patient-specific 3D models 
which are then used to assist the clinicians to 
visualize the pathology more in depth and pro-
pose new orthopedic solutions. Through different 
simulation studies one can minimize complica-
tions by selecting the right size of implants and 
demonstrate a definitive path for best outcome 
solution. This is all virtual allowing for interac-
tion and evaluation of clinical benefits to patients.

To create realistic shoulder models cadaveric 
studies are used to improve on the assumptions of 
the GH joint under different constraints condi-
tions and address the limit of range of motion 
associated with translation and rotation. 
Preserving the patient natural motion is key to 
understanding the shoulder joint stability and 
kinematics.

The role of the muscles forces and their cor-
responding moment arms are crucial in the analy-
sis of less conforming prostheses designed for the 
replacement of GH joint. Detailed multibody 
muscle forces provide the only feasible method to 
quantifying or evaluating the dynamics of the 
shoulder joint under different loading conditions.

Early work by Duca et al. [17] used a simple 
2D model to investigate the relationship of the 
forces between the deltoid and supraspinatus 

muscles. The relationship between these forces 
can be observed by calculating the absolute force 
of the individual groups of muscle fibers. It was 
confirmed that a linear relationship between mus-
cle force and cross-sectional area is found in all 
muscles. Hogfors early work [18], investigated 
the force vectors for different muscles around the 
shoulder joint including greater pectoral muscle, 
trapezius, deltoid, infraspinatus muscle, and sub-
scalpular muscle. Each muscle is defined as a 
vector with coordinates system defined by the 
relative insertion point of each muscle on the 
major bones in the system.

Pitching in baseball has drawn a lot of interest 
from past and current researchers as the number 
injuries of professional athletes became crucial in 
understanding the mechanism of injury due to 
high forces and moments produced by the mus-
cles. Andrews et al. [19] study was performed to 
try to understand how the biceps are potentially 
responsible for the tear of the glenoid labrum.

Karlsson et  al. [20] followed with additional 
work on muscle forces predictions at the shoulder 
joint as function of abduction angle in the sagittal 
plane. The goal is to create 3D force contribution 
to the joint and understand the balance issue as it 
relates to each muscle. The challenge of validat-
ing these forces is to compare the model data to 
ECG. This is still work in progress but modeling 
in 3D is evolving rapidly with the help of imaging 
techniques and multibody dynamics software. As 
is the case most of the 3D models are redundant 
systems and require optimization. Predicted 
forces deviate considerably from EMG results.

The first Delft Shoulder Model [21] consists 
of a comprehensive 3D inverse-dynamic model 
of the shoulder used to evaluate the muscle and 
joint contact forces, muscle lengths, and moment 
arms. The muscle force data was validated using 
force–time curves and EMG signals [22]. The 
study by Debski et al. [23] was used to measure 
the in situ force distribution inside the glenohu-
meral joint capsule as well as the compliance of 
the joint under a load. Ten cadaver shoulders 
were studied and the in situ force was measured 
during varying angles of abduction.

Research by Huang et al. [24] focused on the 
supraspinatus muscle and the supraspinatus 
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 tendon under uniaxial loading. This a load to fail-
ure test where strains and stresses are recorded 
until the tendon failed. Additional force modeling 
and inverse dynamics can be found in work by 
Holzbaur et  al. [25] where the muscle force- 
generating characteristics are determined using a 
Hill-type muscle model.

Additional experimental work was needed to 
validate modeling techniques of muscle forces. 
The shoulder joint muscles moment arms were 
evaluated by Ackland et  al. [26], where eight 
cadavers were used and the moments for seven 
major shoulder muscle groups were recorded for 
three different motions: scaption, coronal plane 
abduction, and flexion.

The contact pressure at the glenoid humeral 
interface is critical in determining the effects of 
rotator cuff repair, total shoulder arthroplasty on 
the balancing and kinematics of the joints. In 
essence, reconstruction of the joint affects the 
contact and hence several studies looked into this 
problem. Hammond et al. [27] used seven cadav-
ers to measure the contact area and contact pres-
sure of the glenohumeral joint at different 
abduction angles. Measurements for contact area 
and pressure were made using Tekscan sensors.

There is some evidence that the humeral head 
translation contributes to the instability and con-
straints resulting from Reverse shoulder con-
struction surgery of the shoulder joint [28], 
clinically through X-rays and CT scan one can 
measure how much translation the humeral head 
actually migrates in the superior direction other-
wise we need to use cadaveric shoulders and try 
to measure the humeral head during abduction- 
adduction of the upper arm and validate the trans-
lation part. Quental et al. [29] assumed an ideal 
spherical GH joint and validated the assumptions 
with cadaver and in  vivo studies. He simulated 
the humeral translation and reported that the GH 
joint translations can’t be measured experimen-
tally because the limitations of conventional 
motion systems.

Finally, it is worth mentioning that the geom-
etry of the glenoid bone loss can be evaluated, 
and custom glenoid models can be designed and 
3D printed to address patient-specific orthopedic 
problems. Gunther et al. [30] described how the 

design of onlay and inset can be addressed as 
function of the bone quality of the patients. 
Modeling and simulations combined leads to bet-
ter understanding of the GH shoulder implants 
design.

1.2  Anatomy of the Shoulder

The shoulder and its structural support constitute 
the human joint with greatest mobility. Its anat-
omy is such that it possesses motion capabilities 
to perform and support extraneous loads and 
tasks. From pitching in baseball and mastering 
the speed of ball delivery to heavy lifting, upper 
extremities strength and stability are essential to 
successful gymnasts trying to achieve another 
high level performance, and therefore, with ver-
satility and strength come injuries and risks. The 
glenohumeral joint (GH) has a bony congruity at 
its articulating surfaces which render its kinemat-
ics and stability a major factor contributing to the 
shoulder integrity and longevity. The shoulder 
joint has to rely on its connective tissues, adja-
cent ligaments, and muscles to provide and main-
tain stability.

The Rotator Cuff is made up of muscles ten-
dons that merge together to form a capsule around 
the shoulder joint used to keep the humeral head 
in the socket joint. Hence, it supports the GH 
joint in its rotational motion and constraints its 
movement to maintain stability. Tendons in the 
rotator cuff can be injured easily because of their 
limited range of motion and load as they bounded 
to limited stretch within a bounded joint space.

The four important tendons that form the rota-
tor cuff are Subscapularis, Supraspinatus, 
Infraspinatus, and Teres Minor (see Fig.  1.1). 
These muscles are made up of numerous muscle 
fibers which in turn are made up of myofibrils. 
These myofibrils contain regions called Z discs 
where two adjacent Z discs make up the 
Sarcomeres. The sarcomeres are the smallest 
functional unit of a muscle and are responsible 
for the contractile activities of the muscle [31].

The role each of these muscles play has been 
the subject of a number of investigations, for 
instance the subscapularis is seen to have the 

1 Biomechanics of Human Joints
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highest capacity of force production followed by 
infraspinatus, supraspinatus and, teres minor 
[32]. Subscapularis has upper 60% insertion ten-
dinous and lower 40% insertion muscular [33]. In 
absence of the supraspinatus, Deltoid takes over 
the function of shoulder elevation completely 
[34] where otherwise the deltoid is only respon-
sible for a 90° abduction before the supraspinatus 
perform the rest. In absence of Supraspinatus, it 
is found that there is 101% increase in middle 
deltoid force generation to initiate the abduction 
[35].

In addition to the rotator cuff and its muscles 
the humeral head sits in a congruent surface 
called the glenoid which forms a cavity that acts 
as the articular surface at the lateral side of the 
scapula. It is concave with a cartilaginous glenoid 
fossa, retroverted and measures 6–8  cm2. 
Inferiorly, the articular cartilage may be thin and 
fibrous. Superiorly, intra-articularly, the supra-
glenoid tubercle serves as the attachment site for 
the long head of biceps tendon.

There are three main shapes of the glenoid 
surface described in the literature: (1) concave, 

(2) flat or (3) convex. There are various postero- 
inferior rim shapes which play a crucial role in 
fitting and keeping the humeral head to be secure 
within the glenoid cavity. The rim is still not quite 
well understood in terms of whether it should be 
preserved during a resurfacing as it is completely 
sacrificed during the Onlay resurfacing of the 
glenoid. In clinical studies, there are three main 
shapes that have been proposed that best describe 
the rim geometry: triangular, J, and delta. The J 
and delta shapes are found to play a key role in 
posterior shoulder instability [36].

1.3  Kinematics of the Shoulder

The humeral head and the glenoid articular sur-
face are congruent and rotate similar to a ball 
socket joint within certain range of motion. The 
humeral head is believed to be more convex in 
the anterior-posterior direction than in the 
superior-inferior.

Kinematics is strictly limited to angular dis-
placements, angular speed and angular 

Supraspinatus

Infraspinatus

Tendon for
infraspinatus

Teres Minor

Tendon for teres
minor

Fig. 1.1 Anterior View of Right Shoulder. A CT based model with Rotator Cuff muscles
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 accelerations for rotational motion. It is also 
associated with translational motion where dis-
placement, velocity, and acceleration of specific 
points such as the humeral head center or any 
other points critical to the analysis. These kine-
matical parameters are often affected by the joint 
pathology, geometric properties, kinematical and 
geometrical constraints resulting from muscles 
and ligaments. In the case of the GH joint we are 
mostly concerned by changes in kinematics 
resulting from rotator cuff tears, arthritic condi-
tions at the joint or simply the arthroplasty effects 
on the joint and patient joint mobility.

The humeral head looks like a sphere and this 
was confirmed by Soslowsky et al. [37] in their 
experiments where they concluded that the artic-
ular surface of the humeral head could be approx-
imated by a sphere with small deviations of less 
than 1% of the radius. This is further supported 
by Boileau and Walch [38] where they estimated 
that the difference between the two diameters of 
the humeral head assumed is less than 1 mm in 
88.2% of the tested specimens. They also reported 
during the arm elevation that the superior-inferior 
translation of the humeral head is only 0.3–
0.35 mm in normal shoulders.

Glenohumeral kinematics is driven by con-
nective forces that have some points of attach-
ments to the joint structure mechanism. Any 
changes to the muscles forces result in different 
kinematics of the shoulder joint. Tracking the 
humeral elevation for a healthy human joint can 
provide a base reference from which one can 
assess the results of rotator cuff tears which are 
associated with superior migration of the humeral 
head during arm elevation. Motion usually is a 
result of drivers such as muscles designed to 
achieve certain tasks. In the presence of different 
pathologies some of these forces effort dimin-
ishes resulting in more work to achieve our goal 
or simply be limited to certain range of motion.

Here are some clinical evaluations that pro-
vide some insight into the changes in kinematics 
as a result of shoulder instability. For example, in 
stiff shoulder joints, the humeral head moves 
upward during the first degrees of arm elevation. 
Browne et al. observed that the maximal gleno-
humeral elevation was obtained in a plane 

23“anterior to the scapular plane with the arm in 
35” of external rotation. Harryman et  al. [39] 
demonstrated that translation of the humeral head 
is accompanied by passive movements of the gle-
nohumeral joint. The humeral head translates 
either anteriorly or posteriorly and this can be 
seen when the arm is in flexion or extension. This 
forced translation is thought to be induced by the 
tightening of the capsule-ligamentous structures 
during motion. Excessive tightness of the ante-
rior capsule after anterior capsulorrhaphy leads 
to posterior subluxation.

1.4  Modeling and Dynamic 
Analysis of the GH Joint

1.4.1  FE Models of Glenohumeral 
Joint Stability

The shoulder is the most frequently dislocated 
joint. The dislocation is usually due to a trau-
matic injury or loosing of the capsular ligaments. 
Anterior dislocation is defined as when the top of 
the humerus is displaced forward, toward the 
front of the body. This is the most common type 
of shoulder dislocation, accounting for more than 
95% of cases. A shoulder subluxation refers to a 
partial dislocation of the shoulder joint. The 
10-year incidence rate of shoulder dislocations 
in US Army soldiers is around 3.13%. Complexity 
of the GH joint is such that one needs more 
sophisticated tools to examine the shoulder 
response to shoulder structural integrity, articular 
joint surfaces, and rotator cuff partial and full 
tears.

In the past decade there has been several stud-
ies conducted to investigate the contact problem 
and instability of the glenohumeral joint using 
3D Finite Element (FE) models (see Fig.  1.2). 
The contact stress is usually indicative of high 
peak loads wear and most FE models will pro-
vide the stress and strains of the complete meshed 
surface or volume which includes bones, carti-
lages and ligaments. Buchler et al. [40] built a FE 
model which consisted of the major rotator cuff 
muscles and investigated the contact stresses due 
to the changes of the geometrical shape of the 

1 Biomechanics of Human Joints
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humeral head and the glenoid contact surface in 
both healthy and pathological conditions. The 
result of the study suggests that the changes in 
shape of the humeral head may lead to joint insta-
bility. However, one of the drawbacks of this 
study as is the case with a large number of FE 
models is lack of validation. FE model once 
developed and the user has determined that it is 
reliable it can be used for analyzing the biome-
chanical effect of the shapes of prosthetic humeral 
heads after shoulder arthroplasty.

Terrier et  al. [41] FE model of the shoulder 
focused on the supraspinatus deficiency as it 
relates to osteoarthritis. The result suggested that 
supraspinatus deficiency increases the upward 
migration of the humeral head resulting in 
increased eccentric loading, and thus decreases 
GH joint stability. An extension of this FE shoul-
der model was by Walia [42] to investigate the 
effect of combined defects of the humeral head 
and of the glenoid. It was found that the glenohu-
meral joint stability was decreased significantly.

The shoulder joint is a dynamic system that 
uses forces generated by the muscles to perform 
certain tasks preserving the stability of the joint 
and limiting the stress conditions between the 
articular surfaces. So in reality the FE models 
alone wouldn’t suffice in creating realistic mod-
els. As is the case in gait and motion analysis, 
inverse dynamics is used to evaluate forces and 
that require the solution of equations of motion 
with defined constraints and initial conditions. 

The use of multibody software packages such as 
OPEN SIM allows creating shoulder models 
mimicking the natural dynamics of a person. As 
an option in the analysis an additional FE model 
can be used to perform the contact problem using 
the loading conditions resulting from the inverse 
dynamics solution. Recent FE model of the gle-
nohumeral joint used estimated muscle forces as 
the loading condition, and the humerus was 
allowed to move freely with six degrees of free-
dom [43]. These loading and boundary condi-
tions enable the FE analyses to simulate motions 
of the shoulder complex closer to its realistic 
physiological condition than those with prede-
scribed or artificially defined constraints. This 
study provides a useful framework for future FE 
studies of the shoulder complex. All models have 
limitations and one needs to be aware of what is 
perceived as acceptable conditions under which 
a model is being simulated including the geom-
etry and structure of muscles and other soft 
tissues.

1.4.2  FE Models of Rotator Cuff 
Tears

Rotator cuff tendon tears technically can be asso-
ciated with any of the muscles/tendons that form 
that capsule which support the humeral head. 
One of the most common tendon tear is the supra-
spinatus tendon often a result of trauma injury. 

Fig. 1.2 Finite Element shoulder model with onlay prosthesis implant with two pegs
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Tears when not treated can cause chronic shoul-
der pain, and may lead to secondary degenerative 
changes in the shoulder. The fundamental 
 mechanism of what initiate a rotator cuff tear 
remains a problem of concern and certainly it is 
still unclear what are the shear forces that initiate 
or produce these tears. A number of studies have 
been conducted to explore the underlying biome-
chanical stress-strain responses which might 
cause rotator cuff tears using FE shoulder 
models.

Early work in FE addressed the stress-contact 
relation at the shoulder joint in the presence of 
rotator cuff tear. For instance, Luo et  al. [44] 
investigated the supraspinatus tear using a 2D FE 
shoulder model by looking into the tress distribu-
tion and how that is related to rotator cuff tear. 
The stress was evaluated at different abduction 
angle of 0°, 30° and 60° respectively and also 
under two different acromial conditions with and 
without subacromial impingement. It was found 
that the high stress concentration due to the sub-
acromial impingement could initiate a tear. 
Another aspect of their findings also showed that 
this tear may occur on the bursal side, the articu-
lar side or within the tendon rather than only on 
the bursal side as previously reported. This 2D 
modeling lead to other FE models used to inves-
tigate this claim further.

Two further studies based on Luo’s model 
were conducted by first Wakabayashi et al. [45] 
where they applied histological differences at the 
tendon insertion in their FE model to analyze the 
stress distribution of the supraspinatus tendon. 
Their results found that the maximum principal 
stress of the tendon occurs at the region in contact 
with the humeral head rather than at the insertion 
point. Secondly, Sano et al. [46] in their model 
they examined the stress distribution in the path-
ological rotator cuff tendon and revealed poten-
tial partial-thickness tears at three different 
locations: on the articular surface, on the bursal 
surface and in the mid-substance close to the 
insertion. It was found that high stress concentra-
tion occurs at the articular side of the insertion 
and the site of tear. The two studies used same 
modeling method and conditions as Luo’s origi-
nal model, but employed different histological 

parameters to simulate pathological conditions. 
With additional information gained about the 
rotator cuff tears both these models lacked exper-
imental data, a common problem with FEA 
models.

The first 3D FE model of rotator cuff tears was 
reported by Seki et al. [47] in 2008 and was used 
to analyze similarly to previous 2D models the 
stress distribution in the supraspinatus tendon. It 
was found that the maximum stress occurs in the 
anterior portion of the articular side of the tendon 
insertion rather than at the tendon contact point 
with the humeral head as suggested by 2D analy-
ses. The analysis provided an important informa-
tion that explains the frequent occurrence of 
rotator cuff tears at this site. The 3D model analy-
sis provided an insight that was not possible in 
2D, where the anteroposterior direction was 
investigated showing that the anterior part of the 
rotator cuff is not in contact with the superior sur-
face of the humeral head. However, this study 
only analyzed part of the shoulder at 0° abduction 
without experimental validation.

Adams et al. [48] used a 3D FE model of the 
glenohumeral joint to investigate the effect of 
moment arms on muscle forces and rotator cuff 
tears. An important of this study shows that the 
moment arms of infraspinatus and teres minor 
muscles were generally decreased. Consequently, 
the muscles attached to the torn tendons are 
required to generate more forces for the same 
motions, and the overall strength of the shoulder 
is decreased. This study revealed a potential rela-
tionship between shoulder strength reduction and 
the rotator cuff tears location.

Another 3D FE study of rotator cuff tears was 
conducted by Inoue et al. [49] which included the 
rotator cuff muscles as well as the deltoid muscle. 
This model was used to investigating the rotator 
cuff tears and stresses at the articular and bursal 
sides of the supraspinatus tendon were found to 
cause shearing between the two layers, which is 
believed to initiate partial-thickness tears. As is 
the case of other FEA models this 3D model limi-
tation needed further imaging techniques and 
experimental studies to construct soft tissues and 
muscles to build additional fidelity into the mus-
cle forces.

1 Biomechanics of Human Joints
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1.5  3D Reconstruction 
and Design of Patient- 
Specific Shoulder Prosthesis

Patient-specific models are today feasible if CT 
data is available with a sequential imaging file 
with a minimum of 0.5 mm interval. High resolu-
tions images will provide better rendering and 
surface smoothing which allows for a CAD 
model and mesh that is close to the actual bony 
structure of the patient. Further modeling of the 
muscles, tendons, ligaments, and cartilage require 
MRI images and additional volumetric method-
ologies to model the muscles associated with the 
rotator cuff such as the supraspinatus muscle.

The processing of CTs is commonly per-
formed by software that uses Hounsfield units as 
a contrast to differentiate between soft tissues 
and bones to isolate the geometry being formed. 
MIMICS.  The data conversion method used to 
develop the CAD surface model and fill to obtain 
a solid model of the shoulder can be obtained 
using MIMICS software [50]. The CAD draw-
ings in its final form is exported to either Mimics 
own analysis module or other FE software to cre-
ate their corresponding mesh needed for the anal-
ysis. Usually, we perform all the CAD steps in 
terms of design of implants such as the onlay in 
CAD environment, perform the resurfacing of 
the glenoid to accommodate different designs 
before the assembly. Once the complete stage of 
sequential imaging, and CAD steps are complete, 
we move into the final stage of analysis where we 
can investigate fixation, stability, cycling loading, 
stress, and any outcome that we perceive will be 
best to evaluate the shoulder implant surgical 
success (see Fig. 1.3).

The assignment of material properties for 
bone and cartilage are usually assumed based 
assumptions one makes on bone quality, thresh-
olding, DEXA, and mathematical bone density 
evaluation based on the Hounsfield unit. Isotropic 
elastic material properties for bones and cartilage 
can be used, and soft tissues can be modeled as 
Ogden hyper-elastic material properties [51].

The onlay design with pegs or Keel shape can 
be addressed by comparing the contact stress as 
function of loading and different abduction angle, 

internal or external rotation of the arm (see 
Fig. 1.4). The effects of muscle moment arms on 
joint stability can also be simulated to assess the 
shoulder joint performance.

1.6  Future Biomechanics Work 
and Clinical Challenges

Biomechanics uses mechanics principles to 
define mathematical equations and functions to 
explain parameters that are used for modeling of 
musculoskeletal systems including bones, and 
soft tissues. It employs imaging techniques, test-
ing, and experimental studies to validate its 
assumptions of its biomaterials. A powerful tool 

Import Dicom
files from CT
of a patient

Mesh and FEA
Masking and
Segmentation

Smoothing
and Wrapping

CAD
Conversion

Fig. 1.3 Modeling phases in patient-specific implant 
design and analysis

Fig. 1.4 Stress analysis of the implant-scapula assembly
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such as FEA which is founded on the first law of 
mechanics is becoming a standard tool used to 
perform mechanical tests accepted by the FDA to 
obtain approval for implants failure analysis, 
quality control, stress, and strains and a number 
of tests that usually are limited to experimental 
testing. FEA when combined with visual graph-
ics can help translate its output in a form that is 
understandable and easy to translate. Today we 
are merging into a multiscale Multiphysics stage 
integrating several concepts into one framework 
to be able to investigate the interaction of bone 
with fluid, investigating bone ingrowth, and con-
necting our understanding of mechanics from the 
cell level to the macroscale so one can model and 
understand how fractures heal and how different 
fixations affects its healing process. Simulation 
and 3D printing provide an even more promising 
world to orthopedics as we become patient spe-
cific to address different pathologies and opti-
mize the treatment protocol including implant 
design process. In fact, simulations performed by 
use of computers through a display of augmented 
reality graphics or virtual simulations are referred 
to as in silico contrary to in  vitro and in  vivo, 
where all studies are performed on a computer 
via modeling and simulation. In silico medicine 
has been in use in orthopedics where surgical 
planning of complex cases is studied and poten-
tial solutions are examined beforehand giving the 
surgeon the best option for patient-specific rem-
edy and orthopedic solution. In Silico is work in 
progress as these models are currently undergo-
ing constant changes to bring these models alive 
where they can be biologically driven to show the 
evolution of pathologies and diseases, progres-
sion and bone remodeling, and become dynami-
cal so when can examine different stages and 
progress in real time of bone-implant interaction, 
fracture healing, spine fusion among and poten-
tial soft tissues and nerve regeneration.

What follows are some of the challenges that lie 
ahead to orthopedic biomechanics. We need to

 1. Address how realistic can a patient-specific 
model be represented using CTs and MRI 
imaging and realistic connective tissues such as 

muscles. What are the limits of realistic simula-
tions and can Multiphysics provide better 
understanding of the nonlinearity of material 
properties. When modeling a human joint is it 
possible to collect and store patient data of bone 
and tissues in healthy conditions so that they 
can be compared to joints with pathological 
conditions, including definitions of boundary 
and loading conditions based on individualized 
physiological data. Special attention should be 
paid to the consistency between different FE 
models and models obtaining from multibody 
models used for muscle force estimation 
through inverse dynamics.

 2. Define comprehensive models describing the 
complete joint to capture its complexity 
including appropriate 3D representations of 
all major connective tissues and their delicate 
interactions.

 3. Define standard testing protocols to validate 
these models so that can be developed for 
clinical use.

 4. Allow for more group testing of Dynamic FE 
simulations so that they are built based on 
physiologically realistic boundary and load-
ing conditions that are measurable and can be 
used by others. This allows for better simula-
tion and understanding of human joints.

 5. Develop advanced medical imaging, sensing 
techniques tools to quantify in vivo strain and 
stress distributions of soft and hard tissues in 
both normal and pathological conditions so as 
to validate FE models more rigorously.

 6. Develop augmented and virtual reality tools to 
assist surgeons overcome information redun-
dancy and improve on real time interaction 
and feedback when needed to improve 
patient’s outcome.

 7. Develop artificial intelligence and robotics 
platform for minimally invasive procedures, 
complex cases and integrate “savoir faire” and 
surgical techniques with validated simulation 
studies.

 8. Improve on in silico Multiphysics and multi 
scale modeling to allow for interaction of fluid 
and structure interface for better  understanding 
of bone–implants interfaces, and better 3D 
bioprinting of scaffolding prosthesis.

1 Biomechanics of Human Joints
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Shoulder Muscles Moment Arm 
Contribution to Glenohumerol 
Joint Motion and Stability

Jason Koh, Lorenzo Chiari, and Farid Amirouche

2.1  Introduction

Surgeons are now performing more arthroscopic 
rotator cuff repairs than ever before and more of 
these repairs are being performed in ambulatory 
surgery settings. The NSAS data from 1996 and 
2006 is indicative of such claim where ambula-
tory surgical procedures increased from 
21,236,913 to 34,738,440 and rotator cuff 
repairs went from 58,846 (0.3%) to 272,148 
(0.8%) in respective years [1]. The NHDS data 
also shows how the rotator cuff impatient hospi-
talization for the same period decreased by 
almost half in 1996 and was reduced further to 

0.05% in 2006. Similarly, anterior crucial liga-
ments reconstruction are among the most com-
mon sports medicine procedures performed in 
the United States [1, 2]. The focus of many 
orthopedic surgeons and of rotator cuff-related 
research is on the prevention of rotator cuff tears 
and the development of prevention programs 
and test procedures that help become the identi-
fiers without the burden of cost. What is more at 
stake is the challenge to determine when does a 
rotator cuff patient be able to return to normal 
activities after rehabilitation [3].

There are several different methods of evaluat-
ing shoulder joint ligament injury, symptoms and 
performance before and after surgery. Most are 
based on patients’ symptoms performance out-
come measures in a test, and surgeon clinical 
findings [4]. In sports there are specific strength 
assessment tests such as arm power which can 
discriminate between the injured and non-injured 
patients and those who had soft tissue reconstruc-
tion. Other tests used such as isokinetic tests are 
not always predictors of the functional stability 
of the shoulder joint but work well for the knee 
[5, 6]. To overcome some of these tests limita-
tions additional methods were introduced [7–9].

In the absence of standardized methods to 
assess joint function and stability after arthro-
plasty, rotator cuff repair surgeons rely great deal 
on basic methodologies [10, 11]. Conclusive cor-
relations have yet to be completely formulated 
between joint function and its kinematics and 
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muscle–ligament forces. This is partly due to the 
complexity of the joint and the reliability of man-
ual measurement collected at the clinic or lab.

Moment arm is a tool that is mostly used to 
assess the torque relation to lever arm and muscle 
contributing power at the joint. It has a clinical 
value in measuring torque producing capacity 
and its effect on kinematics and joint range of 
motion. Moment arm is usually a measure used 
when the actual force is not known or difficult to 
measure but the torque and center of the joint 
rotation is measurable. Since the torque is indica-
tive of moment which is the product of the force 
and the distance from the center of rotation, so 
changes in moment arms provide an insight into 
the power capacity produced by individual mus-
cles and ligaments after rotator cuff repairs and 
ACL reconstruction.

The focus of this chapter is to present a study 
on moment and provide detailed look into its cal-
culation through experimental investigation of 
rotator repair techniques using cadaver shoulders 
specimens. The experiment provides an insight 
how moment arms of the major muscles spanning 
the glenohumeral joint during abduction, flexion 
and axial rotation are measured and the benefits 
we gain from their calculations. Moment arm 
data for deltoid, supraspinatus, infraspinatus, 
subscapularis and teres minor will be reported 
when measured using the definition of force- 
moment and intricate geometries of tendons 
insertion points as well using motion capture 
devices to monitor positions during abduction.

It is important to highlight some of the clinical 
settings where the moment arms can be advanta-
geous in comparing surgical outcomes of rotator 
cuff repair tears. Arthroscopic and open rotator 
cuff repairs are two procedures with distinct 
advantages and disadvantages. Arthroscopy 
allows for preservation of the deltoid muscle 
whereas open repair techniques allow for easier 
transosseous fixation to better replicate the foot-
print of the supraspinatus tendon [12].

Surgeons seem to favor impatient surgery 
more for rotator cuff and for those with high vol-
ume. Mini-open repair was the most frequently 
used method of repair (46.2%) followed by open 
(36.6%) and arthroscopic (14.5%) [13, 14]. The 
moment arm will be further explained in the 

assessment of joint stability, GH range of motion, 
and muscle forces joint contribution during 
abduction.

The four muscles joining together to support 
the humeral head to form the rotator cuff are the 
subscapularis (supporting the shoulder anteri-
orly); the supraspinatus (maintains the superior 
aspect); the infraspinatus and teres minor (located 
on the posterior shoulder) [15]. Rotator cuff fail-
ure usually results from tendinopathy that trans-
forms from partial to full thickness tears involving 
the supraspinatus tendon and may proceed to 
entangle the infraspinatus tendon and/or the sub-
scapularis tendon [16].

Surgeons rely on imaging techniques such as 
ultrasound and MRI to identify the cause of ten-
don injuries [17, 18]. The decision-making in the 
treatment of the rotator cuff relies mainly upon 
the surgeon diagnosis, patient conditions, and the 
extent of the tear. Other factors such as the mus-
cle quality and patient health conditions includ-
ing pain play a role in the development of the 
right protocol for treatment.

Moment arm has been used extensively to 
evaluate the muscle contribution to joint rotation, 
kinematics, and moment-torque capacity it pro-
duces including the different moment contribu-
tions in different planes of rotation. In a vector 
form the moment is defined by the cross product 
of the displacement vector measured from the 
center of rotation to the force line of action. This 
method is referred in the literature as the geo-
metrical approach used in calculating the moment 
arm [19–22]. It requires two points to define a 
vector for the force line of action and the knowl-
edge to accurately measure the center of rotation 
by which the force is driving the body segment 
(usually the humerus in case of GH joint). With 
advances in imaging techniques, geometry recon-
struction using CTs and MRIs combined with 
motion tracking systems this method is currently 
becoming more popular.

The other method used in estimating the 
moment arm stems from the concept of virtual 
work where virtual displacement brings in the 
excursion rate of change divided by the joint 
angle differential. Essentially it is a direct rewrit-
ing of the virtual displacement used to develop 
the work performed by a force or a muscle force 
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in this case. It has usually been found advantages 
to the geometric method because you do not need 
to know the location of the center of rotation 
point [23–28].

Most kinematic data provide the measurement 
of the rotation angle and excursion changes asso-
ciated with the muscle force line of action (inser-
tion points of muscle points). It is unconceivable 
that an angle can be measured in void. Whether 
assuming a 2D plane motion of 3D general joint 
motion a reference axis is usually assumed at the 
center joint of rotation and hence one needs to be 
able to position and define the center of rotation 
(see Fig. 2.1). This is usually performed by mea-
suring the intersection of two lines of one moving 
body and one being fixed.

2.2  Experimental Methods Used 
in RC Repairs and Muscles 
Moment Arm Evaluation

Rotator cuff surgical repair techniques are 
reported to fail structurally (20–70%), and the 
belief that they can restore the GHJ normal func-
tion has yet to be resolved. Optimum treatment of 
RCT and satisfactory clinical outcomes to restore 
and stabilize the joint during shoulder motion 

vary and experimental validation using imaging 
techniques and cadaveric specimens are being 
pursued to provide reputable data to assess the 
GH repairs.

2.2.1  Imaging Techniques

Previous in vitro and in vivo studies have investi-
gated the GHJ kinematics in the presence of RC 
tears and repairs [29–31]. Cadaveric studies have 
shown that RC tears size play a crucial role in the 
GHJ stability and range of motion [32]. Other 
cadaveric experiments showed how the humeral 
position resulted in an inferior translational shift 
[33]. Additional studies by Yamaguchi et al. [34] 
using static radiographs in patients with both 
asymptomatic and symptomatic rotator cuff tears 
found that both groups of patients demonstrated 
superior translation of the humeral head with 
increasing arm elevation. As stated by Bey et al. 
[35], these studies use conventional radiographs 
collected under static conditions at specific arm 
positions and are limited in scope to understand-
ing a three-dimensional problem. Other experi-
ments focused on the correlation between the 
extent to which patient-reported outcomes after 
rotator cuff repair are associated with measures 
of shoulder function. For example, a study by 
Nho et  al. [36] reported that shoulder strength 
was predictive of patients’ American Shoulder 
and Elbow Surgeons (ASES) score. This design 
experiment is often controversial as successful 
RC repairs can lead to poor outcome [37]. In a 
study by Bey et al. [39], Twenty of 21 rotator cuff 
repairs appeared intact at 24  months after sur-
gery. Their finding further supports the fact that 
the humerus of the patients’ repaired shoulder 
was positioned more superiorly on the glenoid 
than both the patients’ contralateral shoulder and 
the dominant shoulder of control participants. 
This is another study that differentiate between 
the GHJ kinematics and clinical outcome associ-
ated with shoulder strength.

Kozono et al. [38], used X-ray images and 
CT derived digitally reconstructed radiographs 
to evaluate further the kinematics of RCT and 
measure the humerus translation relative to the 

Fig. 2.1 The model was created from CT scans using 
Materialise Mimics and imported into SolidWorks. The 
coordinate systems (axes) have been extracted at the 
approximations of glenoid surface and humeral head. (S/I 
denote superior inferior, M/L medial lateral, A/P anterior 
and posterior)

2 Shoulder Muscles Moment Arm Contribution to Glenohumerol Joint Motion and Stability
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 scapula. This dynamic analysis of the glenohu-
meral during scapular plane abduction and 
axial rotation for 11 RCT patients with large to 
massive full thickness and 10 healthy control 
subjects showed the humeral head center with 
a medial shift at the late phase of scapular 
plane full abduction, and an anterior shift at the 
internal rotation position during full axial 
rotation.

2.2.2  Cadaveric Experiments of RC 
Tear and Repairs

The experiments conducted in our biomechanics 
laboratory are designed to evaluate the shoulder 
kinematics and the changes in muscle forces 
before and after RC repairs techniques in main-
taining a stable joint at different abduction angle. 
The experiment setup follows Hirata et  al. [40] 
apparatus with the added optotrack and tracking 
monitoring of muscles insertion and attachment 
points. This allows for calculation of moment 
arms using the geometric approach or the excur-
sion method as well. Five fresh frozen human 
shoulder specimens were used for this study (all 
female, age range 60–79  years, two right and 
three left shoulders). Shoulders were thawed and 
carefully dissected removing unnecessary tissues 
and muscles were dissected from their respective 
fossa while keeping their insertion tendons intact. 
Sutures were secured to the tendinous muscle 
insertions. One screw was inserted at the lateral 
end of the scapular spine and another at the 
humeral neck. These screws served as reference 
points in the coronal and sagittal planes respec-
tively. The scapula was then placed in a square 
Plaster of Paris (PoP) mold and PoP was poured 
to confine the medial two-thirds of the scapula 
within a block, while the lateral third of the scap-
ula remained exposed.

Muscle-tendon units of all shoulder muscles 
were maintained in tension by nylon strings, 
which were attached to muscle-tendon units at 
one end, passed through multiple pulley systems, 
and had 3 N free-hanging weights attached to the 
other end. The nylon strings attached to each 
shoulder muscle insertion point were positioned 

to simulate each muscle’s line of action toward 
its origin point on the scapula. This maintained 
tension to provide support for the shoulder joint 
throughout abduction.

The three-camera Optotrak Certus (Northern 
Digital Inc., 2006), along with two Orthopaedic 
Research Pin markers and First Principles soft-
ware, was used for motion capture. The Optotrak 
was placed lateral to the experimental frame, 
allowing cameras to monitor the frontal plane of 
the shoulder. The shoulder was placed on an 
adjustable height table to ensure the specimen 
was positioned at the center of the camera cap-
ture range. Two Optotrak markers were used: one 
placed on a stationary rod slightly superior to the 
scapula and one inserted at the insertion site of 
the deltoid in its musculotendinous. Each 
Optotrak marker contained three sensors, which 
had to be placed within the camera frame of the 
Optotrak. During setup, a digitizing probe was 
connected and used to assign the digital points 
for the origin and insertion sites of the RC mus-
cles. This produced digitized points marked on 
the shoulder girdle that were relative to the two 
markers previously placed.

Each shoulder underwent four different 
motion capture experiments with Optotrack 
recording conducted for each condition: (1) 
Intact rotator cuff, (2) Complete rotator cuff tear, 
(3) SCR, and (4) RSA.

A complete tear was created by incising the 
supraspinatus at its humeral insertion. SCR was 
conducted to repair the complete tear then fol-
lowed with an RSA for the same cadaveric model. 
During RSA, the humeral head was incised, and 
the glenoid and humeral shaft were prepared for 
the reverse prosthesis. The prosthesis was fixed 
with the center of rotation placed infero- medially, 
following standard surgical procedure.

After the points were digitalized on each 
model, the humerus was manually abducted in 
the coronal plane from 0 to 90° at a constant rate, 
allowing the Optotrak to capture relative motion 
in a time frame of 20 s. The Optotrak data output 
featured displacement values in millimeters for 
the digitized points after each of the experiment. 
This was later used to calculate moment arm of 
the four RC muscles. (see Fig. 2.2).
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2.2.3  Moment Arm Calculations

Previous techniques for the calculation of 
moment arm have been discussed above and their 
advantages and disadvantages rely great deal on 
the accuracy of data measured experimentally. 
The method of geometric measurement requires 
both the joint center of rotation and the force line 
of action. In our experiments we digitized the 
muscles insertion points and so the line of action 
for the forces can be evaluated. However, it is dif-
ficult to make a point to point map for the evalu-
ation of these forces but different combinations 
of line actions might provide a better insight into 
the moment arm contribution to the muscle force 
and torque capacity or moment produced at the 
joint.

The proposed experimental method is well 
suited for the tendon-joint excursion method as 
the different insertion and connecting points of 
RC muscles are available throughout the abduc-
tion angle. Hence, one can compute the relative 
change in muscle length as function of the joint 
angle of rotation. While this method was limited 
to 2D plane motion analysis, the optotrack sens-

ing technology allows for 3D analysis and pos-
sibly the calculation of all three joint angles of 
rotations. The experimental setup in our experi-
ments relies on pulleys and cables to dictate the 
load force direction which is a balancing act to 
allow for weight adjustment to stabilize the GH 
t. joint. The pulley system used static weights to 
balance the shoulder joint throughout abduc-
tion. This system allowed the deltoid to be 
driven by a force sensor dynamometer that 
allows for measurement of the abduction arc 
angle and force.

The moment arms (MA) of the rotator cuff 
muscles were calculated using the origin (O) and 
insertion (I) digitized points data obtained from 
Optotrak along with the two additional digitized 
points on either side of the humeral head used to 
calculate the center of the shoulder joint.

We define the center of the humerus head as O 
and as the humerus translate during abduction 
our optotrack measure of the new center during 
full range of rotation is reevaluated. The line of 
action defining the muscle force direction is 
defined by the points denoting the tendon inser-
tion and attachment points as depicted in Fig. 2.2 

a b c

Fig. 2.2 Shoulder experimental apparatus with all four 
rotator cuff muscles and deltoid. Three views a, b, and c 
include the anterior, posterior, and lateral, respectively. 

Optotrack was used to track the digitized points during 
abduction from 0 to 90°

2 Shoulder Muscles Moment Arm Contribution to Glenohumerol Joint Motion and Stability
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during the experiment. Let A be a point on 
 subscapularis as shown in Fig.  2.3 then the 
moment vector arm OA

� ���
, also referred as 



r , is 
defined as the distance between point O and A. 
Consider B another point on the force line of 
action and we define a unit vector 



u  along that 
line. The moment is given by 

� � ���
M r F= × .

2.3  Results

The mean value for the intact subscapularis 
model moment arm starts with a large adducting 
ability (Fig. 2.4). As the shoulder is abducted, the 
mean moment arm shows a steady upward trend, 
reaching a large abducting moment arm at 90° 
abduction. The mean values for the SCR and 
RSA models start with approximately 50% of the 
adducting ability of the intact model. The SCR 
and RSA models then trended upwards, ending 
shoulder abduction with a near neutral mean 
moment arm. Mean moment arm values and per-
cent differences across shoulder abduction 
were −1.9 mm for intact, 5.5 mm (256.3%) for 
complete tear, −5.5  mm (336.0%) for SCR, 
and −4.4 mm (194.4%) for RSA. ANOVA testing 
revealed that moment arms across the subscapu-

laris of the anatomic shoulder was not statisti-
cally significantly different than the three models 
(p = 0.148). There was no significant difference 
in percent difference testing between model 
groups (p = 0.814).

The mean value for the supraspinatus 
moment arm started with a large abduction 
value and features a steady downward trend 
into a small adducting moment arm over the 
course of shoulder abduction (Fig.  2.5). All 
other models also followed a downward trend; 
however, SCR model was the only one to gain 
any adduction moment arm at higher shoulder 
abduction angles. Both the complete tear and 
RSA models have moment arm values that 
remained in abduction potential throughout the 
entire course of shoulder abduction. The RSA 
model showed the closest alignment with the 
intact model, with a largely increased percent 
difference only at 90° abduction. The SCR 
model showed close alignment with the intact 
model for the first 30° and then a larger differ-
ence at angles above 60°.

The intact supraspinatus showed slightly dif-
ferent behavior between its two muscle fiber 
groups. Both fiber groups started with large 
abducting moment arms, but the anterior fibers 

Supraspinatus

Subscapularis

Humerus

C+
ex

ey
ez

C′

r
→

→

Θ

O′

F
A

B

O

Fig. 2.3 Tracking of the 
Humerus head center 
before and after 
abduction. A and B 
points along the muscle 
line of action defining 
the insertion point and 
the origin point used for 
the computation of the 
moment arm. O and O′ 
and C and C′ denote the 
before and after 
abduction positions. F is 
the force vector along 
AB, and r and r’ denote 
the projection from O to 
AB. The fixed reference 
frame is given by the 
unit vectors ex, ey, and ez
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moved toward a neutral position during abduc-
tion while the posterior fibers moved into a large 
adducting moment toward the end of shoulder 
abduction. After a complete tear, the supraspina-
tus fibers showed a similar initial large abducting 
moment arm; however, although the moment arm 
values decreased, there was no transition from an 
abducting to adducting moment arm in the poste-
rior fibers.

The SCR and RSA models maintained similar 
trends when compared to the intact model, start-
ing with large abducting moment arms that 
moved into small adducting moments as the 
shoulder was abducted.

2.4  Discussion

Previous work by Hughes et al. [24] among oth-
ers have raised the potential or induced from the 
calculation of moment arms related to the 
assumption of the humeral head joint center of 
rotation assumed fixed during abduction. This 
limitation was clearly resolved in our study as the 
imaging technique employed allowed us to re- 
compute the humeral head center of rotation.

A study by Ruckstuhl et  al. also used the 
origin- insertion method for calculating moment 
arm in specific positions using MRI images to 
construct a 3D anatomical reconstruction [41].
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Hamilton et  al. used 3D modeling software 
and found different RSA reconstructions dis-
played similar trends over abduction when com-
pared to our study results [21, 22]. Both the 
subscapularis and infraspinatus showed large 
negative moment arms which trended toward pos-
itive moment arm values over 0–90° abduction. 
Additionally, efficiency testing by Hamilton and 
percent difference changes from intact models in 
our study all failed to reach statistical significance 
in all models, secondary to large standard devia-
tions. However, the large standard deviations in 
our study were likely secondary to a limited num-
ber of cadaveric models and innate differences 
between shoulder anatomy and strength [42].

An illustration of how the method of discreti-
zation of the tendons points at their fixation site 
provides an insight into the bundled fibers contri-
bution and how its span area of fixation produces 
different moment arms. A muscle is complex 
dynamic force producer and a partial or complete 
tear into these tendons have a direct impact on the 
overall glenoid-humeral joint stabilization, kine-
matics and overall kinetics. Our results show that 
the average percent differences when comparing 
subscapularis contribution of RSA and SCR mod-
els to the intact model over the course of abduc-
tion both improved over 20% from the complete 
tear average percent difference. Complete tears 
demonstrated a loss of the stabilizing effect typi-
cally provided from the fibers producing a nega-
tive moment arm at the start of abduction. While 
this stability was significantly restored in the SCR 
and RSA models, it did not perfectly mimic the 
native, intact rotator cuff, especially at higher 
angles of abduction. The supraspinatus moment 
arms average percent differences when compar-
ing SCR and RSA models to the intact model 
were significantly different, with 64% and 28% 
difference respectively, while a complete tear fea-
tured an average difference of 74%.

2.5  Conclusion

The moment arm along with the kinematic data 
provide valuable information for future studies 
investigating RC repairs techniques, patient out-

come and potentially other pathological condi-
tions of the shoulder. For clinical relevance, 
quantitative assessment of the dynamic kinemat-
ics of shoulders with RCTs will need imaging 
techniques combined with experimental and 3D 
can lead to development of indicators for achiev-
ing functional restoration. Furthermore, our anal-
ysis of fiber divisions within the same muscle 
illustrate the complex nature of shoulder muscles 
themselves, and future studies should aim to bet-
ter explore and model their function. Infraspinatus 
and subscapularis show the greatest variance 
when comparing RSA and post-reconstruction to 
intact. It is in these muscles where there is the 
most loss of potential abducting or adducting 
force.
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Biomechanics of Ligaments

Jonathan D. Hughes, Calvin K. Chan, 
Sene K. Polamalu, Richard E. Debski, 
and Volker Musahl

3.1  Introduction

Ligaments are soft tissue structures that are com-
posed of collagen fiber bundles and connect 
bone to bone. Ligaments play a vital role in the 
stability of joints throughout the body, including 
the shoulder and knee. Ligaments act as individ-
ual uniaxial restraints on the joint that work 
together to resist a variety of external loads. 
Injury to ligaments disrupts the mobility and sta-
bility of the joint, potentially leading to signifi-
cant morbidity and pain for the patient. 
Understanding the histology, joint kinematics, 
and biomechanical properties of ligaments will 
help physicians approach injuries to this struc-
ture and formulate an appropriate treatment plan 
for their patients.

3.2  Histology

A fundamental understanding of the underlying 
histology is crucial to comprehend the biome-
chanical properties of ligaments and will aid in 
designing biomechanical studies. Ligaments are 
composed of water, elastin, proteoglycans, gly-
colipids, and densely packed collagen fibers that 
run in a longitudinal direction. These fibers are 
arranged into a series of bundles called fascicles 
and surrounded by a loose connective tissue 
called paratenon [80]. Fibroblasts, the predomi-
nant cell type, are arranged in rows between sub-
units of collagen fibers called fibrils. However, in 
order to withstand multiaxial loads, the fibrils are 
not uniformly oriented [2]. Ligaments are rela-
tively hypovascular and hypocellular [9, 64].

Approximately 70–80% of the dry weight of a 
normal ligament is composed of type I collagen, 
with smaller amounts of types III (3–10% of dry 
weight), V, IX, X, XI, XII, and XIV collagen 
[72]. Type V collagen associates with Type I col-
lagen to regulate collagen fibril diameter [6]. 
Type III collagen has the ability to form intermo-
lecular disulfide bonds essential for wound heal-
ing [13]. Type XII collagen provides lubrication 
between collagen fibers [52]. Types IX, X, and 
XI are present at the ligament-bone interface in 
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conjunction with Type II collagen [30]. The water 
and proteoglycans provide spacing and lubrica-
tion to the ligaments, allowing the collagen fibers 
to glide over each other.

Ligaments are metabolically active, with con-
tinued cell and matrix turnover that occurs at a 
slow rate [1]. Since this occurs at a slow rate, 
along with the inherent hypovascularity, liga-
ments heal at a slower rate than other tissues. 
Extra-articular ligaments, such as the medial col-
lateral ligament, heal in four phases after injury: 
hemorrhage, inflammation, proliferation, and 
remodeling [25]. In the initial hemorrhage phase, 
there is bleeding at the site of injury with hema-
toma development between the torn edges. After 
approximately 72  hours, inflammatory cells, 
including monocytes, leukocytes, and macro-
phages, appear at the site of injury and secrete 
cytokines and growth factors. This induces an 
inflammatory reaction and granulation tissue for-
mation. Fibroblasts synthesize Type III collagen, 
as well as small amounts of Type I collagen, 
which forms an immature scar. The cells prolifer-
ate, creating an immature vascular neo-ligament. 
The final phase consists of synthesis of Type I 
collagen and further organization of the collagen 
into a parallel arrangement of fibers along the 
functional axis of the ligament.

Intra-articular ligaments, such as the anterior 
cruciate ligament (ACL), demonstrate minimal 
healing potential and do not follow the four 
phases of healing mentioned above. A thin syno-
vial sheath surrounds the ACL and provides it 
blood supply. When this is disrupted, blood leaks 
into the surrounding synovial fluid and is unable 
to create a hematoma at the site of injury. 
Additionally, cytokines and growth factors are 
unable to reach the site of injury. Due to this, 
there is low healing potential for the ACL after an 
acute rupture.

Ligament insertions onto bone help dissipate 
forces from the soft tissues to the bone [70]. 
These insertions are classified as either direct or 
indirect. Direct insertions consist of four distinct 
zones: ligament, fibrocartilage, mineralized 
fibrocartilage, and bone [16]. The indirect inser-

tions have superficial and deep fibers. The super-
ficial fibers attach directly to the periosteum, 
while the deep fibers are anchored to the bone via 
Sharpey’s fibers [16]. Various ligaments, includ-
ing the medial collateral ligament, contain both 
types of insertions: direct femoral insertion and 
indirect tibial insertion [72].

The collagen fibrils in ligaments are in various 
amounts of crimp, which allows for recruitment 
of more fibrils when a high tensile load is applied 
to the ligament. The ligament responds to tensile 
load by elongating, thus allowing normal joint 
kinematics during movement by allowing the 
joint to move freely. During high strenuous activ-
ities, the stiffness of the ligament increases in 
order to maintain joint stability and restrict excess 
motion of the joint. When this applied tensile 
load exceeds the maximum capacity of the liga-
ment, injury and/or rupture of the ligament can 
occur [72].

3.3  Joint Kinematics 
and Function

Evaluation of joint motion is an important method 
of understanding joint injury. A joint is con-
strained by its ligaments, supporting soft tissue 
structures, and bony geometry. The joint con-
straints allow a combination of motion and stabil-
ity to a joint along its six degrees of freedom 
(6-DOF), three translational and three rotational. 
Traditionally in the knee joint, the three transla-
tional axes are proximal-distal, medial-lateral, 
and anterior-posterior, and the three rotational 
axes are internal-external, flexion-extension, and 
varus-valgus [32]. The knee axes are defined by 
the long axis of the tibial shaft, the line between 
the femoral insertion points of the lateral and 
medial collateral ligaments, and the perpendicu-
lar line to the long axis of the tibial shaft and the 
line between the femoral insertions as described 
above, respectively. By examining the motion of 
the 6-DOF joint kinematics, researchers and cli-
nicians can determine the role and extent of 
injury to individual structures.
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Measuring kinematics in a laboratory setting 
have been done in a variety of ways. Early tech-
niques used mechanical loading linkages and 
weights to measure the motion of the knee in 
response to specific external loads [7, 41, 55]. 
Biplanar radiography was also used as a way to 
visually measure the motion of cadaveric knees 
based on radiographs from two known angles 
[56, 63]. Another approach involved using elec-
tromagnetic tracking by placing sensors on the 
bones in order to track the joint motion of cadav-
ers and patients in a three dimensional space [10, 
49]. In recent years, robotic technology has 
become the gold standard, in which joint kine-
matics are measured by combining a 6-DOF 
robotic arm with a universal force/moment sen-
sor (UFS) to measure joint motion and forces 
[26, 27]. All of these methods aimed to compare 
injured knees to healthy, contralateral knees, in 
order improve injury diagnosis and treatment 
options.

The primary passive stabilizers in multiple 
diarthrodial joints are the ligaments found around 
and within the joint. Ligaments act as individual 
uniaxial restraints on the joint that work together 
to resist a variety of external loads. Prior studies 
have outlined the role of individual ligaments in 
providing joint stability against certain external 
forces. The authors examined 6-DOF joint kine-
matics in response to external loads before and 
after resecting the ligament in question in order 
to see how the ligament provided stability to the 
joint [46, 60]. A separate study performed a sim-
ulated Lachman test on ACL intact and ACL defi-
cient knees. The authors found ACL deficiency 
increases knee anterior-posterior laxity from its 
normal 3–5  mm range and could possibly shift 
loads to other structures [29].

When one or more ligaments is injured, the 
knee will lose stability and respond to external 
loads differently. Since ligaments normally carry 
some passive load in the joint to provide stability, 
repairing or reconstructing the ligaments will 
restore that native in situ force. Experimental 
measurements of ligament in situ force have used 
contact methods, such as implantable force trans-

ducers, buckle transducers, and strain gauges, to 
directly measure the force in individual ligaments 
in response to external loads [31, 38, 45]. One 
study utilizing direct force measurement found 
that an internal tibial torque of 10 N-m produced 
a force on the order of 100 N in the ACL at 20° of 
flexion, while an external tibial torque of 10 N-m 
produced a smaller force around 50 N by using a 
load cell attached to the ACL through the tibial 
insertion [47]. In contrast, noncontact methods of 
measuring in situ force sought to reduce error 
from the interface of the ligament to the measur-
ing device. A method using a UFS requires mea-
suring the 6-DOF forces and moments applied to 
a rigid body connected to the sensor and calculat-
ing those forces through the joint based on a 
series of rigid body transformations [26]. A com-
bined robotic/UFS system can measure kinemat-
ics and kinetics of an intact joint in response to 
external loads and then repeat the intact kinemat-
ics after a ligament was transected or repaired in 
order to record a new set of kinetics. The differ-
ence between the two set of kinetic data (intact 
and resected) is the in situ force of the ligament 
or graft [33, 59].

3.4  Biomechanical Properties

3.4.1  Structural Properties

Due to the primary function of ligaments to resist 
tensile loads, several investigations have focused 
on their biomechanical properties under uniaxial 
tensile testing. This tensile testing is difficult due 
to a multitude of factors, including the complex 
composition of ligaments. In order to apply ten-
sile loads, the ends of the ligament need to be 
properly secured, but issues with slippage are 
common. In order to combat slippage, variations 
of soft tissue clamping have been created utiliz-
ing serrated clamps while freezing the secured 
ends [14, 42, 57, 58]. However, slippage can still 
happen, and the stress concentrations that now 
occur near the clamps can cause premature fail-
ure and not accurately represent the native tissue. 
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The structural properties of bone-ligament-bone 
complexes in response to tensile loads have been 
investigated. A benefit of testing the entire com-
plex is the inclusion of the insertion sites of the 
ligaments which have different properties than 
the midsubstance.

Structural properties that characterize the 
response of ligaments to loads along the longitu-
dinal axis of the ligament include ultimate load, 
the greatest load that can be applied to a tissue 
before failure, ultimate elongation, the 
 deformation of the tissue when failure occurs, 
and stiffness, the tissue’s ability to resist defor-
mation in response to an applied load [70, 75]. 
These structural properties can be determined 
from the load- elongation curve (Fig. 3.1a).

3.4.2  Mechanical Properties

The mechanical properties of ligaments refer to 
the intrinsic behavioral response of the tissue 
based on its composition and micro-structure and 

can be obtained from the same uniaxial tensile 
testing. These mechanical properties are obtained 
by normalizing the load by the cross-sectional 
area of the midsubstance of the ligament, and 
strain, the elongation by the initial length of the 
midsubstance of the ligament. The stress-strain 
curve can be used to determine tensile strength, 
the greatest stress in the tissue before failure, ulti-
mate strain, the greatest strain before failure, 
modulus, the tissue’s resistance to strain in 
response to stress, and strain energy density, the 
energy stored in the tissue before failure 
(Fig.  3.1a,b). This quantitative data can guide 
clinicians on their graft choice for ligament 
reconstructions, as the replacing tissue should 
have a similar mechanical response as the native 
tissue to best restore intact joint kinematics.

To determine accurate measure of stress, an 
accurate cross-sectional area (CSA) is needed, as 
errors in CSA can cause substantial effects on 
stress calculations. CSA measurement falls into 
two general categories: contact and noncontact 
methods. Contact methods include the use of 
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Fig. 3.1 (a) Load-elongation response of a bone- 
ligament- bone complex displaying the structural proper-
ties that can be interpreted from the curve. (b) Stress-strain 

response of a ligament displaying the mechanical proper-
ties that can be interpreted from the curve
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calipers and molding [4, 28, 54, 61, 82]. However, 
these methods involve touching the soft tissue 
and thus risk causing deformation or incorrect 
assumptions of rectangular shape. Noncontact 
methods have developed from shadow amplitude 
and light profile methods [20, 39] to the use of 
laser micrometers, which have been found to be 
the most accurate and reproducible [67]. 
However, issues with concavity exist for all of 
these noncontact measurements. In order to 
address these issues, a laser reflectance system 
has been developed [12].

Strain accuracy has similar difficulties as 
stress, in which an accurate measure of 
elongation is needed, otherwise the strain mea-
surements are unreliable. Contact and noncon-
tact tissue elongation methods have been 
developed as well. Contact methods include the 
use of a differential variable reluctance trans-
ducer (DVRT) [5, 22, 48]. A DVRT outputs a 
voltage that has a linear relationship with the dis-
tance and elongation of tissue between the barbs. 
The limitations of DVRT measurements include 
not measuring strain throughout the ligament 
and possibly damaging the tissue by inserting 
metallic barbs. Noncontact strain measurements 
involve the use of optical video tracking of either 
markers or strain, and address both of the limita-
tions of the contact methods [68, 77]. The posi-
tion of the markers or strain can be tracked, and 
strain can be calculated by determining the dif-
ference in their position before and after apply-
ing a load.

3.4.3  Contributing Properties

Ligament compositions vary within different por-
tions of the tissue from the insertion site to the 
midsubstance and have a complex three- 
dimensional heterogeneous architecture [53, 66]. 
This variation has an impact on the mechanical 
properties and thus the mechanical response. 
Stress and strain response near the insertion sites 
are different than that experienced at the midsub-
stance [11, 43]. Furthermore, a distinct quality of 
ligaments is their ability to resist tensile loads in 

their longitudinal direction due to their highly 
parallel collagen fibers. This fiber alignment 
causes the mechanical response of ligaments to 
differ when loads are applied in directions other 
than along the longitudinal axis of the ligament. 
Thus, it is pertinent to be mindful of the orienta-
tion of the ligament with respect to external loads 
when measuring mechanical properties.

3.4.4  Viscoelasticity

A distinct property of ligaments and biological 
tissues is their viscoelasticity, meaning their 
mechanical response is load and rate dependent. 
Ligaments demonstrate both viscous and elastic 
properties during deformation. Elastic response 
refers to a substance’s ability to return to its origi-
nal shape and size after deformation, while vis-
cous response refers to a substance’s ability to 
resist flow. Viscoelastic substances display differ-
ent properties from elastic materials in isometric, 
isotonic, and cyclical loading. In isometric load-
ing, or applying a constant deformation, the tis-
sue displays a decreased stress response over 
time, known as a stress relaxation (Fig. 3.2a). In 
isotonic loading, or applying a constant force, the 
tissue deforms more with time (Fig. 3.2b). When 
applying cyclical loading to a biological tissue, 
the unloading curve is below the loading curve, 
which represents energy dissipating from fluid 
friction of the water moving in the ligament 
(Fig. 3.2c). When analyzing the strain response 
over time during this cyclic loading, the peak 
stresses to reach the same strain decrease with 
each cycle as the curve becomes more repeatable 
(Fig. 3.2d). Viscoelasticity is important clinically 
as the tissue relaxes during daily activities such 
as walking or jogging.

3.5  Factors Affecting Mechanical 
Properties of Ligaments

Numerous biological factors determine the 
mechanical properties of different ligaments 
within the body. The same tissue from two 
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different sources can present two different com-
peting sets of data due to differences in skeletal 
maturation, age of the source, location of the lig-
ament, and physical activity of the source [65, 66, 
76, 78]. When evaluating which mechanical 
properties to use for individual ligaments, 
researchers should pay attention to these biologi-
cal factors to ensure an accurate comparison can 
be made.

3.5.1  Biological Factors

Age and skeletal maturation play a significant 
role in determining the mechanical property of a 
ligament [78, 79]. Younger and skeletally imma-
ture specimens still have open physes that allow 
growth of the bone compared to older and skele-
tally mature specimens with closed physes. 
Specimens from younger animals exhibit lower 
ultimate load, cross-sectional area, and stiffness 
compared to skeletally mature specimens. 
Younger specimens tend to fail due to tibial avul-

sion, whereas mature specimens fail midsub-
stance [78]. Among skeletally mature specimens, 
ligaments from younger sources (aged 
22–35  years) will demonstrate significantly 
higher stiffness and ultimate load values 
(242 ± 28 N/mm and 2160 ± 157 N, respectively) 
than older specimens [69].

The location of the ligament sample plays an 
important role in determining the mechanical 
properties of the tissue being investigated. 
Different areas of a ligament demonstrate differ-
ent degrees of fiber organization, mineralization, 
and protein composition. Initially, authors 
defined ligaments as homogenous-appearing tis-
sues and used the mechanical properties of an 
entire tissue complex [23, 77]. However, authors 
later examined the properties of individual parts 
of the ligament in order to understand the func-
tional properties of the tissue [11, 24, 81]. 
Through this later examination, the anteromedial 
bundle of the anterior cruciate ligament was 
found to have larger moduli, maximum stresses, 
and strain energy densities than the posterolateral 
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Fig. 3.2 (a) Creep of viscoelastic and elastic materials 
and in response to isotonic loading. (b) Stress relaxation 
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rial in response to loading and unloading. (d) Stress 
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loading demonstrating a decreased peak stress at each 
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bundle [11]. Tissue closer to the insertion sites of 
the ligament will exhibit different strain distribu-
tion than tissue at the midsubstance [81].

Physical activity levels of the tissue donor can 
affect the properties of the tissue in two ways. 
Some swine exercise models showed femur- 
MCL- tibia complexes have increases in ultimate 
load, linear stiffness, tensile strength, and ulti-
mate strain after 12 months of physical exercise 
when compared to the sedentary group [74]. 
However, joint immobilization, which usually 
results from musculoskeletal injuries, has been 
shown to cause decreases in ultimate loads, elas-
tic moduli, and cross-sectional area in studies 
done on rabbit ACL midsubstance and canine 
femur-MCL-tibia complexes [51, 73].

3.5.2  Environmental Factors

When investigating the role of ligaments in an 
in vitro setting, researchers should keep in mind 
several external factors that affect the mechanical 
properties of ligaments. Some of these factors, 
such as specimen orientation, should be consid-
ered long before testing begins [21, 34, 35, 50, 
71]. Other properties, such as hydration and sur-
rounding temperature, are important factors that 
should be monitored during an actual experiment 
[3, 15, 36, 37, 62, 66].

Before testing begins, specimens will often 
need to be stored frozen in order to preserve their 
biomechanical properties as much as possible. 
Studies have found differing results on the effects 
of freezing on ligaments. One study that put a 
bone-patella-tendon-bone complex through mul-
tiple freeze-thaw cycles found the tissue can 
undergo 8 freeze-thaw cycles without affecting 
any biomechanical properties [40]. Other studies 
found that fresh harvested rabbit medial collat-
eral ligaments have little to no structural biome-
chanical difference when compared to ligaments 
that were properly frozen and then thawed. 
However, these studies did find that during the 
first few cycles of cyclical loading, frozen speci-
mens had a significant decrease in the area of 
hysteresis that became insignificant with more 

cycles [50, 71]. Researchers should be mindful 
about limiting the number of freeze-thaw cycles 
ligament samples undergo in order to accurately 
measure mechanical properties.

Due to the viscoelastic nature of ligaments, 
the mechanical behavior of ligaments varies 
greatly due to their surrounding temperature and 
hydration. There are established effects of vary-
ing degrees of hydration on the mechanical prop-
erties of different ligaments [15, 36, 37, 62]. 
During experimental procedures, specimens 
should either be immersed in a saline solution or 
constantly kept moist in order to accurately cor-
relate measurements to in vivo mechanical prop-
erties. Studies that examined the relationship 
between temperature and the mechanical proper-
ties of ligaments yielded varying results. One 
study reported a decline in elastic modulus and 
stiffness with increasing temperature [3]. 
Another study showed an inverse relationship 
between stiffness and temperature, and the liga-
ment relaxed to lower values under cyclic load-
ing performed at higher temperatures [44]. In 
order to minimize variance between data sets, 
experimental procedures should also dictate 
temperature.

When designing an experiment, researchers 
should pay attention to the strain rate used to 
apply loads. One study examined rates of 
0.003 mm/s, 0.3 mm/s, and 113 mm/s in mature 
rabbit ACL and patella tendons and found that 
increasing strain rates increase modulus by 31% 
in the ACL and 94% in the patella tendon [19]. 
One study tried to emulate the rates at which 
injuries occur in vitro with rates as high as 500% 
per second [18]. However, a different study 
examining rabbit MCLs found that increasing 
strain rate from 0.01 to 155% per second increases 
the ultimate strength of the tissue by 40% [79]. 
Two studies found loading different ligaments 
(rabbit MCL and canine LCL) at a faster rate than 
>1% /s, even up to physiological injury rates 
(>1000% /s), will not drastically affect mechani-
cal properties from the medium rates of loading 
[8, 17]. At higher speeds, failure mode usually 
shifts from midsubstance to the insertion points 
of the specimen [83].
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3.6  Summary

Ligaments are soft tissue structures that govern 
the stability of joints throughout the body, such 
as the shoulder, hip, or knee. Understanding the 
histology, joint kinematics, and biomechanical 
properties of ligaments helps physicians to pre-
cisely approach injuries and formulate an appro-
priate treatment plan for their patients, i.e., 
anatomic restoration of the native ligament inser-
tion sites and biomechanical properties to restore 
native joint function. Many biomechanical stud-
ies have been performed to provide scientists and 
surgeons an in-depth understanding of ligament 
properties. It is imperative to understand the 
complex nature of ligaments in response to vari-
ous external loading conditions, as well as to 
truly understand their form and function in order 
to ultimately develop the most appropriate and 
individualized treatment for patients.
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Biomechanics of Bone Grafts 
and Bone Substitutes

Daniel R. Lee and James W. Poser

Several comprehensive reviews have been pub-
lished on bone graft substitutes and provide valu-
able background information on the vast array of 
available materials and products [1–3] Rather 
than provide yet another product or materials 
review to add to this comprehensive collection, 
the focus here is to catalog the attributes of these 
materials in a context that may help guide the sur-
geon’s selection of the bone graft substitutes for 
particular clinical applications.

Achieving the best possible clinical outcome 
while satisfying the patient’s expectations of 
return to functionality should be the principal 
determinants in choosing which of the myriad of 
bone graft substitutes is the best option for any 
clinical application. It is known that the structural 
requirements should be considered in the choice 
of the appropriate bone graft [4]. Many times the 
choice of bone graft is relegated to availability in 
the surgical setting, commercial representation or 
historic clinical experiences of the clinicians. The 
choice of a bone graft may also be dependent on 
a delicate balance between biology and biome-
chanical stability [5]. Patient age, health status, 
and activity level, coupled with clinical presenta-
tion, compliance, rehabilitation options, and eco-

nomics are all considerations that should be 
weighed in the choice to achieve the desired clin-
ical outcome. Most bone grafts and bone substi-
tutes initially provide very little clinically relevant 
structural stability and ultimately rely on biology 
to restore structural stability and function.

Deciding which bone graft material to select 
can be a confusing and daunting process. How 
does one differentiate between the products? Are 
product claims supported by reliable science and 
clinical experience? How should variables such 
as composition, handling, mechanical and bio-
logical properties, patient clinical presentation, 
intended outcomes and price are all factors that 
weigh in decision-making?

The objective in this chapter is to provide 
some of the information that will be useful for the 
clinician in making that decision. Several publi-
cations provide general reviews of the bone graft-
ing options that are available to the clinician [6, 
7]. In the current paper, particular emphasis will 
be placed on the mechanical properties along 
with material and biological properties of the 
bone graft with respect to short- versus long-term 
outcomes and patient satisfaction. With this 
objective we will discuss bone grafting options 
from the following clinical perspectives and con-
siderations, see Fig. 4.1.

Bone grafts are used to repair and rebuild 
missing, damaged, or diseased bones in a human 
body where the clinical situation where the bone 
may not heal by itself or healing might be 
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 compromised. It has been reported that there are 
over two million bone grafting procedures per-
formed annually [8]. The considerations for the 
selection of the optimal bone graft involve bio-
mechanical, biomaterial, and biological consid-
erations. Among the many options available to 
the surgeon it is safe to say that the ideal bone 
graft that performs as well as the patient’s own 
bone (i.e., autograft) has yet to be developed, but 
many of the available bone grafting options do 
have desirable and often suitable properties for a 
particular situation.

4.1  Bone Basics: Basic Properties 
and Concepts

Human bone consists of 80% cortical bone and 
20% cancellous bone. Cortical or compact bone 
is 70% inorganic material (principally hydroxy-
apatite), 22% organic material (e.g., collagen, 
non-collagenous proteins, cells, hyaluronic acid), 
and the rest is water [9]. Cancellous or trabecular 
bone has the same constituents as cortical bone 
but has a lower calcium content, tissue density 
and ash fraction [10]. Cancellous bone also has 
higher water content (27% compared to 23% for 
cortical bone) [10]. Cortical bone is dense, strong, 
and difficult to fracture and thus provides most of 

the structural support to the body, while cancel-
lous bone is extremely porous as it is more 
involved in bone remodeling. The turnover rate 
of trabecular bone is 25% per year versus only 
3% for cortical bone [10]. With respect to 
mechanical properties, the compressive strength 
of human cortical bone ranges between 90 and 
230 MPa and the tensile strength ranges between 
90 and 190 MPa [11]. The compressive strength 
of human cancellous bone ranges from 2 MPa for 
osteopenic cancellous bone to 45 MPa for dense 
cancellous bone [12]. The Young’s modulus of 
cancellous bone is 10.4–14.8 GPa, while cortical 
bone measures 18.4–20.7 GPa [9]. These physi-
cal differences also manifest themselves in bio-
logical remodeling and the susceptibility to 
pathologies such as osteoporosis. For cortical 
bone to be remodeled, osteoclasts and osteoblasts 
are required so the greater surface area of cancel-
lous bone allows for more rapid revascularization 
and remodeling.

Bone regeneration has been defined to involve 
three pillars: osteogenesis, osteoinduction, and 
osteoconduction [13]. Osteogenesis is the synthe-
sis of new bone by cells derived from either the 
graft or the host. Osteoinduction is the process 
where mesenchymal stem cells (MSCs) are 
recruited and induced to differentiate into func-
tionally competent osteoblasts and chondroblasts. 
Osteoconduction is the ability process where bio-
logical interactions along the graft result in fusion 
of the graft with the host’s bone. The overall func-
tionality of a bone graft is dependent on the graft’s 
ability to perform these three processes.

The timeline for normal bone regeneration and 
repair involves three distinct phases: inflamma-
tory, proliferative and then remodeling [14]. The 
inflammatory stage (weeks 1–3) occurs after the 
insult or injury (hours to days, postoperatively) 
and involves the recruitment and proliferation of 
inflammatory cells and growth factors and differ-
entiation into repair cells and the formation of cal-
lus. The proliferative phase (weeks to months, 
post operatively) causes the callus to organize 
together with a periosteal response which replaces 
the callus with immature woven bone predomi-
nated with vascular ingrowths and collagen 
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matrices. The remodeling phase (months to years, 
postoperatively) is predominated by the restora-
tion of bone to its baseline strength if mechanical 
loaded over time. The mineralized callus is 
replaced with mature mineralized bone and 
remodeling changes the area to its original size 
and shape. It is this final phase of bone repair that 
returns the bone to its previous biomechanical 
state [14]. Through this complex sequence of 
healing events bone exhibits one of its unique 
properties: it is the only tissue in the body that has 
the ability to undergo perfect, restorative repair.

4.2  Regulation of Bone Graft 
Substitutes

Allograft bone products are regulated as human 
tissue if they comply with the jurisdictional 
requirements. For example, in the United States 

those requirements are codified in 21 CFR 1271 
and USPHSA Section 361, and in the EU simi-
lar requirements are codified in a series of 
Commission Directives (EU), e.g., 2004/23/EC 
and 2015/565, 566/EC.  It is noteworthy that 
allogeneic cell tissue-based graft substitutes, 
which contain processed bone and bone marrow 
cells derived from the same donor, are often 
referred to as the third generation bone graft 
products and are approved as stand-alone graft 
materials under USPHS 361. Bone graft materi-
als like synthetic CaP bone substitutes and 
xenograft, that do not meet these narrowly 
defined requirements, are regulated in the 
United States and in other countries as either 
medical devices or biologics.

The aforementioned principles and concepts 
provide the basis for the design and rationale of 
many bone grafting options and materials 
(Table 4.1).

Table 4.1 Bone grafting options advantages and disadvantages [6]

Bone graft (BG) Advantages Disadvantages
Autologous  •  High osteoconductivity Need of an additional surgery

 •  Highest degree of biological safety
 •   No risk of immune reaction

Xenografts  •  Architecture and geometric structure 
resemble bone

 •  Possible disease transmission and potential 
unwanted immune reactions

 • Well documented  •  Lacks viable cells and biological 
components

 • Predictable clinical outcome  • Resorption rate is highly variable
 •  Slow bio-absorbability preserves 

augmented bone volume
 •  Reduced future availability due European 

regulatory changes?
Natural 
biomaterials

Similarity to native extracellular matrix Mechanical properties poor -biodegradability 
less controllable

Synthetic 
polymers

 • Tuneable physicochemical properties  • Low cell attachment
 • Tuneable degradability  •  Timing of absorption (alteration of 

mechanical properties)
 • Release of acidic degradation products

Synthetic 
bioceramics

 • High biocompatibility  • High brittleness
 • Osteoinductive properties  • Low ductility
 • Chemical similarity with bone  • Not predictable absorption
 • Stimulation of osteoblast growth

Composite 
xenohybrid 
substitutes

 •  High similarity with human cancellous 
bone

 •  Cleaning and sterilization process partially 
alters biological performances

 • Higher bioactivity  • Limited clinical data
 • Tailored degradation rates
 • Incorporation of active biomolecules
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4.3  Autograft: The “Gold 
Standard” Bone Graft

Autograft, the patient’s own bone, has long been 
considered the standard to which all other graft 
materials are compared. Bone is one of the tis-
sues with the innate ability to regenerate in adult 
humans. With respect to bone grafting, autograft 
or harvesting bone tissue from one anatomical 
site to another site on a recipient, is considered 
the “gold standard.” Autograft earns this designa-
tion since it possesses all the properties essential 
for bone formation: osteogenicity, osteoinductiv-
ity, and osteoconductivity. By containing these 
three elements, this enables autograft to be 
replaced more rapidly by host bone wherever it is 
implanted and provides the advantages of being 
histocompatible, non-immunogenic and mini-
mizing any infective-related risks [3, 8]. 
Introducing some combination of these biologi-
cal properties has been an aspirational goal for 
allograft, synthetic, and any other bone grafting 
materials.

Structural considerations—Autogenous bone 
grafts may be used in structural indications pri-
marily if they have been sourced from an area of 
cortical bone. Cortical grafts are used for their 
structural capacity, such as compression and tor-
sion, and are frequently used in conjunction with 
some form of hardware to provide additional sta-
bility or structure (i.e., plates and screws, spinal 
implant). Cortical bone may be used as an onlay 
or as an inlay graft. Onlay grafts are used fre-
quently due to the ease of handling and placing of 
the graft and where there is a structural need to 
increase the volume of bone at the repair site. The 
ability to position this three-dimensional graft 
plays a role in graft success, incorporation and 
ability to sustain structural forces, i.e., spinal 
fusion [1]. Inlay grafts are mainly used to fill a 
bone defect within the anatomical skeleton. 
Cancellous autograft does not provide immediate 
structural support but is the most widely utilized 
form of autogenous bone graft, often harvested 
from the surgical site and referred to as “local 

bone,” or from the iliac crest Because these grafts 
lack mechanical strength they may be used to 
augment bone healing and fill voids in conjunc-
tion with a more structural implant, i.e., titanium 
or PEEK (polyetheretherketone). Mechanical 
properties of cancellous bone can be enhanced 
using impaction but the volume available is usu-
ally inadequate for most clinical applications 
[15]. It should also be noted that mechanical 
properties of autogenous bone may vary widely 
and are determined by the harvest site and the 
patient age [16].

Clinical considerations—Autogenous bone 
that is harvested from a second surgical site gen-
erally results in significant harvest site morbidity. 
Autograft can be taken surgically removed from 
the iliac crest, distal femur, fibula, proximal or 
distal tibia, proximal humerus, distal radius, chin, 
ribs, mandible and some parts of the skull, all 
resulting in morbidity, higher complications rate, 
scarring and additional operative time [1, 6]. 
Many articles have reported the drawbacks of 
autograft are related to the harvesting process and 
time, donor site complications including infec-
tion and pain, increased blood loss, and limited 
volume of material [3]. Local bone can be from 
intramedullary reamings from the femur or tibia, 
or bone remnants salvaged from decortication 
and drilling during spinal fusion procedures. The 
quality of the autograft may also be related to the 
patient and its source site due to factors such as 
graft components, volume and complications [5]. 
It has been reported that major and minor compli-
cation rates from bone harvesting are 8.6% and 
20.6%, respectively [14]. The limited autograft 
availability, volume and configuration, may 
impact utility in larger defects. Autografts may 
be harvested from cortical or cancellous bone and 
the successful choice may be related to the sur-
vival and proliferation of the osteogenic cells, 
conditions at the recipient site, type of graft cho-
sen, handling of the graft, and shaping of the 
graft during the operative procedure [1]. If rapid 
osteogenesis is desired then cancellous bone is 
preferred. Cancellous grafts are commonly used 
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in fracture nonunion, dental defects, maxillofa-
cial defects, spinal fusion, and other small bone 
defects [1].

Regenerative and long-term clinical consider-
ations—The structural and density of cortical 
bone naturally limits the number of osteoprogen-
itor cells that reside in the tissue. Remodeling of 
cortical bone is mainly mediated by osteoclasts 
and the revascularization and remodeling pro-
cesses are hampered by the dense architecture of 
cortical bone [3]. As a result cortical bone grafts 
will undergo a longer-term incorporation where 
there is osteoclastic surface resorption and appo-
sitional bone growth. This appositional bone 
growth over a necrotic core is the dominant 
means of incorporation. As a result the remodel-
ing process for a cortical bone graft may take 
years depending upon the graft size and volume 
and the implantation site [3]. Cancellous bone is 
osteogenic due to its larger surface area and 
osteoblasts rapidly incorporate new bone and 
revascularization happens relatively quickly [13]. 
Cancellous bone’s lack of early mechanical 
strength may be outweighed by its ability to rap-
idly produce new bone and develop mechanical 
strength. Therein lies one of the conundrums in 
bone grafting: which is more important—imme-
diate mechanical strength or long-term restora-
tion of a more natural bone structure?

Additional Autogenous Regenerative 
Considerations—Bone graft materials are often 
supplemented with bone marrow aspirates 
(BMAs) and platelet-rich plasma (PRP). The use 
of these materials is intended to enhance regen-
erative properties and thus clinical outcomes.

Platelets are a rich source of endogenous 
growth factors (GF), and platelet-rich plasma 
(PRP), also referred to as autologous growth fac-
tor (AGF) concentrate, is a readily available 
source of the GFs from the patient. PRP has been 
used in sports medicine and orthopedics based 
upon reports of encouraging tissue healing, and 
in tissues with low healing potential and treated 
in other specialties such as dermatology, ophthal-
mology, plastic and maxillofacial surgery, neuro-

surgery, urology, and cardiovascular surgery. The 
interest in this biological procedure as an aug-
ment to bone implants with bone and soft tissue 
has resulted in musculoskeletal treatments using 
PRP on cartilage, bone, muscle, tendon, and liga-
ment regeneration. In a review article which 
looked at the role of PRP as an augmentation pro-
cedure, the conclusion was that knowledge on 
this topic was still preliminary and prospective 
randomized clinical trials were needed to support 
the potential of this approach to improve out-
comes in implant integration [17]. In a review of 
bone grafts for spine fusion, the studies refer-
enced did not demonstrate improved fusion or 
fusion rates even when PRP was used to enhance 
autograft [18].

Bone marrow is a rich source of nucleated 
cells, including MSCs, and bone marrow aspirate 
(BMA) has been utilized in orthobiologic repairs 
as a means of providing the cellular elements for 
tissue regeneration. Bone marrow can be har-
vested from various sites in the body including 
the posterior and anterior iliac crests, distal 
femur, proximal tibia, and distal humerus. As a 
matter of common practice, BMA is often con-
centrated in the operating room using specialized 
centrifugation and concentrating devices to pro-
duce bone marrow aspirate concentrate (BMAC) 
which can increase the nucleated cell (MSC) 
concentration by up to ten-fold over BMA. This 
concentrated cell preparation is then applied onto 
a scaffold or carrier and used to treat cartilagi-
nous lesions, bone defects, and tendinous injuries 
[19]. It is estimated that 5–10% of all fractures 
result in delayed union or nonunions and this 
complication can result in significant additional 
cost per patient [19]. One of the focused applica-
tions of BMA is in recalcitrant bone nonunions 
where 94% successful arthrodesis was achieved 
when BMA was combined with allograft com-
pared to conventional autologous cancellous 
bone graft alone. In patients with compromised 
healing capacity, the use of BMAC in ankle frac-
tures in subjects with diabetes demonstrated 
greater union rates versus patients receiving 
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autologous bone graft [20]. Patients with diabetes 
treated with BMA reported a union rate of 82.1% 
with minimal complications compared to the 
62.3% union rate with major complications in 
patients receiving iliac bone graft alone. BMAC 
has also shown promise in osteochondral lesions 
due to its potential benefits in healing hyaline 
cartilage, but also in increasing integrative poten-
tial with autologous osteochondral transplanta-
tion [21]. Some evidence also indicates that 
BMAC alone may result in improved defect fill-
ing, border repair integration and surface tissue 
repair [22].

A more recent autologous cell enhancement 
are adipose-derived stem cells. Adipose-derived 
stem cell (ASC) treatments focus on isolating the 
ASCs from adipose tissue. Adipose tissue is har-
vested percutaneously and mechanically pro-
cessed to remove lipids and disrupts adipose 
tissue clusters while maintaining the stromal vas-
cular fractions that are rich in adipose-derived 
stem cells (ASC). By volume, the number of 
MSCs may be greater in adipose tissue than in 
BMAC [23]. The current literature on ASCs is 
limited regarding preparation, formulation and 
clinical therapeutic potential as numerous studies 
are ongoing. ASCs are regulated as a biologic and 
are not approved for any clinical indication.

4.3.1  Allograft: “the best 
alternative” to Autograft

Allogeneic bone grafts refer to bony tissue that is 
harvested from one individual and transplanted to 
a genetically different individual of the same spe-
cies [2] [24]. Allografts, which can include tissue 
from both living human donors and cadavers, 
represent the second most common bone grafting 
material used worldwide [6]. Since autogenous 
bone grafting involves the risk of complications 
and the amount of graft that can be harvested is 
limited, allograft is accepted as the next best 
alternative.

Allografts do have the potential risks of elicit-
ing an immunoreaction, transmitting infection or 

communicable disease, and higher failure rates 
over long-term use [3]. The potential for an 
immune response to allograft bone may be miti-
gated by narrowing histocompatibility differ-
ences [24]. Historically, one of the concerns with 
allogeneic bone has been the risk of disease 
transmission due to bacterial and viral contami-
nation. Fresh, unprocessed human allograft is 
seldom used because of this potential for trigger-
ing a clinically significant immune response 
combined with the risk of disease transmission. 
Particularly concerning are diseases which are 
difficult or impossible to detect. For these 
reasons, most allograft bone used today are pro-
cessed in established tissue banks where Federal 
regulations, industry standards and state-of-the- 
art processing and testing technologies have all 
but eliminated the risk of infection from allograft 
tissues. For example, the potential for HBV or 
HCV transmission has been reduced to one 
occurrence every 500 years [25, 26]. Processing 
bone has consequences as, in producing an argu-
ably safer graft, elements essential to bone for-
mation may be removed from the tissue. For 
example, decellularization removes donor histo-
incompatibility but removes osteogenic cells 
required for bone formation. Processing to 
remove pathogens may also reduce osteoconduc-
tive and osteoinductive potential [7]. Allograft 
safety is further insured by sterilization which 
can also significantly impact the structure and 
biologic properties of the allograft. It is intuitive 
that the goal in processing of allograft is to strike 
a balance between eliminating the risk of disease 
transmission while preserving critical properties 
necessary for the performance of the allograft. 
Overall, allograft bone is generally considered 
osteoconductive and weakly osteoinductive [8]. 
The integration process of allogeneic bone is 
similar to what is undergone by nonvascularized 
autogenous bone graft, where the volume of graft 
influences the time of incorporation [7].

Structural considerations—Allogeneic bone 
is available in many forms including morselized 
cortical, cancellous, and corticocancellous, cor-
tical and cancellous grafts, osteochondral, whole 
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bone segments, demineralized bone matrix and 
more recently introduced cellular allografts. 
Cancellous and cortical allografts are generally 
available through musculoskeletal tissue banks. 
The morselized or cube shaped cancellous bone 
grafts have little mechanical strength, are not 
suitable for use in applications requiring load 
bearing and are primarily used to fill voids. 
Cortical allografts can provide structural support 
and confer rigid mechanical properties and are 
widely utilized in applications where immediate 
load-bearing resistance is required [27]. An 
advantage of cortical bone is its natural elasticity 
and ease of incorporation at the graft-host inter-
face. Furthermore, cortical allografts can be 
machined and customized to enhance its ease of 
use and meet the demands of specific 
 applications. For example, machined cortical 
allografts are commonly used as structural sup-
ports in spinal fusion as “biological cages” in 
forms such as cervical spacers and as femoral 
ring allografts [28]. There is a note of caution as 
the mechanical performance of structural 
allografts may be a disadvantage, impacted by 
the effects of tissue processing or preservation 
(i.e., freeze-drying) and the less predictable 
effects on strength thru fatigue and postoperative 
remodeling on strength [27]. The freeze-drying 
process can reduce the mechanical strength of 
bone tissue by 20% [16]. Graft fractures occur 
and are often related to the anatomical site of 
implantation. Another factor that may influence 
the structural integrity or uniformity in tissue is 
processing methods.

Clinical considerations—Cancellous bone 
allografts are one of the most commonly used 
types of allografts. Since most cancellous grafts 
possess little mechanical strength, they are 
mainly used in applications such as graft extend-
ers in spinal fusion procedures and void fillers for 
partial bone defects, including large depressed 
articular fractures, rather than segmental bone 
defects. Commonly freeze-dried cancellous 
allograft is used to pack defects in revision 
arthroplasty or after curettage of benign lesions 
[29]. As cancellous allograft is devitalized bone, 

it is used primarily as an osteoconductive sub-
strate or autograft bulking agent since it lacks key 
elements necessary for bone formation. Used 
alone, cancellous allograft may result in poor 
clinical outcomes including failed or delayed 
arthrodesis or fracture. Nonetheless, used prop-
erly, allografts have a high success rate and have 
demonstrated similar fusion rates to autografts in 
spinal procedures [13].

Cortical allografts, like autograft, can be used 
as an onlay graft. They have been used to treat 
pathologies such as fibrous dysplasia, giant cell 
tumor, surface-based lesions resections, segmen-
tal defects after trauma or resections for sarcoma, 
and replacing bone lost in revision total joint 
arthroplasty [29]. Cortical allografts are used in 
spinal augmentation (spacers and wedges in 
various forms and designs) for filling large skel-
etal defects where immediate load-bearing resis-
tance is needed. Whether the graft is frozen or 
freeze- dried, the cortical allograft undergoes 
incorporation via creeping substitution, a process 
initiated by osteoclastic resorption followed by 
sporadic formation of new appositional bone via 
osteoconduction [3]. The volume of allograft 
used affects the remodeling and conversion into 
host bone. Even after 5 years post implantation, 
large allografts may show only 20% “internal 
repair” Has occurred [30]. The persistence of an 
unincorporated and necrotic core can develop 
microfractures, decrease bone mineral density, 
and result in reduced mechanical strength and 
failure many years after implantation [30]. In 
opening wedge osteotomies, allograft performed 
well in mean time to union with a low loss of cor-
rection, but union time versus autograft was lon-
ger with a higher delayed or nonunion rate [31]. 
Allograft bone in primary arthrodesis and oste-
otomy procedures in foot and ankle surgery com-
pares favorably with autograft in terms of fusion 
rates and clinical outcomes with fewer complica-
tions [32]. In anterior cervical discectomy and 
fusion, cervical spacer allografts have the highest 
fusion rate for the relatively low cost to other 
bone grafting options with equivalent clinical 
outcomes [33]. In revision anterior cruciate 

4 Biomechanics of Bone Grafts and Bone Substitutes



44

ligament (ACL) procedures, the bone tunnel fre-
quently requires grafting so allograft unicortical 
dowels have been employed to provide either a 
single or two-stage technique [34, 35].

Regenerative and long-term clinical consider-
ations—Compared to autografts, a slower 
sequence of events happens in the remodeling 
process. In some cases, the allograft may be 
delayed by a host inflammatory response which 
causes fibrous tissue formation around the graft 
which entraps the allograft and results in incom-
plete resorption for many years post implanta-
tion. Fresh frozen and freeze-dried bone allografts 
induce more prompt graft vascularization, incor-
poration and bone regeneration than fresh 
allograft [1]. The process of freeze-drying bone 
offers safety advantages but it renders the tissue 
substantially weaker. Its use as a morselized graft 
in impaction bone grafting in hip surgery has 
demonstrated 86–90% graft survival rates 
7–8 years post implantation [30].

4.3.2  Demineralized Bone Matrix 
(DBM)

Demineralized Bone Matrix (DBM) is an osteo-
conductive and osteoinductive bone graft substi-
tute composed of allograft bone with the 
inorganic materials removed [36]. Produced from 
ground human cortical, corticocancellous or can-
cellous bone this highly processed allograft tis-
sue has 40–100% of the mineral removed from 
the organic bone matrix by exposure to mild acid, 
a process that leaves the collagens, non- 
collagenous proteins, and growth factors natu-
rally present in bone largely intact [3]. 
Demineralization renders the bone osteoinduc-
tive by “unmasking” the inductive proteins pres-
ent in the bone extracellular matrix. This residual 
matrix is frequently combined with a carrier to 
improve handling and performance properties. 
As a result, the DBMs available for clinical use 
come in a variety of forms ranging from mold-
able and injectable putties, pastes, pastes with 
chips, strips, and sponges.

The collagenous and non-collagenous pro-
teins preserved throughout the demineralization 

process create an osteoconductive scaffold. 
Furthermore, the DBMs are osteoinductive by 
virtue of the remaining growth factors, which are 
directly correlated with the preparation method 
and can include bone morphogenetic protein 
(BMP), fibroblast growth factor, transforming 
growth factor beta (TGF-β), and vascular endo-
thelial growth factor (VEGF) [13, 36]. Natural 
donor-to-donor variability, as well as the differ-
ences in tissue processing methods, results in an 
intrinsic range of osteoinductive potential in 
commercial DBMs as evidenced by testing in 
validated osteoinductivity assays [37].

Structural considerations—DBMs lack 
mechanical strength and are used primarily for 
filling bone defects or as autograft extenders. 
The carriers used with particulate DBMs mini-
mize DBM migration and can provide resis-
tance to displacement during lavage or motion. 
In an attempt to provide some structural integ-
rity, incorporate additional osteoconductive 
scaffold, slow remodeling rate and maintain or 
increase the overall bone volume, some DBM 
preparations incorporate cancellous allograft 
chips or cortical fibers. Demineralized 
“sponges” produced from blocks and strips of 
cancellous bone are able to maintain their 
inherent shape and volume at the site of 
implantation and are frequently combined with 
bone marrow aspirate (BMA) to provide a 
more biologically complete graft.

Clinical considerations—DBM products have 
a long history of safe and effective clinical use 
and their benefit to patients are widely recog-
nized. However, the lack of industry standards for 
the production and performance of DBM prod-
ucts has resulted in vast inconsistencies in these 
products. There are several attributes to consider 
when selecting a DBM product. DBMs vary with 
respect to the donor sources, how they are 
extracted, processed, formulated, and packaged. 
This variability has important clinical conse-
quences and offers assorted advantages or disad-
vantages. Clinicians are encouraged to understand 
the processing and testing of the DBM products 
through a review of materials provided by the 
manufacturer or the comprehensive literature 
available on the subject (Table 4.2) [37].
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The biologic properties of DBM graft materi-
als that should be considered include: (1) risk of 
disease transmission or immune-mediated rejec-
tion; (2) remodeling and incorporation into the 
host tissue; (3) promotion of surface-level bone 
growth or osteoconductivity; (4) osteoinductive 
activity; and (5) foster controlled new bone 
growth [37]. DBM physical properties to con-
sider may include: (1) increased total volume of 
the graft when used as a graft extender; (2) effec-
tiveness as a scaffold with good mechanical 
strength; and (3) handling characteristics which 
facilitates graft manipulation and placement and; 
(4) resistance to migration or displacement by 
irrigation and movement [37]. The carriers used 
with DBMs and the DBM:carrier ratios greatly 
affect the biologic potential, clinical handling 
and utility in various indications [38]. Some 
forms of DBM are more ideal for mixing with 
autogenous bone or BMA, strips or sponges may 
be used where some support or scaffolding are 
required, and some may be more amenable for 
defect filling or injected thru a syringe. Familiarity 
with the various forms of DBM (putties, pastes, 
injectable putties, pastes with chips, strips, and 
sponges) will aid in the proper selection to opti-
mize the desired clinical outcome.

Regenerative and long-term considerations—
There are no industry standards for 

demineralization processes employed by various 
producers and different processes may result in 
variable essential components in the DBM 
depending on the processes used. Inconsistency 
is compounded by the donor-to-donor variability 
discussed previously. Some of the processes used 
may even result in partial or complete inactiva-
tion of the BMPs resulting in reduced product 
efficacy [39]. One of the reasons for the variabil-
ity of DBM products is many DBMs are regu-
lated in the U.S. as tissue products, where the 
focus is on tissue safety and traceability versus 
processing, formulation, and indications for use.

DBMs have also been used in revision ACL 
procedures to address tunnel defects or tunnel 
widening in two-stage procedures [40]. However, 
much of the effort to improve the regenerative 
properties of DBM has been focused on spinal 
applications where these products have gained 
wide acceptance. Numerous clinical reports in 
spinal applications describe DBM efficacy as an 
alternative to autograft [13]. There have been 
reports of graft collapse due to the inferior struc-
tural composition in lumbar fusion [13] and a 
similar report regarding graft collapse in cervical 
fusion [28] illustrating the need for additional 
long-term clinical studies.

Animals have proven useful to define best 
practices in the use of DBMs in spinal fusion. In 
a posterolateral fusion model in athymic rats, 
DBMs were able to successfully demonstrate 
fusion at a higher rate compared to other allograft 
alternatives but also lot variability was also evi-
dent [41]. Animal studies have also demonstrated 
a range of effectiveness in the different commer-
cial DBM products [39].

The effort to improve DBM performance is 
proceeding on several fronts. The addition of dif-
ferent materials to DBM, i.e., nanofiber-based 
collagen scaffolds, are under investigation to 
enhance the biological or mechanical perfor-
mance of the DBM [42]. Future products may 
incorporate carriers that optimize the environ-
ment to recruit cells, encourage angiogenesis, 
facilitate early healing and produce new healthy 
bone [37].

To reduce the graft rerupture rate and 
improve tendon-to-bone healing in ACL 

Table 4.2 Considerations in the selection of DBM 
products

Consideration Issues
Safety  • Clinical experience

 • Tissue processor
 • Sterility
 • Regulatory status

Composition  • DBM concentration
 • Carrier
 • Processing methods

Biological properties  • Osteoinductivity testing
 • Lot-to-lot variation

Forms  • Putty
 • Paste
 • Gel
 • Strips

Handling properties  • Graft extender
 • Injectable
 • Moldable
 • Limited migration
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reconstruction procedures, a recently devel-
oped technique combined a proprietary DBM 
formulation, BMA, and autologous bone col-
lected during tunnel drilling to produce a graft 
mixture to fill the tunnels prior to the tendon 
graft passage [43].

4.4  Cellular Allografts: 
An Autograft Alternative

Recently, cellular allografts or cellular bone 
matrices (CBMs) have been developed to pro-
vide mesenchymal or osteoprogenitor cells for 
osteogenic grafting without the need for an 
autograft harvest. These products are designed 
to provide the scaffold, the signals, and the 
cells. CBMs are made using proprietary tech-
niques which are aimed to preserve mesenchy-
mal stem cells (MSCs). Because they contain 
live cells, the source and living status of the 
donor, the screening process, and the review of 
donor medical and social history is more strin-
gent than traditional allografts [44]. Screening 
also includes  serological and microbiological 
testing. The MSCs may be sourced from can-
cellous bone or adipose tissue. Within 72 h of 
death, a cadaver’s donor bone is harvested and 
after initial evaluation, processing begins with 
isolation of cancellous bone chips and the mill-
ing and demineralization of cortical bone. The 
cancellous bone is treated to minimize immu-
nologic issues, cryopreserved and then mixed 
with demineralized bone or cancellous bone 
ships. Other processors use cadaveric adipose 
tissue as the source of the human MSCs which 
are then mixed with demineralized bone and 
then cryopreserved. Total nucleated cellular 
concentration ranges from 250,000 to 3,000,000 
cells/cc. where the number of actual mesenchy-
mal stem cells may be a small fraction of the 
total. In the U.S., most commercially available 
CBMs fall under the HCT/P guidelines and are 
regulated as tissue, but some have encountered 
regulatory challenges due to unsubstantiated 
claims regarding composition and clinical 
efficacy.

Structural considerations—CBMs lack 
mechanical strength and are used in void or 
implant filling. Handling is similar to that seen 
with particulate bone grafts combined with 
BMA.

Clinical considerations—CBMs are 
regarded as premium products that are chal-
lenging and costly to produce, but nonetheless 
an attempt to provide the triad of components 
required for the ideal bone healing product. In 
a comparative test in posterolateral fusion in 
athymic rats, CBMs did not fuse as well as 
other grafting options [41]. Concern has been 
raised whether the athymic model is appropri-
ate for testing a viable cell product. The prod-
ucts in the marketplace have a great variability 
in cellular concentration and the ideal cell con-
centration and type of cells may not be present 
[20]. This cell concentration issue can also be 
manifested in the donor age at the time of graft 
harvest as there is an age-related decline in the 
number of cells. The source of CBM, whether 
from bone or fat, may affect their ability to 
undergo osteoblastic differentiation in the 
human in vivo environment [44]. Other consid-
erations include the number of viable cells that 
survive storage, thawing, transplantation, pre-
sentation at the site and recipient immunogenic 
response.

Regenerative and long-term considerations—
CBMs conceptually have much promise and 
have captured much interest. In challenging foot 
and ankle arthrodesis and revision nonunion pro-
cedures, a specific CBM formulation demon-
strated a high union rate [45]. The key to 
differentiating its regenerative capacity is the 
viability of the cell component, concentration, 
viability, and ability to differentiate. So, donor 
sourcing and selection can be an important fac-
tor. As a tissue product, any additional process-
ing needed to ensure adequate cell concentrations 
would create regulatory challenges. Additionally, 
the manufacturing of these products requires 
some unique logistical challenges for tissue pro-
cessors so broad availability may be limited. 
Additional studies will identify the efficacy of 
this product.
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4.5  Xenografts: An Unlimited 
Biologic Alternative

Xenografts or heterologous grafts are bone grafts 
sourced from non-human sources. Xenografts 
are harvested from one individual and trans-
planted into another individual of a different spe-
cies [1]. Xenografts are sourced from coral, 
porcine, or bovine sources. The main advantage 
of xenografts is the theoretical unlimited supply 
if they can be processed to be safe for human 
transplantation. Concerns with immunogenicity 
and disease transmission, including prions, are 
the primary objections to the use of xenograft 
tissue. To denature the proteins responsible for 
immunogenicity and remove lipids, some use 
chemical methods to remove these elements 
prior to terminal sterilization [30]. Other pro-
cesses use high temperature thermal cycling to 
deproteinize the bone tissue. These processes 
destroy the arrangement of collagen fibrils and 
crosslinking [16]. These processes also effect 
osteogenic and osteoinductive properties since 
the remaining tissue is primarily a calcified 
hydroxyapatite scaffold and collagen. 
Deproteinization using milder reagents can pre-
serve the inherent collagen architecture and can 
influence bone regeneration. Other  processes 
just seek to remove cells and lipids which can 
elicit an immune reaction but maintain the col-
lagen integrity and mechanical properties.

Structural considerations—Most xenografts, 
like allografts, are available as powders or par-
ticulates and some structural forms have also 
been developed. Though the mechanical proper-
ties of the xenograft bone may be similar or supe-
rior to allograft bone, the advantages are the 
almost unlimited availability and a mechanically 
consistent product. The source of the xenograft 
tissue is usually controlled and so a higher prob-
ability of being reproducible.

Clinical considerations—Xenograft cancel-
lous or cortical bone incorporates in a similar 
manner to allograft. The clinical use of xeno-
grafts has demonstrated success as a graft 
extender when mixed with autogenous tissue. 
There have been reports of early graft resorption, 
loosening, and foreign body reactions, as well as 

satisfactory clinical reports when the xenograft is 
mixed with bone marrow [1, 30]. In some studies 
the xenograft trabecular graft was second best to 
the autogenous cancellous bone [1].

Regenerative and long-term considerations—
To increase the biological activity of xenograft 
bone, the potential of xenogeneic DBM has been 
investigated with mixed early results. With 
respect to processing, multiple physical, chemi-
cal, and enzymatic methods have been used to 
remove antigens, but preserve the extracellular 
matrix and mechanical and functional character-
istics. These acellularization methods may result 
in reducing or eliminating immunogenicity of 
xenografts which may enhance graft incorpora-
tion [1]. Xenografts are globally regulated as 
medical devices so commercialization requires 
demonstration of product safety and clinical effi-
cacy. Additionally, commercial availability of 
xenograft bone is limited globally.

4.5.1  Synthetic Bone Graft 
Substitutes

Most synthetic bone graft substitutes are 
approved as autograft extenders, requiring that 
they be combined with the patient’s own bone or 
bone marrow principally because they lack viable 
osteogenic cells which embody one of the triad of 
essential elements present in autograft.

Approval for commercial sale requires that the 
supplier indicate the composition and intended 
use of each product which should serve as a guide 
to the end user.

4.5.2  Calcium Sulfate

Calcium sulfate (plaster of Paris) is considered a 
first generation osteoconductive bone graft substi-
tute and is still in use as a bone void filler or auto-
graft extender. It is generally used as a nonsetting 
pelletized material that lacks the mechanical 
properties to provide sustained structural support 
[46]. The primary applications for calcium sulfate 
bone graft substitutes have been as a nonstructural 
bone void filler or for antibiotic delivery [47].
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4.5.3  Calcium Phosphates

With a long history of safe and effective use, cal-
cium phosphates (CaPs) are the largest category 
of synthetic bone graft materials. Differences in 
chemical composition, crystallinity, processing, 
shape, and porosity produce a spectrum of CaP 
graft materials with variable physical properties, 
and dissolution or degradation profiles. CaPs 
include β-tricalcium phosphate (β-TCP), 
hydroxyapatite (HA), combinations of β-TCP 
and HA, CaP collagen composites, ion- substituted 
CaPs, CaPs combined with other calcium salts, 
and CaP Cements. Recent reviews provide rele-
vant and comprehensive information on these 

materials and useful background for the topics 
presented here [48, 49].

Often referred to as osteoconductive, synthetic 
bone graft substitutes, including CaPs, are medi-
cal devices approved as bone void fillers with the 
following use restrictions: intended for use as a 
“resorbable bone void filler for voids or gaps 
that ARE NOT (emphasis added) intrinsic to the 
bone structure and…should not be used to treat 
large defects that in the surgeon’s opinion would 
fail to heal spontaneously.” Other restrictions 
may include that the bone graft substitute is for 
use only as a graft extender to be combined with 
autograft or bone marrow aspirate (Table  4.3) 
[33, 50].

Table 4.3 Characteristics of bone graft options (Reproduced with permission from [29])

Graft, substitute, 
or augment Comments

Advantages and 
disadvantages

Common 
applications Product examples

Cancellous 
autograft

Gold standard
No disease transmission

Limited availability
Donor-site morbidity
No structural support

Curettage and 
cancellous grafting

n/a

Cortical autograft 
(fibula, etc.)

Rapid union, osteogenic Technically demanding 
if vascularized
Donor-site morbidity

Segmental diaphyseal 
defects

n/a

Cancellous 
allograft

Fresh frozen has some 
growth factors 
preserved
Freeze dried lowest 
likelihood of disease 
transmission

10–15% infection rate
Limited shelf life 
(~1 year at −20 ° C)

Curettage and 
cancellous grafting

MTF™ cancellous 
chips

Cortical allograft Structural support
Osteoarticular with 
ligaments and tendons

10–15% graft failure
10% nonunion
Immunogenic

Intercalary 
osteoarticular strut

MTF™ 
osteoarticular distal 
femur graft

Calcium Sulfate “Plaster of Paris” Rapid resorption 
(4–12 weeks)
Inconsistent setting 
wound drainage

Can be mixed with 
antibiotics

Osteoset™ (Wright 
medical, TN)

Calcium 
phosphate

High compressive 
strength (4-10× 
cancellous bone)

Slow resorption (95% 
resorbed in 26 to 
86 weeks)

Periarticular voids Norian SRS™ 
(Synthes, PA) 
Hydroset™ 
(Stryker, MA)

Demineralized 
bone matrix 
(DBM)

Variable 
osteoinductivity based 
on formulation

No structural support 
possible reaction to 
carrier (e.g., glycerol)

Commonly mixed 
with allograft void 
filler

Grafton DBM™ 
(Osteotech, NJ)

Bone 
morphogenetic 
proteins (BMP)

rhBMP-2 and rhBMP-7 
approved for 
humanitarian device 
exception

No osteoconductive or 
structural support
Requires collagen or 
bone mineral substrate 
osteolysis, ectopic bone

No role in oncologic 
setting due to risk of 
increased 
oncogenesis

Infuse™ 
(Medtronic, TN) 
Op-1™ (Stryker, 
MA)

Polymethyl 
methacrylate 
(PMMA)

Unlimited supply, low 
cost

Excellent in 
compression
Poor mechanical 
properties in shear/
tension

Currettage and till 
periarticular voids

Simplex™ (Stryker, 
MA)
Palacos™ (Heraeus, 
Germany)
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This section of the review will focus on the 
characteristics and use of the subset of bone graft 
substitutes that provide stabilization and mechan-
ical support at the site of application. Biological 
characteristics and biomechanical properties, 
material handling and physical form, along with 
patient requirements, are the primary factors in 
determining which bone graft substitute is most 
appropriate for the intended application.

4.6  Items to Consider

4.6.1  Porosity

The degree of material porosity plays a critical 
role in the biology and clinical performance of a 
bone graft substitute. Porosity creates the local 
mechanical and biological environment while 
providing a necessary route for neovasculariza-
tion, and migration, proliferation and phenotypic 
expression of regenerative mesenchymal stem 
cells, pre-osteoblasts and osteoblasts [11, 51]. 
Importantly, within comparable classes of bio-
materials, porosity generally correlates with 
mechanical strength and resorption rates [11]. 
For these reasons, porosity should be one of the 
most important material characteristics in deter-
mining the suitability of a bone graft substitute 
for a clinical indication.

It is sufficient to consider pore size into two 
general groups: micropores (<5  μm pore size) 
and macropores (>100  μm pore size) [52, 53]. 
Whereas microporosity is considered necessary 
for predictable bioresorption [54], it is generally 
accepted that macropores >100 μm are required 
for osteoconductivity [48, 49] the accepted “opti-
mal” macroporosity of a bone substitute that 
allows for ingrowth of bone is between 150 and 
500 μm [55]. An osteogenic response, including 
BMP-induced osteogenesis, is reportedly better 
when the pore size is >300 μm [52, 56, 57].

Within a scaffold, in  vivo bone formation 
involves creating an environment that brings 
together the essential elements for bone forma-

tion. Where microporosity and surface roughness 
enhances attachment, proliferation and differen-
tiation of anchorage dependent bone forming 
cells [49] and has proven benefit as a surface 
treatment to improve implant fixation [58, 59], 
higher porosity is conducive to osteogenesis [51]. 
Larger pores allow vascular ingrowth and support 
cellular activities that enhance bone ingrowth and 
complete integration and potential remodeling of 
the graft materials after surgery.

Other factors, such as the rate of degradation 
and the mechanical performance of the scaffold, 
both of which are profoundly affected by mate-
rial porosity, should be taken into account when 
suitability is assessed. Scaffolds fabricated from 
ceramics with a high degradation rates should not 
have high porosity (>90%) as material must per-
sist at the site long enough to conduct new bone 
formation otherwise the reparative process could 
be compromised [52].

Where the rate and extent of bone ingrowth 
clearly correlates with the percent porosity of a 
bone graft substitute, there is no consensus 
regarding which type of porosity provides the 
optimal environment for bone formation. The 
rate and quality of bone integration have been 
related to a dependence on pore size, porosity 
volume fraction, and interconnectivity, both as a 
function of structural permeability and mechan-
ics [51].

4.6.2  Interconnectivity

Another important factor that determines the 
effectiveness of porosity, and therefore the effec-
tiveness and ultimate fate of the graft material, is 
the way the pores connect with each other and 
provide a pathway for fluids, vasculature and 
cells to infiltrate the innermost aspect of the 
material. The pores may be either interconnected 
or “dead-ends,” features that can be reproducibly 
introduced into the material by design and pro-
cess during manufacturing. In general, bone graft 
materials, and specifically calcium phosphates 
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with interconnected pores have a distinct advan-
tage over biomaterials containing dead-end 
pores. Interconnectivity allows for ingrowth of 
new bone which in turn provides better long-term 
stability at the graft-hoist interface [53], provide 
for consistent incorporation of the bulk graft 
material and more uniform remodeling.

4.6.3  Mechanical Stability, 
Structure, and Biology

Mechanical stability in the microenvironment of 
bone grafting is essential, though often not 
afforded the consideration given the trinity of 
osteoconductivity, osteoinduction, and osteo-
genesis [60]. The unmet challenge is to bring all 
four elements together in a single material, 
achieving clinically meaningful and sustainable 
mechanical properties in a material that has the 
pore size, structure and cellularity to support 
bone formation. Optimization of performance 
must also include consideration of the morphol-
ogy of a porous structure on the material and in 
situ mechanical properties [11]. These properties 
vary greatly among the various biomaterials and 
depend on their porosity, micro, and macro 
architecture. Significant parameters that differ-
entiate the indications of the different scaffolds 
and  biomaterials are the quality and density of 
the host bone bed and the local biomechanical 
demands of the graft site. Moreover, bone graft 
biomechanics evolve parallel to the progress of 
the graft incorporation and remodeling. All these 
issues have formed the bases for intense research 
efforts to improve initial mechanical properties 
of the available biomaterials as well as to guar-
antee the presence of a mechanically reliable 
construct throughout all the remodeling phase of 
fracture healing. However, there is an upper limit 
in porosity and pore size set by constraints asso-
ciated with mechanical properties. An increase 
in the void volume results in a reduction in 
mechanical strength of the scaffold, which can 
be critical for regeneration in load-bearing 

bones. For example, an increase of the total 
porous volume from 10 to 20% results in a four-
fold decrease in material mechanical strength 
[53]. Whether it is possible to increase pore size 
while at the same time maintaining requisite 
mechanical requirements of the material depends 
on many variables, including the intrinsic mate-
rial properties, processing, and ultimately the 
practical suitability for the intended use. The 
operative or nonoperative techniques of fracture 
stabilization and fixation, and the chemical, 
structural, and mechanical properties of the graft 
material all interact and affect the bone repair 
process. The mechanical environment where a 
graft material is expected to serve as a substrate 
supporting bone formation has equal signifi-
cance to the biologic properties of the graft itself 
in making decisions regarding which synthetic 
bone graft substitutes are appropriate for specific 
clinical applications.

4.6.4  Biomechanics of Synthetic 
Bone Graft Substitutes

The property that is most often used to charac-
terize the mechanical behavior of bone substi-
tutes is their compressive strength. Bone graft 
substitutes that are used a graft extenders or 
void fillers that by regulatory approval are 
described as a “resorbable bone void filler for 
voids or gaps that ARE NOT (emphasis added) 
intrinsic to the bone structure” usually lack 
in  vivo mechanical strength. These materials 
are suitable for using as a stand-alone graft 
(per the Instructions for Use) for smaller, sta-
ble voids and they will eventually resorb, 
remodel, or become incorporated into the host 
bone.

The biomechanical properties of the CaP 
bone graft substitutes are highly variable [61]. 
Unless in a cementitious or highly sintered 
forms they are brittle, often friable with little 
compressive or tensile strength. They do not 
provide significant biomechanical support. 
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TCPs are less brittle than HA but resorb quickly, 
rapidly losing what little mechanical strength 
they may have when implanted. Although 
increased porosity and pore size facilitate bone 
ingrowth, porosity compromises the structural 
integrity of CaPs resulting in an even further 
reduction in mechanical properties. When used 
in a site that is mechanically unstable or is oth-
erwise compromised, these nonstructural CaP 
void fillers generally require some form internal 
or external stabilization to achieve successful 
arthrodesis.

4.6.5  Synthetic Bone Graft 
Substitutes with Mechanical 
Strength

The structural, physiological, and biomechanical 
properties of calcium sulfate, calcium phosphate 
and methacrylate cements should guide decisions 
regarding their safe and effective use. These 
materials may provide immediate, short-term, 
and often long-term mechanical stability but 
those essential characteristics come at the 
expense of other properties, notably lack of 
porosity and ability to remodel into bone in an 
appropriate time frame. Importantly, when com-
paring bone graft substitutes, including cements, 
similar chemistry or material composition does 
not necessarily indicate that materials have iden-
tical or even similar properties.

4.6.6  Calcium Sulfate Cements

Injectable calcium sulfate (CaS) cement has 
been used successfully to treat a variety of clin-
ical indications, including tibial plateau frac-
tures [62], benign bone lesions [63], plated 
proximal humeral fractures [64]. CaS cements 
are biocompatible, biodegradable, osteocon-
ductive and integrates well with osseous tis-
sues. The cement cures isothermally in less 
than 5 min and achieve a compressive strength 

of approximately 40 MPa, comparable to can-
cellous bone. An average pore size of approxi-
mately 60  μm (range 10–250  μm) has been 
reported for CaS cement [65]. However, CaS 
cement is brittle and is absorbed more quickly 
(6–12 weeks) than other cements. Degradation 
is by dissolution and reabsorption and occurs 
independent of bone formation, raising con-
cerns that absorption of the graft and subse-
quent loss of mechanical strength could occur 
before bone healing is complete, increasing the 
risk that healing will fail or result in a pseudo-
arthrosis. These concerns naturally limit most 
clinical use of CaS cements to filling voids 
where structural support is not needed.

4.6.7  Calcium Phosphate (CaP) 
Cements

The two principal types of calcium phosphate 
(CaP) cements differ based on the end product 
of the setting reaction: apatite [Ca5(PO4)3OH] or 
brushite [CaHPO4.2H2O]. Both are regarded as 
osteoconductive and have the highest compres-
sive strength (10–30  MPa) of the resorbable 
synthetic bone graft substitutes [65]. Apatitic 
CaP cements have received the most attention as 
they represent the chemically and mechanically 
stable crystalline form of CaP phase found in 
bone. Also, apatitic cements set at neutral pH 
whereas brushite cements are stable below 
pH  4.2 and form a metastable calcium phos-
phate phase at physiological pH [66]. Brushite 
cements resorb much more quickly than apatite 
cements [67].

CaP cements are generally nonporous or 
slightly porous upon setting. With only a few 
exceptions CaP cements typically have <4% total 
porosity with pore size ranging between 40 and 
100 μm [65]. Applying the conventional wisdom 
that pores >100 μm are necessary for osteocon-
duction, CaP cement pore size and overall poros-
ity would be considered suboptimal but still 
qualify as nominally osteoconductive.
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CaP cements, especially apatitic cements, 
can remain in place for years. Lacking macro-
porosity they undergo surface resorption or 
degradation from the outside in. Incorporation 
of faster resorbing calcium salts (e.g., calcium 
sulfate or β-TCP) into apatitic cements acceler-
ate the cement resorption by creating porosity 
as these more quickly resorbing materials are 
removed, leaving behind voids in the remaining 
apatitic CaP. These cements achieve their high-
est mechanical strength upon implantation and 
complete setting and lose strength as they 
become porous. Likewise, CaP cements that 
have the highest porosity on setting have a 
faster resorption rate and inversely have the 
lowest initial compressive strength, typically 
<1 MPa.

CaP cements have been used in several clini-
cal indications, including fractures of the tibial 
plateau [68], calcaneus [69], distal radius [70], 
femoral neck [71], and humerus [72].

Non apatitic cements, due to primarily to their 
faster resorption, have clinical applications where 
the loss of mechanical strength over time is 
acceptable. Notably they have been used to stabi-
lize traumatic fractures of the spine [73, 74].

4.6.8  Methacrylate Cements

A discussion of the mechanical properties of 
bone graft substitutes would not be complete 
without including methacrylate cements. 
Polymethyl methacrylate (PMMA) and bisphe-
nol A-glycidyl methacrylate (Bis-GMA) 
cements are widely used in orthopedics and 
dentistry as they provide immediate mechanical 
stabilization and pain reduction. They represent 
a unique class of biocompatible, non-resorb-
able materials that do not remodel into bone, 
and in the case of PMMA used primarily as 
anchoring cement in joint arthroplasty [75]. 
Both PMMA and bis- GMA are used in clinical 
applications that overlap with CaP cements, 
notably vertebroplasty and balloon kyphoplasty 

for treating pathological fractures of the verte-
bral body [76, 77].

Bis-GMA cement blended with bioactive 
glass 45S5 [78, 79] has a compressive strength 
comparable to dense cancellous bone [65]. This 
blended material has enhanced hydrophilicity 
compared to PMMA or unsubstituted bis-GMA 
and exhibits strong bonding to bone. In addition 
to use in vertebroplasty [77] blended bis-GMA 
has been used to augment pin fixation in distal 
radius fractures [80].

4.7  Summary

Bone grafting is one of the most common surgi-
cal methods used to augment bone regeneration. 
Bone grafts and bone graft substitutes continue to 
evolve with the emergence of orthobiologics 
which continues to produce new therapies in 
bone healing [36]. The goal to be “as good as” 
autografts and provide the triad of osteoconduc-
tion, osteoinduction, and osteogenesis is still elu-
sive in commercially available products. The 
various categories of options reviewed in this 
paper all have varying degrees of these properties 
(Table 4.4).

The “diamond concept” for a successful bone 
repair response, gives equal importance to 
mechanical stability and the biological environ-
ment. Overall, the diamond concept encompasses 
a broader appreciation of the factors such as the 
presence of osteoinductive mediators, osteogenic 
cells, an osteoconductive matrix (scaffold), opti-
mum mechanical environment, adequate vascu-
larity, and any existing comorbidities of the 
patient [60, 81]. Developments continue to 
describe the use of additional materials (ions), 
bioactive molecules, and cells which are 
described in numerous review articles [3, 36, 82]. 
and biologic approaches. All of these future 
developments will need to be supported by high- 
quality clinical trials before they become the 
standard of care treatments and totally replace 
autograft (Fig. 4.2).
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Table 4.4 Key bone healing properties of bone grafting options (adapted from [36])

Bone grafting options and their specific osteoconductive, osteoinductive, and osteogenic properties
Osteoconductive Osteoinductive Osteogenic Advantages Disadvantages

Cortical 
autograft

+ + +  • Bone healing  •  Limited 
quantity

 •  All components of 
triad

 •  Quality donor 
dependent

 • Immunocompatible  •  Harvest site 
morbidity

 • No infection
Cancellous 
autograft

+++ +++ +++  • Bone healing  •  Limited 
quantity

 •  All components of 
triad

 •  Quality donor 
dependent

 • Immunocompatible  •  Harvest site 
morbidity

 • No infection
Cortical 
allograft

+ ± -  •  No donor site 
morbidity

 •  Infection 
transmission

 •  Ability to mix with 
bioactive agents

 •  Reduced 
biological or 
biomechanical 
properties

 •  Sterilization 
may be 
required

Cancellous 
allograft

+ ± -  •  No donor site 
morbidity

 •  Infection 
transmission

 •  Ability to mix with 
bioactive agents

 •  Reduced 
biological or 
biomechanical 
properties

 •  Sterilization 
may be 
required

Demineralized 
bone matrix

+ ++ -  •  Some bone healing  • V ariability 
from lot-to-lot

 •  Availability  •  Bone healing 
variability due 
to processing

 •  Ease of use
Calcium 
ceramics

+ - -  •  Availability  •  No biologic 
activity

 •  Ability to mix with 
bioactive agents

 •  Low 
mechanical 
strength

 •  Long shelf life
 •  No infection risk

Bone marrow 
aspirate

- + +++  •  Biologic activity  •  Requires a 
scaffold •  Minimal donor site 

morbidity
Bone 
morphogenetic 
protein

- +++ -  •  Bone healing  •  Potential for 
complications •  Availability

Platelet-rich 
plasma

- + +  •  Biologic activity  •  Lack of 
efficacy in 
bone

 •  Immunocompatible

+, activity; −, no activity; ±, activity depends on preparation process
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5.1  Introduction

Repair of articular cartilage repair has continued 
to be a challenge in orthopaedic practice [1, 2]. 
Methods to regenerate chondral tissue have 
involved the application of stem cells and chon-
drocytes, along with the development of biomate-
rials. Biomaterials used in chondral regeneration 
must eventually either possess properties similar 
to that of cartilage to function as an effective 
replacement or medium for regeneration, or be 
biodegradable and replaced with a  hyaline 
cartilage- like matrix. In the past, various tech-
niques and modalities have been utilised ranging 

from gel-like materials [3, 4] solid scaffolds and 
scaffold-free treatments [5] to achieve better cel-
lular presence and proliferation within the defect 
[6]. Articular cartilage is a complex tissue in 
terms of structure and joint function, and can 
vary in different sites within a joint. From a bio-
mechanical standpoint, the main functions of 
articular cartilage are load transmission, force 
absorption, and lubrication [7, 8]. In this chapter, 
we aim to highlight the characteristics of natural 
and synthetic biomaterials available for chondral 
tissue regeneration.

5.2  Components of Articular 
Cartilage

Cartilage is hypocellular, containing chondro-
cytes [7] surrounded by an extracellular matrix 
(ECM) made of mainly collagen, proteoglycans 
(PG), and water [9]. These components exhibit 
widely distinct and differing properties, and their 
presence within the tissue is variable, with the tis-
sue nearest the articular surface having the great-
est water content and a low PG content [10, 11]. 
Layers adjacent to the subchondral bone have 
greater PG content and lower water content. 
Collagen and chondrocyte fibre arrangement is 
also variable. The superficial zone has flatter and 
elongated chondrocytes with a  surface parallel 
collagen fibre arrangement [12]. Into the middle 
zone, collagen fibres are arranged randomly with 
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rounded chondrocytes [13]. The deeper zones 
have chondrocytes arranged in columns with col-
lagen fibres perpendicular to the joint surface. 
The deeper zone residing chondrocytes produce a 
greater amount of ECM and collagen [14]. It is 
with these components that cartilage fulfils its 
biomechanical roles in joint articulation. Thus, 
the structural complexity of native hyaline carti-
lage poses challenges to its effective repair and 
regeneration.

5.3  Biomechanics of Cartilage

Articular cartilage is a biphasic medium with a 
fluid phase and a solid phase [15, 16]. The solid 
phase of cartilage consists of collagen, chondro-
cytes, PGs, and lipids. It is the fluid phase prop-
erties of cartilage that protect the solid phase 
from damage during loading and articulation. 
Cartilage maintains an aqueous environment at 
near neutral pH, making the PGs polyanionic 
with negatively charged sites [17, 18]. The mol-
ecules repel each other and disperse to occupy a 
larger volume which is restricted by the collagen 
framework. During compression, there is an 
increase in interstitial fluid pressure in the chon-
dral tissue and the negatively charged PG ions 
are brought closer together resulting in increased 
repulsion forces which provide the tissue with a 
compressive stiffness known as the flow inde-
pendent mechanism [19]. The flow-dependent 
mechanism of cartilage occurs when compressed 
fluid flows through the tissue and across the 
articular surface produces a frictional drag on 
the matrix [20, 21]. The same has been observed 
within the tissue where a compressed region of 
tissue expels fluid into the surrounding non-
compressed regions of the tissue. Cartilage has 
low permeability and fluid does not flow through 
the tissue quickly resulting in a biphasic visco-
elastic behaviour [22]. Within the middle zone, 
the random collagen fibril distribution provides 
resistance to shear, and intra- and intermolecular 
cross-links increase the strength of the fibrils, 
allowing them to stretch.

5.4  Biomaterials for Articular 
Cartilage Repair 
and Regeneration

A biomaterial for chondral regeneration must 
simulate properties similar to cartilage. An 
ideal biomaterial should be mechanically 
strong yet elastic, be biocompatible, biode-
gradable, porous, cyto-compatible, and offer 
efficient delivery. Cartilage ECM is dense, and 
to simulate this electrospinning has been uti-
lised to synthesise nanofibrous scaffolds using 
various biomaterials. Electro spun scaffolds 
have a high surface area to volume ratio [23] 
and although they mimic the dense structure of 
native cartilage ( [24], the increased density 
can hamper cell migration. Figure 5.1 enumer-
ates the ideal attributes of a cartilage 
biomaterial.

5.5  Natural Biomaterials

5.5.1  Agarose

Agarose is a polysaccharide containing mainly 
galactose commonly derived from seaweeds 
[25, 26]. Agarose undergoes mild gelation 
with the formation of intermolecular hydrogen 
bonds within itself. This leads to the formation 
of a double helical structure forming thick bun-
dles within the medium creating a hydrogel 
material [27]. Due to this mechanical stability, 
it is suitable for cell encapsulation [12, 28], and 
literature has shown chondrocytes can express 
their original phenotype and exhibit upregula-
tion of glycosaminoglycan (GAG) production 
in an agarose medium [29]. It is also known that 
the use of bioreactors and functional mechani-
cal loading and overloading of the chondro-
cytes in agarose resulted in tissue with Young’s 
modulus and reparative properties similar to 
native cartilage [30, 31]. However, agarose 
does not undergo  degradation due to its high 
chemical stability, and mammalian cells lack 
receptors that bind to agarose [28].
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5.5.2  Alginate

Alginates are derived from brown algae and are 
hydrophilic [28]. They are a linear polysaccha-
ride copolymers made up of 1,4-linked beta-D- 
mannuronic acid and alpha-L-guluronic acid 
[32]. Alginates express effective gelling prop-
erties which encourage the  development of 
superior chondrogenic phenotypes and mechan-
ical properties similar to hyaline cartilage [33, 
34]. The gelling properties vary depending on 
the species and age of algae from which the 
alginate is derived [35]. Ion loss through leach-
ing is variable when implanted in vivo, leading 
to loss of mechanical stiffness. In addition, 
alginates also cannot be broken down by the 
body due to a lack of interaction with mamma-
lian cell receptors [36].

5.5.3  Chitosan

Chitosan is a chitin-derived natural polysaccha-
ride [37] made of beta- (1–4) D-glucosamine and 
N-acetyl-D-Glucosamine [38], similar to carti-
lage GAGs. It is a popular biomaterial, being bio-
compatible, biodegradable, non-cytotoxic, and 
with low immunogenicity [12, 28, 39]. Chitosan 
can undergo enzymatic degradation by lyso-
somes [40] but does not possess effective gelling 

properties, and therefore, it may not remain long 
in the intended defect site [41]. This has led to the 
manufacture of new drug delivery systems with 
the formation of chitosan gels using cross-linking 
methods [42–44]. In vivo, chitosan has shown 
superior defect fill and use of a bioreactor to 
induce flow shear stress yielded higher collagen 
II and ECM production [45, 46]. Chitosan is 
effective in microfracture blood clot stabilisation, 
preventing clot shrinkage and improving MSC 
density [47–51].

5.5.4  Hyaluronan

Hyaluronan (HA) is a linear GAG abundant in 
articular cartilage ECM, as it encapsulates native 
chondrocytes making it an obvious choice for a 
biomaterial [52, 53]. HA has an effective role in 
nutrient diffusion, tissue hydration, and PG 
organisation [54–59]. Hyaluronan also interacts 
with many surface proteins such as intracellular 
adhesion molecules, cluster differentiation 
 molecules, and receptors for HA-mediated motil-
ity. These aid in cellular proliferation and adhe-
sion [60–62]. HA undergoes degradation by 
native hyaluronidase allowing for its easy 
removal from the body. To improve HA for chon-
dral repair via hydrogel applications, studies 
have chemically modified HA by esterification, 

Biocompatible Biodegradable Porous 

Cytocompatability Non-cytotoxic Elastic 

Nonantigenic Efficient delivery

Fig. 5.1 Enumerating 
the ideal attributes of a 
biomaterial for cartilage 
repair and regeneration
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amidation, etherification, and many more. 
However, results indicate producing mechani-
cally stronger hydrogels can affect the degrada-
tion profile of the HA [52, 63]. Clinical studies 
have employed HA scaffolds in combination 
with bone marrow aspirate cells and reported 
favourable results [64]. HA has also been used in 
second generation ACI, where the addition of a 
three-dimensional structure such as HA is 
thought to encourage better chondral repair 
[65–67].

5.5.5  Fibrin

Fibrin is derived from fibrinogen, and is a protein 
in blood clot matrices. It can be manufactured into 
hydrogels by cross-linking fibrinogen [68]. Fibrin 
demonstrates good cellular compatibility [69], 
in vivo molecule binding, [70] and degradability 
in vivo [68]. It is also approved by the Food and 
Drug Administration (FDA) for cartilage tissue 
engineering [71, 72]. In chondral repair, the use of 
fibrin glue has been shown to promote GAG syn-
thesis which is integral in ECM production, along 
with stabilising the cells in the repair site [73]. 
The drawbacks of fibrin glues are that they are 
mechanically weak with uncontrolled loss of 
integrity and shrinkage [74–77]. However, fibrin 
glues have been an effective mode of cell delivery 
and have been used with autologous chondrocytes 
[78, 79] and MSCs [80].

5.5.6  Collagen

Collagen is made up of a triple helical structure 
and is the main constituent of the ECM of carti-
lage [81]. Due to the self-aggregation properties 
of collagen, it is effective in cell encapsulation 
and provision of tensile strength [12, 82]. 
Additionally, collagen is bioactive exhibiting 
native binding motifs allowing cellular attach-
ment, signalling, and enzymatic degradation [82, 
83]. Collagens are however considered to be soft, 
with an elastic modulus <5 kPa [84]. Therefore, 
they must be manufactured at high density or 

cross-linked with chemicals such as glutaralde-
hyde, formaldehyde, or carbodiimide to enhance 
their properties [85]. Other materials to improve 
the mechanical strength of collagen preparations 
are chitosan nanofibers and hydroxyapatite [47]. 
Collagen can also be utilised as a hydrogel, as 
gelatin is manufactured by denaturing collagen 
and has been shown to promote cell proliferation, 
adhesion, and proliferation [86]. Preclinical data 
has shown benefit and good defect fill using col-
lagen based scaffolds for chondral repair [87], 
along with seeding them with bone marrow 
derived MSCs [88] and chondrocytes [89, 90]. 
Kon et  al. [91] reported the use of a collagen/
hydroxyapatite scaffold for the  repair of osteo-
chondral defects. At 24 months, they noted 70% 
of lesions to have complete fill and integration at 
the boundaries. They concluded the implant to be 
safe and be a viable option for osteochondral 
repair. Efe et al. [92] employed a cell free strat-
egy using only a type I collagen matrix for chon-
dral repair. In their report, all cases had complete 
defect fill and integration at 24  months. Lastly, 
Tohyama et al. [93] utilised autologous chondro-
cyte implantation (ACI) combined with an atelo-
collagen implant in a multicentre trial. They too 
reported superior outcome scores but noted 
detachment of the implant in two cases.

5.5.7  Silk Fibroin (SF)

SF is highly biocompatible, biodegradable, per-
meable to water and oxygen, as well as having 
good mechanical properties [94–96]. SF is com-
posed of repeating amino acid sequences (mainly 
glycine, alanine, and serine) and can be processed 
into foams, films, or electrospun into nanofibrous 
membranes [97]. The structure of SF is easily 
modifiable to improve cell adhesion and biocom-
patibility [98, 99]. A key drawback of silk is that 
it does induce a foreign body immune reaction, 
especially when it has not been purified to be free 
of sericin. In some cases, its use can result in 
granuloma formation [100]. Porous silk scaffolds 
have been used in combination with MSCs for 
chondral regeneration and resulted in better GAG 
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production and collagen deposition when com-
pared to a collagen scaffold [101, 102]. Chen 
et  al. [97] also demonstrated in  vitro silk scaf-
folds promoted chondrocyte proliferation with 
chondral ECM production and following subcu-
taneous implantation in mice, the presence of 
ectopic cartilage was confirmed.

5.5.8  Cellulose

Cellulose is a glucose polymer found in plants. It 
is insoluble, highly biocompatible, and can 
undergo enzymatic degradation [103]. It is highly 
modifiable, as cellulose is rich in hydroxyl groups 
allowing it to be manufactured into different 
hydrogels with varying properties. In addition to 
natural plant cellulose, gram negative bacteria 
can be used to create microbial cellulose [104]. 
Microbial cellulose results in a fine microfibrillar 
structure resulting in superior tensile strength, 
greater surface area, and a higher degree of poly-
merisation [105]. As well, it has been proven to 
be biocompatible [106], to have a greater surface 
area [107], a higher degree of polymerisation 
[105], and has been proven to be biocompatible 
[106]. Müller et  al. [108] employed a cellulose 
scaffold seeded with chondrocytes and noted 
excellent adherence and homogenous distribu-
tion of the chondrocytes. Svensson et  al. [109] 
reported on a microbial cellulose scaffold in 
combination with both bovine and human chon-
drocytes. They noted higher chondrocyte prolif-
eration and collagen II production in the cellulose 
scaffold groups and concluded it could be a via-
ble biomaterial scaffold. However, in vivo use of 
cellulose has not become popular and remains to 
be further studied in depth.

5.5.9  Tissue Engineered Construct 
(TEC)

A more recent option for chondral defect man-
agement has been the use of a TEC [110]. A TEC 

is a scaffold-free, natural 3D construct derived 
from synovial MSCs. These undifferentiated 
cells are cultured in a high density monolayer 
culture with the addition of ascorbate 2- phosphate 
for the promotion of ECM synthesis. Once 
detached from the base of the culture dish, TEC 
undergoes active tissue contraction to form the 
3D structure. TEC demonstrates superior adhe-
siveness due to the presence of fibronectin and 
vitronectin noted throughout the whole tissue. 
This means a TEC can attach to a defect site 
without the need for another mode of fixation, a 
finding that has been demonstrated in both pre-
clinical and clinical studies [110, 111]. The cul-
ture  of TEC using a chondrogenic medium 
revealed increased GAG synthesis and deposi-
tion along with the presence of collagen II 
expression confirmed with using semiquantita-
tive RT-PCR.  Mechanical testing has revealed 
TEC implanted into chondral defects possess 
similar viscoelastic properties and coefficient of 
friction to that of native articular cartilage [5]. 
TEC has been used in multiple preclinical stud-
ies to repair isolated chondral [5] and osteochon-
dral defects [112]. In treating osteochondral 
defects, TEC  was attached to a hydroxyapatite 
block and implanted as a complete biphasic 
structure [112]. These studies displayed promis-
ing results, with superior defect repair character-
istics, which in turn led to the use of TEC in 
clinical studies. A pilot clinical trial in five 
patients treated with autogenically manufactured 
TEC for the repair of chondral defects resulted 
in excellent results, and the defect repair tissue 
resembled that of hyaline cartilage both on mag-
netic resonance imaging and second look 
arthroscopy with histologic assessment [111]. 
Therefore, the cells can effectively differentiate 
in the in  vivo environment after implantation. 
Thus, TEC has many advantages over previous 
implants in that they are natural, scaffold-free, 
allogeneic, and effective, characteristics which 
have led to its use in the next  ongoing larger 
clinical trial. The only real disadvantage of TEC 
is the need for a large number of cells (Table 5.1).
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5.6  Synthetic Biomaterials

5.6.1  Polyethylene Glycol (PEG)

PEG has been used in cartilage tissue engineering 
as both a hydrogel or in a rigid scaffold form. The 
hydrogel form has been more popular as it is non-
toxic, non-immunogenic, has a high solubility in 
water and organic solvents, along with being FDA 
approved [57]. PEG has also been  shown to be 
effective for cell encapsulation [28, 113–115]. 
With the presence of an end hydroxyl group, mod-
ification of PEG is made easy with functional 
groups [114, 116–119]. To control the  degrada-
tion rate and improve the strength of PEG, polyes-
ters such as glycolic acid, lactic acid, and 
caprolactone can be added to PEG. Adjusting the 
ratio of these hydrophobic to hydrophilic compo-

nents allows for controlling the degradation rate of 
the biomaterial as a whole [120]. Much preclinical 
research has employed PEG-based hydrogels and 
reported good outcomes [117, 121]. Scholz et al. 
[121] reported that the use of a PEG albumin 
hydrogel prevented pathological angiogenesis in 
the reparative chondral tissue along with cells 
maintaining their phenotypes and expressing col-
lagen I and II.  Zhao et  al. [117] also achieved 
the production of neocartilage resembling that of 
normal articular cartilage using a photochemically 
cross-linked PEG gel encapsulating porcine artic-
ular chondrocytes. More recently, Liu et al. [119] 
applied PEG hydrogels in combination with 
human MSCs, a construct that resulted in 
increased collagen II, better ECM production, and 
activation of cartilage- specific genes. These pre-
clinical studies indicate PEG to be an effective 
synthetic material for chondral regeneration.

Table 5.1 Outline of the advantages and disadvantages of natural materials

Material Advantages Disadvantage
Agarose Undergoes gelation, good mechanical stability 

and effect cell encapsulation
Lack of cell receptors, inferior degradability

Alginate Effective gelling properties allowing easy 
delivery

Lacks cellular interaction and inferior 
mechanical properties due to leeching in some 
species. Difficult to sterilise and presence of 
material impurities

Chitosan Natural, contains similar constituents to 
cartilage (GAG and HA). Good 
biocompatibility, easy degradation by 
lysosomes

No gelling properties therefore retention at 
defect site may be affected. Requires cross 
linking and further processing

Hyaluronan Naturally occurring, no antigenicity. Some 
cells possess receptors (i.e. CD44, RHAMM) 
for cellular interaction, readily degraded by 
native hyaluronidase

Soluble in water. Anionic surface at neutral pH 
which does not promote non-receptor-mediated 
cell attachment/interactions

Fibrin Natural and blood derived, undergoes easy 
in vivo degradation. Easy to deliver

Inferior mechanical properties, uncontrolled 
degradation and clot shrinkage

Collagen Good biocompatibility, low antigenicity, 
superior tensile strength. Undergoes enzymatic 
degradation

Mechanically soft and requires manufacture in 
high density, or in combination with other 
materials

Silk fibroin Biocompatible, biodegradable, permeable to 
water and O2. Superior mechanical properties. 
Readily processed.

Foreign body reaction to sericin contamination

Cellulose High purity, superior mechanical properties 
and increased surface area owing to 
nanofibrous structure, good biocompatibility.

Smaller pore diameter
Not many in vivo studies

TEC Natural, scaffold-free, can be allogeneic, easy 
delivery method and no need for fixation. 
Highly bioactive with good integration, 
increased GAG and collagen synthesis.

Requirement for large cell numbers to 
manufacture
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5.6.2  Poly N-Isopropylacrylamide 
(PNIPAM)

PNIPAM is a thermosensitive hydrogel derived 
from polyacrylic acid which has a phase transi-
tion above its low critical solution temperature 
(LCST) of 32–33  °C [122, 123]. This makes it 
ideal as an injectable material as at room tem-
perature, it remains a liquid but once in in vivo 
where the temperature is higher, it undergoes 
gelation [124]. PNIMPAM can be copolymerised 
with other hydrophilic/hydrophobic monomers 
to increase or decrease the gelation temperature. 
For example, acrylic acid can be raised to 37 °C 
[12] making it suitable for in vivo use. In an in 
vitro study by Ibusaki et al. [125], chondrocytes 
were cultured for 12 weeks in a PNIPAM-gelatin 
hydrogel and it was found that GAG synthesis 
and collagen production resembled that of nor-
mal cartilage. The same author performed an 
in  vivo study in rabbits, cartilage defects were 
treated with chondrocytes were embedded in 
PNIMPAM. At 5 weeks post-implantation, defect 
sites demonstrated good fill and collagen II pro-
duction [126]. Recently, the use of MSCs in 
PNIPAM also showed good cell viability in vitro 
and good chondral repair in vivo [127]. The ther-
mosensitive properties are the strength and weak-
ness of PNIPAM, as although scaffold delivery is 
easier, it can change phase again if temperature 
changes occur in vivo [125].

5.6.3  Polylactide Acid (PLA)

PLA is a biodegradable polyester that degrades 
by nonenzymatic hydrolysis into a metabolic by- 
product of  lactic acid which can be cleared via 
normal cell metabolism [128]. Derivatives of 
PLA include poly-D lactide, poly-lactic-co- 
glycolic, acid and poly-L-lactide [129]. PLA 
exhibits good cyto-compatibility and its biode-
gradability also makes it an attractive option for 
in vivo use. In terms of synthesis, it can synthe-
sised with varying stereo-regularities allowing it 
to possess different mechanical properties, ther-
mal properties, and degradation rates [130]. To 

make PLA more biomimetic, it has been com-
bined with chitosan which resulted in a slower, 
more favourable degradation rate [131]. Also, a 
processing technique known as thermally induced 
phase separation allows for the production of 
nanofibrous PLA which has a higher surface 
area, a characteristic favourable for cell migra-
tion, as well as protein absorption and degrada-
tion [131]. However, PLA does not express any 
surface epitopes which react with cellular recep-
tors for cell adhesion [132]. Tanaka et al. [133] 
employed PLA-based scaffolds seeded with 
chondrocytes and atelocollagen, and subcutane-
ously implanted them into nude mice. When 
compared to the scaffold-lacking controls, 
implantations that included a scaffold maintained 
their integrity and expressed greater levels of col-
lagen I and II along with increased GAG synthe-
sis. A lower macrophage presence was also noted, 
indicating that PLA-related scaffolds could be a 
good choice for cartilage regeneration. PLA has 
also been linked to collagen [134], gelatin [135], 
and fibrin [136], and shown to have positive out-
comes with superior scaffold strength, chondro-
cyte proliferation, and collagen synthesis.

5.6.4  Polyvinylalcohol (PVA)

PVA is a synthetic polymer synthesised through 
partial or full hydrolysis of polyvinyl acetate 
[137]. The physical and mechanical properties of 
PVA are determined by the amount of 
 hydroxylation, along with the processing of its 
molecular weight and concentration. PVA is 
highly soluble in water and requires cross-linking 
or modification to form adhesive hydrogels for 
application in tissue engineering [138, 139], 
without which it cannot be used effectively for 
homogenous cell encapsulation. PVA hydrogels 
have good cyto- compatibility, are nontoxic, 
hydrophilic, and do not adhere to cells and pro-
teins making them ideal for chondrocyte encap-
sulation [140, 141]. When compared to PEG, 
PVA possesses a greater number of hydroxyl 
groups, making PVA more versatile for modifica-
tion [142]. Compounds such as polyethylene and 
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alginate have been combined with 
PVA.  Polyethylene PVA combinations showed 
greater mechanical strength, but lower biode-
gradability [143], while PVA combined with 
alginates showed increased GAG and type II col-
lagen presence [144]. The use of MSCs and 
growth factors have also been studied with a 
PVA-poly(caprolactone) scaffold in  vitro by 
Mohan et  al. [145]. They demonstrated that a 
combination of TGFβ3 and BMP2, along with 
their mentioned scaffold promoted better chon-
drogenic differentiation of MSCs, thus proving 
PVA to be useful as a scaffold mimicking the 
ECM of native cartilage.

5.6.5  Poly-Caprolactone (PCL)

PCL is a semicrystalline, hydrophobic, linear 
polyester. Owing to these properties, PCL has a 
slow degradation rate [146], making it useful for 
long term implants. PCL has a high permeability 
which also makes it useful for the  delivery of 
growth factors and bioactive molecules [147]. On 
the other hand, the products of PCL degradation 
are acidic which may have negative effects when 
used in vivo, and PCL has inferior cell interaction 
when compared to other materials [96]. PCL is 
FDA approved and has found use in many medi-
cal applications [148]. PCL has been electrospun 
into a nanofibrous scaffold to match the fibre 
arrangement and dense tissue architecture of car-
tilage, along with the addition of polyethylenei-
mine. This construct has shown favourable 
outcomes in cartilage engineering with superior 
cell proliferation, collagen II expression, and 
GAG production [149].

5.6.6  Polyurethane

Polyurethanes can be easily processed into gel or 
paste form, polymerised, and have superior 
mechanical properties [150]. The molecular sta-
bility of polyurethanes has been the most impor-
tant purpose of their use in  vivo, but with the 
interest of increasing its biocompatibility, 

research has focused on developing degradable 
polyurethanes which have readily metabolised 
by-products [151]. Not many studies have uti-
lised polyurethanes for cartilage tissue engineer-
ing. Grad et  al. [143] reported the use of a 
developed biodegradable polyester scaffold 
seeded with chondrocytes. The scaffold demon-
strated good cellular adhesion and ECM produc-
tion. Another author reported polyurethane 
scaffolds seeded with chondrocytes under 
dynamic culture, and environment which 
resulted in a tissue more closely resembling 
native cartilage [152]. This indicates that 
mechanical loading of the polyurethane scaffold 
may result in better repair tissue, and due to the 
favourable mechanical properties of polyure-
thane, it could be a useful material for cartilage 
tissue engineering where mechanical strength is 
required [153].

5.6.7  Polypropylene Fumarate (PPF)

PPF is an unsaturated linear polyester that can be 
cross-linked to other monomers e.g. methyl meth-
acrylate to create required scaffolds. PPF under-
goes degradation via hydrolysis into propylene 
glycol and fumaric acid which can be metabolised 
in vivo [154, 155] but do result in an acidic envi-
ronment which can stimulate an inflammatory 
response [156]. The mechanical properties of PPF 
can be altered by either cross- linking with other 
compounds [155, 157] or varying the molecular 
weight [157, 158]. PPF is a liquid, allowing for 
easy moulding and fabrication into customised 
implants or formulated for injection. PPF has 
good mechanical properties which are useful in 
cartilage and bone tissue engineering as load-
bearing is a requirement of such scaffolds [96, 
159]. The utilisation of PPF in bone tissue engi-
neering has increased, even though PPF materials 
have been documented to have toxic reactions and 
thus, raise concerns about its biocompatibility 
[155, 156]. However, newer techniques for PPF 
synthesis have been developed that report less 
toxicity while still maintaining the mechanical 
properties [160] (Table 5.2).
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5.7  Future Directions

Despite a large number of materials currently 
available for articular cartilage tissue engineer-
ing, there is still no single superior material. Each 
material possesses its own advantages and disad-
vantages, and current research has focused on 
combining them to possess all the desired ideal 
properties for a scaffold. This includes combin-
ing natural and synthetic materials in order to 
apply the specific qualities each material may 
have to produce an overall better-performing 
graft with negligible drawbacks. Although many 
materials and combinations have been shown to 
be effective in cell encapsulation, further preclin-
ical studies are required to make certain which 
material performs in the most ideal manner 
before translation to clinical use. Another 
unknown fact is the long-term effects of these 
materials on chondrocytes, as most data and stud-
ies in the literature only assess short term effects 
of the materials.

Newer methods such as 3D printing and biore-
actors have been developed to improve both 
material characteristics and emulate in vivo con-
ditions to ensure better cell proliferation, how-
ever, these systems are still in research phases. 

The addition of signalling molecules and growth 
factors to hydrogels has also been a consideration 
to improve their bioactivity. At present, it is obvi-
ous that natural materials possess better cyto- 
compatibility while synthetics perform better in 
terms of mechanical stability. More preclinical, 
as well as translational studies, are required to be 
performed to make certain the effects of these 
materials for cartilage regeneration are opti-
mised, with the hope for a material that can fulfil 
all the necessary requirements for an effective 
chondral repair.
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Biomechanical Properties 
of Fibrocartilage

Jongkeun Seon

6.1  Introduction

Fibrocartilage has long been neglected and is 
considered to have a low association with hyaline 
cartilage. Earlier, histologists did not consider 
fibrocartilage as a tissue. However, recently 
developed technologies reveal that fibrocartilage 
has interesting biomechanical properties and 
plays an important role, especially in interverte-
bral discs and meniscus of the knee.

In general, the structural and functional prop-
erties of fibrocartilage lie between connective tis-
sue and hyaline cartilage. In the triangular 
fibrocartilage complex of the wrist, fibrocartilage 
and hyaline cartilage merge together with fibrous 
tissue of ligaments and tendons [1–3]. On 
Masson’s trichrome staining, the dyed collagen is 
red and squeezed collagen is green. When 
mechanically pressed, fibrocartilage is mostly 
dyed green [4].

The percentage of dry weight collagen in 
fibrocartilage is higher and the percentage of pro-
teoglycan is lower than that in articular hyaline 
cartilage. Therefore, in a hydrated state, fibrocar-
tilage contains less water. Generally, fibrocarti-
lage is considered to be together and less resilient 
to some degree than articular cartilage. 
Fibrocartilage is mainly found in two tissues: the 

annulus fibrosus of the intervertebral disc, form-
ing the flexible junctions between the vertebral 
bodies in the spine and the meniscus of the knee 
[5, 6]. The labrum in hip and shoulder joint, trian-
gular fibrocartilage complex (TFCC) in the wrist, 
and some tendon insertion sites also have fibro-
cartilage [7].

6.2  Meniscus of the Knee

Knee menisci are crescent shape fibrocartilagi-
nous tissues. Without deformities, a normal adult 
human knee usually contains lateral and medial 
menisci, and their average lengths are approxi-
mately 38 and 45 mm and average volumes are 
estimated to be 2.9  cm3 and 3.45  cm3, respec-
tively [8]. The meniscus is a composite material 
consisting of a porous and interstitial fluid and a 
fiber-reinforced solid matrix; 63–75% of its total 
weight is composed of water [9]. The menisci has 
a fibrocartilaginous structure that consists of a 
fluid phase consisting of mainly water and a solid 
phase composed of highly oriented collagen 
fibers, cells, proteoglycans and other proteins. 
Collagen is the principal constituent of the solid 
phase, accounting for 75% of the dry weight [10]. 
Type I (98%) is the predominant collagen of the 
meniscus, with small amounts of types III and V, 
and a II like collagen also exists [11]. Proteoglycan 
constitutes only 2.5% of the solid phase. The bal-
ance of the solid phase is maintained mainly by 
non-collagenous proteins [12]. The mechanical 
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properties of fibrocartilage in the menisci and 
intervertebral discs generally lie between those 
of hyaline cartilage and tendon. The tensile 
strength of fibrocartilage (about 10  MPa) is 
greater than that of hyaline cartilage (about 
4  MPa) but less than that of tendons (about 
55  MPa) [13]. Considering these relationships, 
Smith et al. [14] suggested that fibrous epiphysial 
plates (e.g., at the upper end of the tibia) are sub-
jected to tensile forces, while most epiphysial 
plates can only bear compression. Fibrocartilage 
ruptures on elongation (about 13%), which is less 
than that for hyaline cartilage (about 25%), but 
greater than that for tendons (5–9%) [13]. When 
compressed, the strength of fibrocartilage is simi-
lar to that of hyaline cartilage, but fibrocartilage 
is less stiff. Both the elastic moduli and aggre-
gates in fibrocartilage are about half of those in 
articular cartilage [15, 16]. Because of their 
higher flexibility, tendons cannot withstand com-
pressive forces. Fig.  6.1 is diagrammatic repre-
sentation of the collagen fiber orientations within 
the meniscus [17].

6.3  Intervertebral Disc of the Spine

A series of vertebrae consists of the human spine 
and discs, separated from each other and 
surrounded by ligaments and muscles. 

Approximately one-third of the total length of 
the spine consists of discs, allowing deforma-
tions of the spine, and their function have roles 
of energy or shock absorbers. It connects to the 
vertebrae via cartilaginous end plates. The cen-
tral volume is composed of nucleus pulposus, a 
jelly-like substance containing short fibers of 
mucopolysaccharides. This nucleus is sur-
rounded by the annulus fibrosus, a system of 
fiber-reinforced layers forming kidney-shaped 
cross sections (Fig. 6.2). The annulus fibrosus of 
a lumbar spine is composed of a series of con-
centric encircling lamellae [18, 19]. The colla-
gen fibers run a similar course in lamellae, and 
the fibers of the adjacent lamellae cross each 
other in opposite directions [18, 20]. In the annu-
lus fibrosus of the intervertebral disc, seven dif-
ferent types of collagen have now been reported 
[21]. Type I collagen accounts for about 80% of 
the collagen of the annulus fibrosus. The distri-
bution of Types I and II collagen has a reciprocal 
gradient feature in the intervertebral disc. Most 
peripheral part of the discs lacks Type II colla-
gen. However, Type II collagen accounts for 
80% of collagen in the nucleus pulposus and 
Type I collagen is relatively low. Type I collagen 
is abundant (tensile in function) in fibrocartilage, 
and the relative paucity of Type II collagen 
(characteristic of tissues subject to pressure) is 
often considered to be a key biochemical feature 

A

Fig. 6.1 Diagrammatic representation of the collagen fiber orientations within the meniscus. A: Radial fiber, B: 
Circumferential fiber
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that makes fibrocartilage distinguishable from 
hyaline cartilage [15]. Other collagens are also 
present in fibrocartilage in small quantities. 
Types V and VI exist in both the menisci and 
intervertebral discs, but Types IX and XI have 
only been found in discs [15, 21]. The strength 
of the vertebral body has been studied exten-
sively [22–33]. The fresh bone from the lumbar 
vertebrae has an average compressive strength of 
0.84 Kp/mm2 [22]. The whole vertebrae had an 
average compressive strength of 0.22–0.78 Kp/
mm2 [23]. Hirsch et al. [32] checked the anterior 
and posterior expansions of the annulus fibrosus 
under compressive force and reported an average 
expansion of 0.5  mm for 50-kg loads and 
0.75 mm for 100-kg loads. Fig. 6.2 is Anatomical 
position of human intervertebral discs in the 
human body [33].

6.4  Labrum

The labrum is an annular fibrocartilage structure 
attached to the acetabular rim and transverse ace-
tabular ligament [34]. The thickness of the lower 
part of the labrum is about 6.4 mm, which is the 
widest portion, and that of the upper part is about 
5.5 mm [35] (Fig. 6.3). The cross section of the 
labrum is triangular and is divided into articular 
and non-articular surfaces. The articular surface 

joins the hyaline acetabular cartilage with an 
average thickness of 1.26 mm through the under-
lying bone, transition zone of about 1–2  mm 
width, and the calcified cartilage layer [36]. 
Fig. 6.3 is anatomy of histologic features of the 
adult acetabular labrum.

The labrum consists of fibrocartilage, a mix-
ture of white fibrous and cartilaginous tissues. 
The orientation of collagen fibers in the transi-
tional zone varies depending on the location [37]. 
While collagen fibers are attached perpendicu-
larly at the posterior area, they are structurally 
vulnerable to shear forces because they are 
attached parallel to the rim in the anterior area. In 
a non-articular surface composed of dense con-
nective tissue, it is directly attached to the bone, 
allowing nerves and blood vessels to pass through 
the tissue [35].

Histologically, the labrum includes nerve end-
ings in the superficial articular region [34, 38]. 
Therefore, this site is considered to play an 
important role in proprioception. Blood is sup-
plied from the peripheral anastomosis around the 
capsule attachment, [34] and blood supply is lim-
ited to only the outer third of the labrum [39]. As 
such, the deep area of the labrum is a relatively 
avascular tissue.

Scanning electron microscopy revealed that 
the labrum is divided into three distinct layers: a 
meshwork of thin fibrils on the articular surface, 

Fig. 6.2 Anatomical position of human intervertebral discs in the human body. A: Nucleus Pulposus, B: Annular 
Fibrosus

6 Biomechanical Properties of Fibrocartilage



76

a deep region that is more layered, and the most 
substantial inner layer of highly circumferen-
tially oriented fibers, which appears to carry most 
of the physiological load. These structures can 
accommodate significant physiological hoop 
stress [39, 40].

In the labrum circumference, the anterosuperior 
quadrant has a lower compressive and tensile mod-
ulus than other quadrants, suggesting that these 
biomechanical properties of the anterosuperior 
quadrant contribute to more common occurrence 
of tears than those of the other quadrants [41].

The most important role of the labrum is to 
seal the femoral head to form a pressurized layer 
of intra-articular fluid to distribute and support the 
compressive load, thereby reducing cartilage 
stress, strain, and consolidation [42–44]. In a 
human cadaveric model, Ferguson et al. [35–49] 
showed that labral resection resulted in a 21% 
increase in cartilage consolidation because of the 
lack of pressurized fluid. Labrum sealing plays an 
essential role in maintaining the stability of the 
hip joint through the “suction effect” between the 
acetabulum and femoral head [45–47]. The ace-
tabular labrum around the femoral head is tightly 
attached, forming a vacuum seal to resist distrac-
tion forces. Therefore, this suction effect improves 

joint stability and reduces the peak cartilage stress 
during weight bearing by dispersing compressive 
loading on the joint surface [43, 44]. The labrum 
also plays an important role in the resistance to 
rotation and translation forces caused by external 
compressive and torsional loading. In addition, 
labrum sealing provides effective mechanical 
support by deepening the socket. Acetabular vol-
ume is known to increase by approximately 21% 
and surface area by 28% [35]. After labrum exci-
sion, these seals are destroyed, resulting in weak-
ening of mechanical support, instability, and 
“wobbling effect” that adversely affects the carti-
lage. In addition, an increase in contact stress 
causes degenerative changes in the cartilage, lead-
ing to osteoarthritis [48, 49].

6.5  Triangular Fibrocartilage 
Complex (TFCC)

The TFCC is a structure in which ligamentous, 
fibrous, and fibrocartilaginous components are 
mixed as a homogenous complex; it plays an 
important role in wrist biomechanics. The TFCC 
is the main stabilizer on the wrist ulnar side and 
transmits about 20% of the force acting on the 

Fig. 6.3 Anatomy and 
histologic features of the 
acetabular labrum: (a) 
Labrum; (b) Bony 
Acetabulum; (c) Hip 
Capsule (Cut)
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wrist. It also plays a role in enabling complex 
wrist movements [50].

The TFCC is a complex structure composed 
of a triangular fibrocartilage disc proper (TFC), 
dorsal and volar distal radioulnar ligaments 
(DRUL and PRUL, respectively), meniscal 
homolog (MH), ulnocarpal collateral ligament 
(UCCL), ulnotriquetral and ulnolunate ligaments 
(which are both volar structures), and the exten-
sor carpi ulnaris (ECU) [51] (Fig. 6.4).

According to histological studies, DRUL and 
PRUL, which are longitudinal fibers extending to 
the ulnar insertion site and the central articular 
disc consisting of collagen fiber layers arranged 
in various layers with various oblique angles, are 
clearly distinguished [52]. The articular disc of 
the TFCC starts from the distal rim of the sig-
moid notch and extends along the ulnar edge of 
the lunate facet and blends in the peripheral part 
with DRUL and PRUL.

The TFC is the largest structure among the 
components of the TFCC. This fibrocartilaginous 
disc starts from the most distal articular cartilage 
of the sigmoid notch of the radius and extends to 
the fovea and ulnar styloid processes at the base 
of the ulnar styloid. In the radial attachment, the 
TFC is a single band made of high-density fibrous 
tissue; however, before it attaches to the ulna, it is 

separated into the proximal and distal laminas. 
These two laminas are divided by fibrovascular 
tissue called ligamentum subcruentum. The prox-
imal lamina is attached to the fovea at the base of 
the ulnar styloid, and the distal lamina is attached 
to the distal aspect of the ulnar styloid [53].

In the volar and dorsal aspects of the TFC, 
there is a thick fibrous band running from the 
volar and dorsal aspects of the sigmoid notch of 
the radius to the base of the ulnar styloid process, 
which is called volar and dorsal RULs [54].

MH, unlike fibrocartilage, is composed of 
fibrous tissue and contains vascular fatty tissue 
rich in the ulnar side [55]. MH extends from the 
tip and lateral aspects of the ulnar styloid process 
to the ulnar side of the triquetrum and has a wider 
distal attachment site [56, 57]. MH is a loose con-
nective tissue with well-developed blood vessels, 
not containing dense collagen fibers in parallel, 
and can be elongated considerably; therefore, it is 
not an actual ligament [58].

UCCL is a thin fibrous tissue that runs super-
ficially on MH.  This ligament is relatively less 
important than other structures.

The ulnotriquetral ligament (UTL) and ulnol-
unate ligament (ULL) are extrinsic ligaments 
found in the volar aspect of the ulnocarpal joint 
[57, 59].
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Tendon Biomechanics-Structure 
and Composition
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7.1  Introduction

A tendon is a closely compact band of connective 
tissue-fibers well organized in length and strength 
which connects to muscle and transmits the 
required force developed by the muscle. The 
musculoskeletal is such that bones are driven by 
tendons and produce joint motion in coordination 
with muscles activities.

Tendons also play a role in joint stability, and 
produce the static and kinetic work-energy to 
perform body movements in a coordinated way 
to produce gait, lifting and other human joints 
function. Tendons are bound together in tight 
sheets so that when a muscle contracts, tension is 
created in the tendons and this will pull against 
the bone to cause movement. Tendons have a 
hierarchical arrangement composed of collagen 
molecules, fibrils, fibers, fascicles, and tendon 
unit. Tendon units are encased in epitenon, which 
reduces friction with neighboring tissues [1].

Tendons connective tissue are known as col-
lagen and also found in ligaments and fascia. 
Tendons conform to muscle location and func-
tion and hence they take different geometrical 
forms and shapes. For example, they can be long 
or flat thin or thick and map with their corre-
sponding muscles to fit in their perspective loca-
tions. A thin flat tendon is also called 
“aponeurosis.” The tendon fibro-elastic composi-
tion defines its potential strength. The muscle has 
tendons at its ends referred to as proximal and 
distal. The tendon attaches to muscle and bone 
through the musculotendinous junction (MTJ) 
and the osteotendinous junction (OTJ) respec-
tively. The proximal attachment of the tendon is 
also known as the origin and the distal tendon is 
called the insertion [1, 2].

From previous research it is seen that tendon 
deforms in a linear fashion within certain tensile 
load and if strain is less than 4%, the tendon has 
a tendency to return to its original length when 
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unloaded. Hence, this portion is purely elastic 
(almost no loss in the hysteresis curve) and the 
stress-strain curve can be used to measure the 
slope or the Young’s modulus of elasticity [3]. 
Above the linear range, tendon is viscoelastic 
and depend on the rate of at which it is loaded. 
Its fibers orientation, density and collagen type 
play a role in tendon load activation and 
mechanical characteristics it plays in response 
to the efficient transmission of large loads, and 
how its biomechanical structure adapts to load.

Fibers can be divided into two groups. Type 1 
collagen fibers active in the elastic range and 
resist the capacity load and tensile strength 
whereas the proteoglycan fibers define the visco-
elastic behavior of the tendon. These linear and 
nonlinear tendon material characteristics are 
defined by the orientation of the fibers more 
importantly how they bundle together as they 
vary from one tendon to another.

To understand further the anatomy of tendon- 
collagen fibers, we see that collagen molecules 
fibers consist of polypeptide chains, where three of 
these chains combined together form a densely 
packed helical tropocollagen molecule. Five of 
these combined together form a microfibril. The 
microfibrils then aggregate together to form fibrils 

(Fig. 7.1). These are then grouped into fibers and 
fibers into fiber bundles and then into fascicles [4].

7.2  Biochemical Composition 
of the Tendon

Tendon is an intricate structure made of cells and 
collagen and elastic fibers immersed in an extra-
cellular matrix (ECM) [5, 6].

7.2.1  Collagen

Tendons are a modular structure made of fascicles 
with a diameter that can measure up to 100 μm. 
The fibers are constituted by collagen fibrils that 
represent the smallest structural unit of the tendon 
(see Fig. 7.1). Type I collagen is characterized by 
a triple-helical fibrillar structure, in which 3 left-
handed polypeptide chains connected to each 
other creating a molecule of tropocollagen, the 
basic unit of the tendon matrix. Each microfibril is 
formed by five molecules of tropocollagen, and 
multiple microfibrils form the helical collagen 
fibrils. Collagen fibers represent the building 
blocks of the tendon [7]. In particular, a group of 

Crimping
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waveform

Tropocollagen

Fibril Fiber Tenocyte
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Tendon
Interfascicular
tenocytes

Interfascicular
Matrix
(endotenon)

Fig. 7.1 Schematic showing the hierarchical structure of 
tendon, in which collagen molecules assemble to form 
subunits of increasing diameter. Reproduced with permis-
sion from https://doi.org/10.1016/B978-0-12-801590-
2.00001-6 (Chavaunne T. Thorpe, Helen L. Birch, Peter 

D. Clegg, Hazel R.C. Screen, Chapter 1 - Tendon 
Physiology and Mechanical Behavior: Structure–Function 
Relationships, Editor(s): Manuela E. Gomes, Rui L. Reis, 
Márcia T. Rodrigues, Tendon Regeneration, Elsevier, 
2015, Pages 3-39, ISBN 9780128015902)
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collagen fibrils make a primary band (also defined 
sub-band), and several primary bands circled by 
the endotenon define a secondary band or fasci-
cle. Many secondary bands make up a tertiary 
band and several tertiary bands unitedly form the 
tendon, contained by the endotenon.

The amount of collagen fibers in each sub- 
band notably differs from tendon to tendon as 
well as the fiber diameter. This variability reflects 
tendon different functions and properties. Tendon 
strength and elasticity are more influenced by 
fibrils length rather than their diameter [8, 9].

7.2.2  Ground Substance 
(Extracellular Matrix)

The extracellular matrix of tendons, which cir-
cles the collagen, is made of proteoglycans, gly-
cosaminoglycans (GAGs), glycoproteins, and 
other different molecules. It appears as a hydro-
philic gel whose consistency changes according 
to the relative quantity of hyaluronic acid and 
chondroitin sulfate concentrations [10]. The 
water-binding ability of the macromolecules 
which compose ECM, is remarkable and it is 
essential to define the biomechanical characteris-
tics of tendons. They confer tendon elasticity 
necessary to contrast shear and compressive 
strengths and, at the same time, they are helpful 
to stabilize of the entire collagenous structure.

7.2.3  Proteoglycans

A network of proteoglycans (PG) is distributed 
among the collagen fibrils. PGs are less than 1% of 
the dry mass of tendon. They appear as filaments 
regularly and orthogonally connected to the ten-
don-collagen fibrils made of polysaccharides, 
mainly in the form of glycosaminoglycans (GAGs). 
PGs have several different functions. On one side, 
the small leucine-rich PG family links collagen 
fibrils and has an active role in the in fibrillogenesis 
mechanism. In particular, decorin controls collagen 
apposition and distribution inside tendon fibrils. It 
is an essential regulator of matrix construction: it 
defines fibrils diameter and controls the remodel-

ing of the tendon after tensioning. Large PGs, such 
as aggrecan and versican, seem to provide tendon 
tissues ability to resist high compressive and tensile 
strengths [11]. Also, aggrecans, the second macro-
molecules most expressed in PGs of tendons, pri-
marily localized in those areas where compressive 
forces act on the tendon, function as a lubricant 
permitting to the fibrils gliding.

7.2.4  Glycoproteins

The glycoproteins are macromolecules made of a 
substantial protein component and a little gly-
cidic part. Confronted with proteoglycans, they 
present quantitative variation in the protein- 
carbohydrate ratio, and qualitative diversity in 
the glycidic radicals’ composition. Their specific 
functions are still not perfectly known. Among 
them, a particular subgroup is that of the so- 
defined adhesive glycoproteins, whose function 
seems to be connected macromolecules to each 
other or different cell surfaces [12]. Four differ-
ent glycoproteins make up the tendon belly: 
fibronectin, thrombospondin, tenascin C, and 
undulin. Laminin, instead, is placed in the walls 
of tendons vessels and high quantity within the 
myotendinous junction.

7.2.5  Anorganic Components

Anorganic components represent less than 0.2% 
of the tendon dry mass. Among these, calcium is 
the most expressed. Its concentration ranges from 
0.001 to 0.01%, in the tensional area of a healthy 
tendon, to 0.05–0.1% in the tendon insertion. 
Variations up to 10–20% can be observed in dis-
eased states such as calcifying tendinopathy. The 
other components of the anorganic portion of ten-
dons are magnesium, manganese, cadmium, 
cobalt, copper, zinc, nickel, lithium, lead, fluo-
ride, phosphor, and silicon. Their concentration is 
usually of 0.02–120 ppm. The exact function of 
these elements is not still defined. They would 
seem implicated in development and metabolism 
of tendons. In particular, copper plays an essen-
tial function in the generation of collagen cross-
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linking, manganese is needed for the production 
of connective tissue molecules, and calcium is 
implicated in the formation of the OTJ [13].

7.3  Tendon Cells

About 90–95% of tendon cellular elements are rep-
resented by fibroblasts, which, in tendon tissues, 
are defined as tenoblasts-tenocytes. The remaining 
5–10% comprises other different types of cells 
such as the chondrocytes, predominantly placed at 
the insertion sites, the synovial cells, detectable on 
tendon sheaths or surfaces, and the vascular cells, 
such as endothelial and smooth muscle cells of the 
arterioles, visible in the endo- and epitenon. 
Younger tendons are characterized by a high cell-
to-matrix ratio, where predominant involved cells 
are the tenoblasts. Inside the tendon, tenoblasts are 
distributed in long and parallel chains.

Tenoblasts have also several long and thin 
cytoplastic filaments which throw into the matrix 
and they dispose of several desmosomial, tight, 
or gap junctions thanks to which they can create 
several intercellular links [14].

The tenoblasts convert to tenocytes, becoming 
bigger and very elongated. New morphological 
features appear. Among these, it is possible to 
observe the increase of the nucleus-to-cytoplasm 
ratio, the elongation of the cellular nuclei which 
occupy almost the entire length of the cell. At the 
same time, the nuclear chromatin becomes more 
condensate, while the actin and myosin intracyto-
plasmic filaments as well as the pinocytotic vesi-
cles and lysosomes start to decrease.

Tenocytes develop longer and thinner cellular 
processes, required to keep close intercellular 
contact, useful to counterbalance for the reduced 
number of cells and growing quantity of tendon 
matrix during senescence. All of these ultrastruc-
tural changes confirm the assumption that teno-
cytes are metabolically active although as not as 
the tenoblasts.

The main role of tenocytes is to synthesize 
and organize the collagen matrix, supporting its 
process of degradation and remodeling. In par-
ticular, they regulate the synthesis of tropocolla-
gen, the fibrillogenesis and they control fibrils 
orientation inside the newly synthesized matrix.

7.4  Neurovascular Supply 
of Tendon

7.4.1  Vascularization

Tendons are considered poorly vascularized tis-
sues with a little and slow regeneration potential. 
Their vascular supply is notably less than that of 
muscles to which they are connected. This con-
cept clearly explains why tendons are white and 
muscles red [15]. Any case, tendons vasculariza-
tion remains essential for the correct functioning 
of tendon cells and tendons repair capacity. The 
blood supply of tendons derives from the perimy-
sium, the periosteum, and the paratenon. Blood 
flow is slow, tendon vessels have mostly small 
and thin-walled and are focused on the outer sur-
face of the tendon. Tendons present several 
regions of diminished blood supply where they 
wind nearby osseous pulleys. They press against 
bone predominantly at the level of the myotendi-
nous junction and the osteotendinous junction. 
These areas assume a critical clinical relevance 
as they represent the typical regions of tendon 
degeneration and rupture [16]. On the other hand, 
peritendinous tissues such as tendon sheaths and 
tendon-associated adipose tissue, are character-
ized by more copious blood supply which 
increases as a consequence of improved physical 
performance.

7.4.2  Innervation

The innervation of tendons is scarcely conspicu-
ous. The nerve branches run parallel to the prin-
cipal axis of the tendon even if transversal and 
oblique anastomoses occur [17]. These branches 
end both in contact with corpuscular receptors 
such as Golgi, Pacini, Ruffini, and Golgi- 
Mazzoni corpuscles responsible for propriocep-
tive sensitivity and myotatic reflexes, both as free 
branches implicated in nociception, predomi-
nantly in peritendinous sheaths [18, 19]. The 
innervation of tendons has an essential function 
in the repair of damaged tendons. It is evident 
that nerves can develop into injured or broken 
tendons together with vessels and which these 
sites correspond to the region of tendon pain.
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7.5  Mechano-Responses 
of Tendons

Each tendon has a capacity to withstand load. 
Understanding how tendons respond to load and 
defining their capacity limits before injury 
requires physical testing, evaluation of strength, 
and growth factors to develop a protective 
mechanism to allow tendons to work within 
their boundaries. For example, the patella ten-
don of a professional basketball player when 
compared to a normal healthy person is much 
stronger and would undergo high levels of load-
ing without any detrimental effects, whereas the 
average person patella tendon can be injured at 
lower loading forces conditions. It is hypothe-
sized that early growth of tendon relies on two 
types of inherent stresses: rapid muscular activ-
ity on one side and slow growth-related to bone 
on the other. There are two types of fibrils, large 
and small, and they play different role. One is 
activated and work as a resistance to tensile 
strength whereas the other works to resolve 
micro fiber mechanism process damage at creep. 
The small fibrils support the interfibrillar bind-
ing [1, 4].

Tendons are complex dynamic structures with 
specific functions defining their mechanical 
properties. For example, fresh cadavers’ patella 
tendons tested in the laboratory and subjected to 
load to failure yielded a Young’s modulus of 
elasticity in the range of 660 ± 266 MPa, whereas 
the tibialis anterior tendon is about 1200  MPa 
[3]. Tendons can transmit much higher load that 
can be calculated by means of inverse dynamics 
and modeling. For instance, the Achilles tendons 
can generate forces that are 12 times body weight 
when comparing standing versus running [20]. It 
is observed in the lab experiments of patella ten-
dons that the loading rate generates different 
strain responses. Basically at low speed tendon 
are more deformable than at higher speed. 
Similar to shock absorbent if you apply a high 
force and try to distract the piston it resists effec-
tively and generates a high stiffness. So tendons 
have the ability to store energy (spring type) and 

release energy (damper), which makes tendons 
unique in responding to muscle contraction, and 
excessive joint motions requiring dissipation of 
energy and maintaining the right force needed to 
create the joint rotation. Excessive forces lead to 
tendon tear or rupture. The question remains as 
to the adequate loading conditions required to 
maintain healthy tendons and for how long? 
What are the appropriate exercises for different 
tendons?

Therefore, exercise might regulate the increase 
of turnover of type I collagen in tendons. It is 
hypothesized that at later stages of exercises the 
anabolic processes dominate and results in net 
increase of collagen in tendons [6].

7.6  Mechanical Properties

The mechanical properties of the human tendons 
have been extensively studied both in vitro and 
in vivo studies [21]. The mechanical loading and, 
in particular, the alterations to regular loading, 
are recognized to play a critical role in onset and 
perpetuation of tendons pathologies [22].

Traditionally, the mechanical properties of 
tendons have been evaluated in vitro, through the 
use of tensile testing methodologies.

The fibrillar composition and the longitudinal 
structure of the tendons result in their 
anisotropic and nonlinear mechanical properties. 
Furthermore, the anisotropic and nonlinear 
mechanical behaviors of tendons are explained 
by the viscoelasticity of these structures. 
Viscoelasticity allows materials to display both 
elastic and viscous behavior. While the viscosity 
represents a measure of resistance to deforma-
tion, elasticity is the ability of a material to 
return to its original shape after forces that cause 
deformation are removed [9].

The anisotropic features give the tendons a 
directionally dependent behavior [9]. The 
mechanical properties of the tendons indeed, are 
up to 1000 times higher during tensile testing 
along the longitudinal axis compared with testing 
along the transverse axis [10].
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The nonlinear properties of the tendons char-
acterize their mechanical response to tensile 
 testing, and are typically presented as stress-
strain curves [1, 10]. The slope of the stress-strain 
curve is a quotient between the force per unit area 
(stress) and the relative measure of deformation 
(strain) of the tendon, and represents the Young’s 
modulus, a material property that describes 
elasticity.

In the normal tendons, this curve displays 
three distinct regions: the toe region, the linear 
region, and the failure region (Figs. 7.1 and 7.2).

When the tendon is relaxed, the collagen fibers 
are arranged like waves and there is a nonlinear 
relationship between stress and strain, the so- 
called “toe region.” The toe region, in which the 

sample is tensed to approximately 2% of strain, 
describes the mechanical behavior of tendons at 
low deformation, where the collagen fibril crimp 
is straightened.

As deformation increases, this pattern dis-
appears, and the collagen fibers respond 
stretching itself, in linear fashion to the force. 
This behavior is represented by the linear 
region, where the loading causes elongation of 
fibers typically at approximately 4–8% of 
strain and some microscopic ruptures occur 
inside the tendon. As the deformation contin-
ues to increase through the linear region into 
the failure region the tendon accumulates irre-
versible damages. The macroscopic failure, 
with complete breakage of all fibers occurs at 
approximately >12% of strain [11].

The mechanical testing methods (Table  7.1) 
used to generate the stress-strain curves, can be 
adapted to analyze different types of viscoelastic 
properties of tendons (Table 7.2).

In a cadaveric study in which the mechanical 
properties of the most common types of tendi-
nous grafts that are used to perform ligament 
reconstruction were compared, the elastic modu-
lus of patellar tendon was significantly higher 
than all other grafts. Moreover, in the latter study, 
authors did not find significant differences in 
terms of ultimate stress and ultimate deforma-
tions between the patellar tendon graft, gracilis 
and semitendinosus graft, ileo-tibial band and the 
medial part of quadriceps tendon [12] (Fig. 7.3).

strain

toe region linear region failure region

st
re
ss

Fig. 7.2 Stress-strain curves of tendons displaying the 
three typical regions: the toe region, the linear region, and 
the failure region

Table 7.1 Mechanical testing methods

Test Description Aims
Cyclic 
preconditioning

Low loads to stretch the tendon without 
causing irreversible damage (commonly 
performed before mechanical testing)

Standardization of measurements for comparison

Ramp to failure 
testing

Performed by applying a constantly 
increasing displacement on the tendon 
until failure

   •  To find maximum force a tendon can endure 
before failure

   •  To determine the stiffness and modulus of toe and 
linear regions

Dynamic cyclic 
testing

Application of an oscillatory stress    •  To measure the dynamic modulus
   •  Evaluation of creep and stress relaxation
   •  Analysis of phase lag

Fatigue testing Cyclic test within a defined range of 
force or displacement and recording the 
number of cycles until failure

Useful in characterization of tendons stiffness that 
undergo repetitive loads, such as the Achilles tendon
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However, determining the strains and mechan-
ical behavior of tendons remain challenging. In 
another cadaveric study, the longitudinal and 
transverse strain distribution in the human 
Achilles tendon was examined by the use of a 
three-dimensional digital image correlation sys-
tem (3D-DIC). Authors of the latter study found 
that the strain distribution of both longitudinal 
and transverse component was of a strongly inho-
mogeneous nature, both within the same speci-
men and among different specimens, and, 
moreover, showed that DIC represents a very 
accurate and reproducible tool for 3D strain anal-
ysis in human tendon tissue [13].

In vivo strains remain difficult to accurately 
quantify despite the use of various implantable 

devices. However, there is thought to be a large 
gap between the tendon strains reported in vivo 
and those experienced during typical daily activi-
ties, usually less than 4% [14].

In an in vivo evaluation among ten male sub-
jects, the analysis of mechanical properties of 
human Achilles tendon was provided by the use 
of simultaneous ultrasonography-based measure-
ments of Achilles-soleus myotendinous junction 
and Achilles-calcaneus osteotendinous junction 
displacement; Authors of the current study 
reported a free Achilles tendon maximal force of 
1924 N, a deformation of 2,2 mm and a stiffness 
of 2622 N/mm during an isometric plantar flex-
ion ramp contraction [15].

Several non-modifiable and modifiable factors 
are reported to alter the tendon mechanical prop-
erties and thus play a role in tendon diseases.

Differences in mechanical properties in the 
medial gastrocnemius muscle between a young 
and an elderly group were investigated using 
ultrasonography during a ramp and a ballistic 
contraction in a recent in  vivo study: authors 
reported a significantly lower maximal elonga-
tion and strain of tendon in the elderly group 
compared with the young group, and a smaller 

Table 7.2 Tendons viscoelastic properties

Hysteresis Amount of energy dissipated as a 
result of internal friction during 
mechanical loading and unloading

Phase lags Delay between the applied stress 
and the resulting strain response

Creep Increase in deformation under a 
constantly applied load

Stress relaxation Decrease of load in tendon over 
time with a constant strain

a b

Fig. 7.3 Cadaveric experiments; experimental setup: (a) Patellar tendon and (b) Quadriceps tendon with laser used as 
reference to measure the cross sections
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difference in hysteresis of tendon structures 
between ramp and ballistic contraction among 
the elderly compared with the young group. On 
the other side no difference in collagen fibers ori-
entation of tendons was founded between the two 
groups [17].

Additionally, gender and anatomic location of 
the tendons represents non-modifiable factors 
that could affect tendon mechanical properties.

Disuse is also identified as altering tendon 
properties. Denervation and immobilization have 
both been found to decrease tendon stiffness and 
reduce final tissue strength [18, 19]. Conversely, 
an increase in physical activity is found to 
improve tendon material properties such as 
Young’s modulus as a result of alterations to the 
collagen makeup [20].

7.7  Tendinopathy

A change in fiber structure can lead to load capac-
ity decrease a tendon can exert and transmit. 
Tendinopathy is related to tendon injury and is 
characterized by a loss of normal tendon archi-
tecture, alterations in the collagen fibril distribu-
tion profile, and neovascularization [2]. tendon 
impairments typically result from an internal ten-
sile overloading event, with acute injuries occur-
ring after one isolated, overloading event and 
chronic injuries occurring over time through 
repetitive, excessive loading events. In contrast, 
others have suggested that acute injuries are 
indicative of an underlying chronic impairment 
that contributed to the injury. Overuse tendon 
injuries, commonly involving the patellar tendon, 
Achilles tendon, and the origin of the extensor 
carpi radialis brevis (tennis elbow), account for 
7% (2002) of the musculoskeletal disorders in the 
United States [3].

While appropriate mechanical loads have ana-
bolic effects on tendons, strengthening the ten-
dons and improving healing quality of injured 
tendons, excessive mechanical loads result in ten-
don injuries. Such non-traumatic tendon injuries, 
either due to “overloading” or “overuse,” are 
commonly referred to as tendinopathy [20].

It is also reported that excessive use and load 
on tendons produce high levels of inflammatory 
indicator PGE2 usually found in injured tissues 
[23, 24]. Similarly, to bone tendons require a cer-
tain minimum of loading conditions before they 
become atrophied and lose some of their stiffness 
[25, 26]. This results in an increase in catabolic 
activities, stress deprivation and changes in ten-
dons mechanical properties [27, 28].

7.8  Tendon Fibroblasts

Tendons adaptively change their structure and 
function in response to mechanical loads due 
largely to large tenocytes cells or tendon fibro-
blasts that are responsible for tendon homeostasis 
and repair. Also cells that can self-renew and dif-
ferentiate into tenocytes may contribute to tendon 
function in this regard. These dominant tendon 
tenocytes can alter the ECM gene and protein 
expression [29] and molecular mechanism in 
response to the mechanoresponses [30, 31]. 
Other interactions between mechanical loading 
and cytokines, lead to stretching magnitude- 
dependent. This implies that repetitive mechani-
cal stretching has two opposite effects—it is 
anti-inflammatory at small magnitudes, whereas 
it becomes pro-inflammatory at large magnitudes 
[31]. Tendon stem/progenitor (TSCs) also found 
in human recently, differ from tenocytes in that 
they have the ability to differentiate into teno-
cytes and non-tenocytes including chondrocytes 
and adipocytes under the proper loading condi-
tions [24, 31, 32]. So to determine the control 
mechanism of loading to activate the right cells is 
critical to any tendon exercise. The pathophysiol-
ogy of tendons is an outcome measure of tendon 
fibroblasts.

7.9  Clinical Applications

Where do we go from here? Can we prevent ten-
don failure? Can we find the appropriate exercise 
to promote rapid healing of tendon tears? What 
are the excessive limits of tendon loading 
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capacity? Tendons transfer energy built by mus-
cles into bone to produce the right joint motion. 
Normal tendon development and homeostasis is 
directly correlated to the mechanical load profile 
to which the tissue is exposed. Likewise, tendon 
injury and degeneration is related to changes and 
of this profile. Understanding the tendon, the 
mechanotransduction mechanism holds a prom-
ise for promoting tendon repair and restoration of 
tendon structure and basic function. Clinical 
applications of mechanobiological principles fol-
lowing tendon injury form the basis of rehabilita-
tion [33].

There is a need for the development of pro-
grams which emphasize tendon loading as func-
tion of age, rehabilitation following tendon 
overuse injury, and in the development of postop-
erative physical therapy regimens that accelerate 
healing following surgical repair.
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Biomechanical Properties 
of Orthopedic Materials: Muscle

George A. Komnos and Jacques Menetrey

8.1  Muscle 
Structure-Architecture

Skeletal muscle is one of the three main muscle 
tissues in the human body and corresponds to 
about 40% of body mass. Its main function is the 
conversion of chemical energy into mechanical 
energy. This energy is consumed to achieve some 
fundamental body tasks, such as motion produc-
tion, posture maintenance, and thermoregulation 
[1]. The skeletal muscle contains up to 75% of all 
body proteins and is a huge reservoir of nutrients, 
especially amino acids [1].

The skeletal muscle cell is called muscle fiber, 
or myofiber. The number and the size of these 
muscle fibers are the determinants of the mus-
cle’s size. Fascicles consist of many muscle fibers 
bound together, with the presence of a rich net-

work of blood vessels and nerves. The whole 
muscle is surrounded by a layer of connective tis-
sue called epimysium, or fascia. Perimysium is 
an inner layer that surrounds each fascicle, while 
endomysium is the outer layer of each muscle 
cell. A single muscle fiber is also surrounded by a 
cell membrane or sarcolemma, which holds an 
essential role in the regulation of intracellular 
Ca++. A band of proteins associated with the sar-
colemma is coherent to the internal myofilament 
structure, and more specifically to the actin pro-
tein of the thin filament. Muscle weakness or 
atrophy derives from the absence or dysfunction 
of one of these proteins.

Muscle composes of force generating sarco-
meres. The sarcomere is the basic contractile 
unit of the myofibrils. It is nowadays believed 
that each muscle fiber consists of thousands of 
myofibrils and contains billions of myofila-
ments. Sarcomeres are arranged in bands and 
lines. There are three bands, A band that con-
tains both actin and myosin, I band that contains 
only actin and H band containing only myosin. 
The two most significant myofilaments are actin 
and myosin accounting for about 70–80% of the 
total protein content of a single fiber. Myosin is 
the main molecular motor, while titin is a large 
elastic protein that aids stabilization and align-
ment of the thick filament. Titin extends from 
the Z line to the center of the sarcomere and 
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plays a significant role in the organization of the 
thick filaments in the sarcomere. Every sarco-
mere has three filament systems: The thick fila-
ment which is mainly myosin based, the thin 
filament, being actin based, and the titin fila-
ment [2]. M line  interconnects the thick fila-
ments and Z line is the site of attachment of the 
thin filaments.

Sarcomere length is not equal along the cell 
[3]. Although sarcomere lengths have a preferred 
operating range, skeletal muscle is extremely 
plastic, which makes it easier to adapt to disease 
or altered patterns. A matrix of connective tissue 
surrounds fibers and fascicles. Although these 
connective tissues were initially considered as a 
scaffold that organizes the muscle fibers into an 
acceptable geometry, it is recently shown that the 
elastic properties of this connective tissue also 
play an essential mechanical role [4]. Muscle’s 
mechanical work seems to depend grossly on the 
extracellular matrix of connective tissue, its prop-
erties, and the flow of elastic strain energy 
through them (Figs. 8.1 and 8.2).

8.2  Slow-Twitch and Fast-Twitch 
Muscles

There are two general types of skeletal muscle 
fibers: slow-twitch (type I) and fast-twitch (type 
II). Fast-twitch muscles are further divided into 
two categories: type IIa, (moderate fast-twitch) 
and type IIb or IIx. Slow-twitch muscles are 
enabled in long duration and resistance exercise, 
such as long distance running, while fast-twitch 
muscles are used in forceful breakouts, such as 
sprinting. Moderate fast-twitch muscles contract 
earlier, are thicker and wear out more rapidly 
than slow-twitch. On the other hand, fast-twitch 
muscles are the most powerful and lowest in 
endurance.

When an athlete does aerobic exercises like 
running, bicycling, or swimming, slow-twitch 
fibers initially contract. As these fibers become 
tired, the fast-twitch fibers take over. In aerobic 
exercises, slow-twitch fibers are mainly used. 
This condition leads to increased stamina and a 
higher oxygen capacity of the muscles. A high 
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proportion of slow-twitch fibers have also been 
associated with low blood pressure, while it has 
been reported that women may have a greater dis-
tribution of the type I muscle fibers and lower 
distribution of type II muscle fibers than men.

Fast-twitch muscles support short, quick 
bursts of energy, such as sprinting or powerlift-
ing. They have fewer blood vessels and mito-
chondria than slow-twitch muscles, since no need 
for maintaining quick, intense activities exist. 
Fast-twitch muscles are anaerobic and subse-
quently use sources of energy that are already 
present inside the body, such as glucose, to make 
adenosine triphosphate (ATP).

Type IIa fast-twitch muscles have more mito-
chondria than Type IIb. Due to this condition, 
they are more alike the slow-twitch muscles in 
their ability to use oxygen along with glucose and 
fat to consume for energy. Therefore, Type IIa 
muscles are not easily exhausted and can recover 
relatively quickly from a short, intense workout. 
Nevertheless, because of their ability to use oxy-
gen and glucose for energy, they are also known 
as oxidative-glycolytic muscles.

Type IIb is the other type of fast-twitch mus-
cle. These are known as non-oxidative muscles 
because they don’t use oxygen for energy. Type 

IIb muscles also have a much lower number of 
mitochondria, since the energy needed for activ-
ity is produced by glucose. Moreover, they are 
much larger than other muscles and become worn 
out much faster.

To sum up, fast-twitch muscles are optimized 
for short, intense activities, such as sprinting, 
powerlifting, jumping, strength training, and 
high-intensity cycling. On the contrary, slow- 
twitch muscles are optimized for lower-intensity 
and high endurance exercises, such as running a 
marathon, swimming lap, or triathlon.

8.3  Muscle Power-Muscle 
Strength

There is controversy in sports medicine literature 
concerning the definition and measurement of 
muscular power and what it represents. It should 
become clear that the terms muscle strength and 
muscle power are related to each other, but not 
equivalent. Strength is the force output and power 
is the work produced over certain time. As a 
result, power measurements should be expressed 
in units that are equivalent to work per unit of 
time [5]. These power measurements can be 
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either mean or instant values. Mean values define 
the average work over a definite time period, 
while instant values the amount of work at some 
definite-instant time.

8.4  Muscle Actions 
and Contraction

Skeletal muscles are innervated and controlled 
by the central nervous system. In particular, 
each muscle is innervated by a motor neuron. 
All the muscle fibers innervated by a motor 
nerve compose the motor unit. When the motor 
nerve is stimulated all the fibers of the motor 
unit contract, making it the functional contrac-
tile unit. Following muscle activation, muscle 
actions occur. These are classified into three 
basic types: static, concentric, and eccentric. A 
static (isometric) muscle action generates force 
with no movement of the joint or the limb. 
Under these circumstances, the resistance is 
bigger than the force generated. On the contrary, 
a dynamic (isotonic) action generates force in 
conjunction with joint movement. There are two 
types of dynamic actions: concentric and eccen-
tric actions. In concentric actions, the origin and 
the insertion of the muscle come closer, ending 
up in shortening of the muscle. Opposing, in 
eccentric actions origin and insertion remote 
from each other resulting in the lengthening of 
the muscle. It is worth mentioning that there is 
also another type of dynamic action, the iso-
kinetic one, which is generated in the laboratory 
using a special device with constant movement 
velocity. This type of muscle action cannot 
occur in normal human movement, where accel-
eration and deceleration succeed each other. 
Eccentric muscle actions are more prone to 
muscle injury if not performed carefully [6].

A term that maybe is more important and 
comes up before the muscle actions is muscle 
contraction. A muscle fiber generates tension 
through actin and myosin cross-bridge cycling. 
Under tension, the muscle may lengthen, shorten, 
or remain the same. Although the term contrac-
tion implies shortening, in the muscular system 
means the application of tension within a muscle 

fiber. There are different types of muscle contrac-
tions defined by the changes in the length of the 
muscle during contraction. The four main types 
are isotonic, concentric, eccentric, and isometric. 
In isotonic contractions, the tension is constant, 
while the muscle length changes. In concentric 
contractions, the muscle shortens while generat-
ing force and overcomes resistance. In eccentric 
ones, the muscle elongates while generating 
force. The force cannot overcome resistance in 
this type of contractions. Eccentric contractions 
can be either intentional or unintentional. In iso-
metric contractions, the length of the muscle 
remains the same while force is generated. These 
are more common in the muscles of the upper 
limb and hand.

Overall, muscular contraction is a complex 
mechanism representing the interaction of the 
contractile proteins actin and myosin in the pres-
ence of calcium. Adenosine triphosphate (ATP), 
produced in the mitochondria, supplies the 
demanded energy. The sequela of events that 
occurs when a muscle contract depends on three 
other factors: calcium and two inhibitory pro-
teins, troponin and tropomyosin. Voluntary mus-
cle contraction begins with electrical impulses at 
the myoneural junction, initiating the release of 
calcium ions. These calcium ions bind to a pro-
tein called troponin-C that is attached to tropo-
myosin, and actin. The juncture of calcium with 
troponin-C provokes the removal of the tropo-
myosin molecule from its blocking position 
between actin and myosin. Then, the myosin 
head attaches to actin, and muscular contraction 
occurs.

As mentioned above, the main source of 
energy for muscular contraction is ATP, which is 
produced by oxidative phosphorylation. The 
major fuels for this process are carbohydrates 
(glycogen and glucose) and free fatty acids. 
During a rest period, the amounts of energy pro-
duced from carbohydrates and fats are almost the 
same. During low levels of exercise, free fatty 
acids are the main contributors to the energy sup-
ply, but while exercise increases and more energy 
is needed, carbohydrates take over. Finally, when 
it comes to maximal exercise, energy production 
relies entirely on carbohydrates.
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The mitochondria can produce ATP for mus-
cle contraction only in the presence of oxygen. At 
very high levels of exercise, the demand for oxy-
gen may exceed the capacity of the cardiovascu-
lar system to deliver it. In that case, glycolysis 
progresses in the cytoplasm until pyruvate is 
formed. Electrons released during glycolysis are 
taken up by pyruvate to form lactic acid. Rapid 
diffusion of lactate from the cell inhibits the fur-
ther steps in glycolysis. However oxygen- 
independent glycolysis is not efficient since only 
two ATP molecules per molecule of glucose can 
derive from this process.

8.5  Force of Contraction

Augmentation of the force of contraction of a 
muscle can be achieved by recruiting muscle 
fibers. As all the muscle fibers within a motor 
unit are activated simultaneously, a muscle can 
recruit more muscle fibers by recruiting more 
motor units. Muscle fibers are classified as fast- 
twitch and slow-twitch depending on their inner-
vation. Since all fibers in a motor unit are 
innervated by a single a motor neuron, all of them 
are of the same type. Slow-twitch motor units 
tend to be small (100–500 muscle fibers) and are 
innervated by a motor neuron that is easily elec-
trified. On the contrary, fast-twitch motor units 
are larger in size (1000–2000 muscle fibers) and 
are innervated by motor neurons that are not eas-
ily electrified. Subsequently, slow-twitch motor 
units are recruited first and as exercise is getting 
tenser, fast-twitch motor units follow. The advan-
tage of this sequence is that the first muscle fibers 
recruited are those with the higher resistance to 
fatigue.

8.5.1  Contractility and Elasticity

Two of the most significant properties of the 
muscles are contractility and elasticity. 
Contractility is the ability of muscle cells to 
forcefully shorten, while elasticity is the ability 
to recoil to the muscle’s length after being 
stretched. Elasticity and muscle elastic compo-

nents are a critical key in the mechanism of mus-
cle contraction and function.

The most widely acceptable model for muscle 
function and interaction between contractile and 
elastic elements is the three element Hill-type 
model [4, 7]. This model consists of a contractile 
element (CE) arranged alongside a parallel elas-
tic element (PEE) and in series with a series elas-
tic element (SEE). The contractile element 
represents the fundamental mechanical behavior 
of the sarcomere. Noteworthy, the length change 
of the contractile element is not the same with the 
length change of the muscle, due to the series 
elastic element altering the length whenever 
force varies.

The myotendinous junction is the part of the 
tendon where the ends of the muscle fibers inter-
act with the tendon to transmit the force of the 
contraction and initiate movement of the skele-
ton. The tendon and the connective tissue layers 
are composed mainly of elastin and collagen 
fibers, and contribute to passive tension of mus-
cle preventing them from damage in case of over-
stretching or contraction. The force of contraction 
is transmitted both longitudinally to the tendon 
(via myotendinous junctions) and laterally to 
connective tissue adjacent to the muscle fibers 
(via costameres).

8.5.2  Force–Velocity Curve

The velocity at which a muscle shortens depends 
on the amount of force that the muscle must pro-
duce. The force–velocity curve is a physical rep-
resentation of the inverse relationship between 
force and velocity. In other words, an increase in 
force causes a decrease in velocity and vice versa. 
This balance between force and velocity is 
thought to occur due to a decrease in the time 
available for cross bridges to be formed. In the 
absence of any load, the shortening velocity of 
the muscle is maximal. A rise of the load reduces 
the velocity of muscle shortening until the load 
reaches a peak and the muscle cannot lift the load 
and therefore cannot shorten any more (zero 
velocity). Negative velocity represents the condi-
tion when further load is applied and results in 

8 Biomechanical Properties of Orthopedic Materials: Muscle



96

stretch of the muscle. As a result, slower velocity 
exercises allow the athlete to form more cross 
bridges and develop more force. Higher velocity 
exercises provide less time for cross bridges to 
form, and therefore results in lower force 
production.

In terms of contraction, the force is zero in 
isometric contraction, it decreases as velocity 
increases in concentric contraction, while the 
force increases as velocity decreases in eccentric 
contraction (Fig. 8.3).

8.6  Length–Tension Relationship

When a muscle contracts, its length is shortened 
and force (stress) is produced. These two param-
eters define if a contraction will be isotonic or 
isometric. So, when muscle strength is steady 
and the force generated is measured we have iso-
metric contraction. On the other hand, when the 
force remains constant and the length of the mus-
cle changes then it is an isotonic contraction. 
When stretch is applied to a muscle at rest, the 
muscle resists with a force that gradually 
increases. This gradual increase of the force that 
correlates to the stretch applied is due to the elas-
ticity of the muscle. Contractile force increases 
as muscle length increases up to a point. Beyond 
that point, contractile force decreases. This repre-
sents the length-tension curve, which is consis-
tent with the sliding filament theory.

Length–tension relationship corresponds to 
the overlapping of microfilaments in a sarcomere. 
It is worth noting that the muscles besides the 
active properties can also produce passive ten-
sion. As length increases, passive tension fol-
lows. This is due to elastic properties of the 
muscle. The tissues stretch and enough force is 
produced to overcome the active tension deficit 
that occurs when a muscle lengthens. The resting 
length (L0) is the length that allows the higher 
potential active force. The active tension part of 
the curve is an inverted U shape with its peak at 
the resting length. Until the resting length active 
contraction generates the force. Nevertheless, 
beyond the resting length, when parallel elastic 
components are stretched, passive tension begins 
to contribute as active tension decreases. At the 
end, at more elongated lengths, passive tension 
contributes for the most of the force. Most of the 
time, muscle tear occurs at the elongated state 
when muscle resists further lengthening (See 
Fig. 8.4).

8.6.1  Exercise

It is generally accepted that there are three 
aspects of training. These are learning, endur-
ance and strength training. The learning aspect 
includes motivational parameters and coordina-
tion skills but not adaptive changes. Nevertheless, 
these skills can be maintained for years, no 
matter the amount of exercise done. Endurance 
can achieve adaptive responses, mainly by 
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performing  regular exercise. This procedure 
occurs through an increase in the oxidative meta-
bolic capacity of the motor units involved and 
results in increasing also the capacity of the heart 
and the respiratory muscles. Muscle strength can 
be increased by applying systematic efforts that 
involve most motor units. Such efforts recruit 
fast glycolytic motor units, as well as slow oxi-
dative motor units. During these efforts, blood 
supply may be reduced, limiting the duration of 
the contraction. Strength exercise in a regular 
basis enhances the synthesis of more myofibrils 
and the growth of tendons. To summarize, mus-
cle is a system that can adapt to most of stimuli, 
but that needs to be constantly stimulated to keep 
its conditioning.

8.7  Muscle Strain and Repair

As aforementioned, the skeletal muscle consists 
of muscle fibers, which derive from the fusion of 
myoblasts. There are three types of muscle 
fibers: type 1, type 2A, and type 2X. The type of 
myosin heavy chain protein they express differ-
entiates these three types [8]. Satellite cells (SC) 
are skeletal muscle stem cells that are responsi-
ble for muscle repair after strain or injury [9, 10]. 
Strains commonly occur at myotendinous junc-
tion. In minor muscle strains the muscle usually 
heals in a short period without significant com-
promise and follows, as in severe muscle inju-
ries, a cascade of three phases initiates. The first 
phase is the inflammation phase, during which 
formation of hematoma takes place and an 
inflammatory reaction begins. This phase hap-
pens during the first days following the injury, 
and is characterized by intense chemotactic 
changes, which result in high concentration of 
molecules, such as cytokines chemokine and 
growth factors. These are excreted by neutro-
phils and attract other inflammatory cells, such 
as monocytes and macrophages [11]. There are 
two types of macrophages. M1 are pro-inflam-
matory cells with main action the removal of cel-
lular debris, and the M2, which are 
anti-inflammatory cells and promote myotube 
formation. Regeneration phase follows, starting 

at about 4 days after injury and continues until 
third to fourth week. Phagocytosis of damaged 
tissue and proliferation of satellite cells leading 
gradually to repair and regeneration of the myo-
fibers characterize it. Last comes the remodeling 
phase. During this phase, revascularization of 
the muscle fibers appears and leads to matura-
tion of regenerated myofibers, with muscle tis-
sue formation. This healing process is a 
competition between muscle tissue regeneration 
and development of fibrosis that may end up in 
hypertrophic and painful scar tissue. Restoration 
of innervation is the final signal for muscle 
repair.
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FEA Applications for Orthopedics: 
An Overview
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Farid Amirouche, and Vincenzo Denaro

9.1  FEA for Orthopedics

9.1.1  Introduction

The correct use of biomechanical engineering 
can provide significant improvements in the reli-
ability of orthopedic procedures leading to a bet-
ter quality of life for patients. The integration of 
engineering principles in biomedicine has been 
widely promoted and continues to grow. Research 
in orthopedic settings needs a specific methodol-
ogy which provides cost benefits, easy to use, and 
can be adapted to different situations. This 
method should work as a guide for understanding 
both the biomechanics as is the case of locomotor 
system, in physiological and pathological states, 

and in the study of the correct function of pros-
thetics and implants devices.

The introduction of simulation models from the 
field of bioengineering unquestionably represents 
the main instrument to evaluate the most suitable 
clinical choice, guaranteeing an accurate analysis 
of particular physiological conditions inside a spe-
cific picture of pathology. The most used tool in 
numerical simulation is the finite element method 
(FEM). It can be defined as a mechanical structure, 
discretized into elements of different types, where 
when the boundary conditions are applied it pro-
vides a complete analysis of stress and strain con-
ditions at each node level. The FEM was introduced 
in early 1960s as an instrument for structural anal-
ysis and rapidly became the solution of choice in 
engineering. It is viewed as a numerical solution to 
problems that didn’t have exact solutions and 
Turner who published his historic job of finite ele-
ment analysis in 1956 was the first to publish the 
method as we know it today. Ten years later, 
(Zienkiewicz) wrote the book The finite element 
method in structural and continuum mechanics, 
which provided the basis of for using FEM in con-
tinuum systems. Finite element (FE) simulation 
became a standard method for the investigation of 
any physiological unit, notwithstanding its com-
plexity, helping, in this way, surgeons to the under-
standing of the biomechanics of the human body 
functioning, in healthy and pathological situations. 
In particular, FE simulation laid the foundations 
for the knowledge of biomechanical changes con-
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sequent to prosthesis or osteosynthesis implanta-
tions and biological adaptive responses of bone to 
biomechanical stimuli. It also has shown an added 
benefit in predicting the variations related to stress 
distribution around the implanted zones, providing 
prevention of expected pathological conditions, 
result of an inappropriate positioning of the pros-
theses or fixation implants. Finally, the simulation 
model, has been employed to predict the behavior 
of orthopedic splints, usually used for the correc-
tion of deformities, providing the recovering 
force- displacement and angle-moment curves 
which mark the biomechanics of the splint in the 
whole range of movement of joints. The funda-
mental concept of FE method is the division of 
complicated mechanical structures into finite 
number of elements connected by nodes which 
represent the geometry of the object being studied. 
Obviously, the number of elements will provide a 
more refine analysis and lead to better stress-strain 
distribution. Most FEA software has an automatic 
option for creating the so called mesh representing 
the discretized body. Some of the current chal-
lenges of FEA in orthopedics are the interpretation 
of the data, its clinical relevance, and how to make 
it potentially a clinical tool easy to use by sur-
geons. This is work in progress and successful 
results will need collaboration among clinicians 
and engineers to perhaps rewrite the output form 
of FEA so clinicians can interpret the data and pro-
vide feedback.

It is essential to realize the pitfalls of FEA are 
centered around the problem formulation, the 
boundary conditions and of course the assump-
tion one makes. The FEA provides solution to the 
problem being formulated, so it is essential that 
both the clinician and engineers reach a decisive 
consent on the problem-solution through some 
validation process.

9.1.2  Methodology for the FEA 
in Biomechanical Systems

The generation of finite element simulation mod-
els must do the math with the geometric complex-
ity of biomechanical systems. The old FE models 
lacked geometrical precision, which has been 

improved in current commercial software [1]. On 
the other hand, the recent models’ challenge con-
cerns the efficacy of the results and their adapta-
tion to clinical practice at a reasonable time and 
without exorbitant costs. The combined employ-
ment of scanners and computed tomography 
(CT), which provides three- dimensional images 
design, allows the realization of great accurate 
models both in their external or internal interfaces 
definition. The method needs an adequate soft-
ware tool able to process images, which, at the 
same time, must be compatible with the programs 
used next to create the FEM. Three-dimensional 
laser scanners, as well as 3D geometrical recon-
struction programs, represent a clear example of 
this progress. In any case, the expected result 
should be a precise geometrical model for the 
basis of the realization of a finite element mesh. 
Another relevant problem in the generation of FE 
models is their difficulty to be experienced in liv-
ing subjects [1]. Thus, it has been necessary to 
realize biomechanical systems with great repro-
ducibility, versatility, in which models can be 
repetitively applied as many times as required 
without causing an aggressive alteration of the 
start conditions. Current research is moving 
toward more realistic systems with a high rate of 
prediction and adaptability to clinical settings. 
This could be achieved by formulating the geom-
etry so that meshes fit the specific problems at 
hand, including, for example, the type of elements 
and the mesh size. The last point to consider in FE 
models is the interaction between surfaces and the 
bonding of the elements [2]. The understanding of 
the mechanical behavior of materials is very com-
plicated and essentially crucial to the analysis. At 
the same time, it is crucial. For example, the bone 
shows an anisotropic behavior with selective dif-
ferent answers when subject to compression. Its 
ability to change is influenced by its composition: 
cortical or cancellous bone present different 
molecular characteristics with subsequent differ-
ent biomechanical responses. Even if good results 
have been obtained in term of reproducibility of 
bone behavior, these simulation models continue 
to require additional changes in material proper-
ties which will the render the analysis interpreta-
tion difficult. For most cases analysts prefer to 
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consider a linear elastic behavior when represent-
ing bone, which makes the analysis more predict-
able and convergence of the FEA is more 
attainable. This might lead to a less precise model.

Modeling of soft tissues, ligaments, carti-
lages, and muscles using FEM is more difficult 
as their intricate structural detail is not biome-
chanically known. These soft tissues are com-
monly having hyper elastic or hypo elastic 
properties, often associated to viscoelastic 
behavior, receiving the influence of the rheologi-
cal effect with prolonged strains or permanent 
load conditions. The intrinsic complexity of bio-
logical tissues makes highly difficult and expen-
sive to build realistic human joint models for the 
analysis of prostheses and implants. This 
unsolved problem is a future challenge to engi-
neers and clinicians to resolve.

9.2  Example of FEA Application 
Models

9.2.1  FEA Application in Hip 
Arthroplasty

The FEA application in the field of total hip 
replacement is a topic worthy of attention, consid-
ering that hip replacement is the most common 
implant used in orthopedic surgery. Although it is 
widely used, this procedure still requires a num-
ber of improvements in terms of both performance 
and materials to ensure the design of implants can 
also be used for younger, active patients. 
Osteoarthritis is the main indication for prosthetic 
replacement. It is a degenerative joint disease. 
The hip replacement consists of two components, 
an acetabular and a femoral component. The ace-
tabular component is a metal shell that includes an 
insert, mainly made of polyethylene or ceramic. 
The metal shell is pressed or threaded into the pre-
pared acetabulum. The femoral component con-
sists of a stem and a prosthetic head, which may 
be ceramic or cobalt-chrome [3]. The prosthetic 
stem is, in most THA, made of titanium 
(Ti-6Al-4  V). The bearings used are mainly 
ceramic-on-ceramic, ceramic-on-polyethylene 
and metal-on- polyethylene. Despite the current 

significant improvements, there are still some 
complications that require further studies focus-
ing on the characteristics of the prosthetic form, 
veneering materials and insert [8]. When design-
ing a joint prosthesis, it is necessary to consider 
the transmission of mechanical stress. The loads 
are extremely high both with regard to the pres-
sure bending stresses generated in the bones (e.g., 
in the neck of the femur) and the pressure and the 
resulting deformation and friction forces trans-
mitted between the articular surfaces [12]. Being 
cyclic, these loads can induce favorable responses 
through bone remodeling applied in bone struc-
tures [13], while they can produce fatigue phe-
nomena in prosthetic implants. The anchoring of 
the uncemented prosthesis to the bone is due to 
the simple mechanical joint (press fit) between the 
femoral stem and the canal in the femur. The main 
purpose of these prostheses is osteointegration 
[14], i.e., direct communication between the pros-
thesis and bone, without interposed connective 
tissue. This direct contact must be mechanically 
stable: the transmission of forces to the interface 
must not generate relative movements between 
the prosthesis and the bone. Smaller contact sur-
faces and increased local stresses can damage 
bone areas [15]. It is essential to consider that, in 
the absence of contact, stresses are not transmit-
ted, and bone resorption is very likely. The latter 
phenomenon is favored by another equally harm-
ful mechanism: stress shielding. An uncemented 
prosthesis relieves forces from the distal area of 
the pelvis. In this way, the proximal segment of 
the femur is not very stressed and proceeds toward 
bone resorption and remineralization. This mech-
anism causes the loss of mechanical stability [16]. 
Stress shielding is also reinforced by the greater 
rigidity of the femoral stem compared to the bone 
that houses it. The prosthesis withstands loads 
while the bone is unloaded and tends to atrophy, 
causing the prosthesis to mobilize [17]. Generally, 
the load during walking is transferred to the femo-
ral head, the medial cortical bone of the femoral 
neck, the small trochanter and the diaphyseal 
bone [9]. The insertion of cemented or unce-
mented femoral stems would significantly influ-
ence the physiological transmission of forces, 
because these forces are transferred centripetally 
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from the central bone marrow cavity to the corti-
cal bone, passing through the prosthetic stem. 
These variations in physiological hip biomechan-
ics have led to the phenomenon of “adaptive 
remodeling” because bone tissue has to adapt to 
new conditions [4].

Adaptive remodeling is a multifactorial pro-
cess. The physical characteristics of the implant 
(size, implant design and alloy) and the type of 
anchorage in the femur (metaphyseal, diaphy-
seal, hybrid) are mechanical elements involved 
in the load distribution resulting from the pros-
thetic implant in the femur [10]. Age, body 
weight, bone mass, and also the quality of 
implant fixation are biological parameters that 
must be considered. The initial bone mass is the 
most important. Several models of non-
cemented stems aimed at achieving an ideal 
load transfer to the femur, imitating the physio-
logical transfer from the femur to the femoral 
rod [5]. The main objective was to avoid stress 
resistance, since the lack of physiological load 
transfer and the lack of mechanical stimuli in 
this area leads to atrophy of the proximal bone. 
Fixation of the cemented hearth is achieved by 
positioning the cement in the bone, forming a 
cement-bone interface. A new cement-bone 
interface has been developed in the cement 
mantle. The cement mantle may appear to allow 
better load distribution in the femur; however, 
the design, material and surface of the prosthe-
sis play an important role in bone remodeling 
[11]. The long-term follow-up of uncemented 
stems from different models shows that this has 
not been achieved, and that there is more or less 
a stress shielding phenomenon in all models, so 
there is proximal bone atrophy. Both the stress 
shielding of the bone cement handle and the 
resulting proximal bone atrophy and the long-
term behavior of the interface between bone 
cement and bone cement are being studied to 
monitor the different stem models [6]. Finite 
element simulation is proposed as a tool to pre-
dict the long-term biomechanical behavior of 
different stems in bone cement or non-bone 
cement and to predict the impact of biomechan-
ics on the femur, thus influencing femoral 
remodeling.

9.2.2  FEA Application in the Lumbar 
Spine

The spine is an intricate anatomical structure 
characterized by three-dimensional movements, 
whose purpose is to maintain the erect posture of 
the body, supporting the load and respecting the 
nervous structures contained into the spinal 
canal. For this reason, the spine presents a visco-
elastic composition required to perform flexible 
movements, control stability and preserve nerves. 
All these characteristics make the analysis of 
spine biomechanics, as well as its reproduction 
in vivo or in vitro studies, very difficult. Usually, 
biomechanics of the lumbar spine is examined in 
cadaveric specimens although they lack flexibil-
ity making the reproduction of the whole living 
human range of motion complicated [7]. For 
in  vivo studies, several strategies of analysis 
(such as radiography, computerized axial tomog-
raphy (CAT), magnetic resonance imaging 
(MRI), television (TV), and computer) have been 
employed, leading results greatly variable if 
compared in subjects with different age, different 
disease or even in the same person during the 
same day. At the same time, researches conducted 
on animal spines, considering their differences 
with the human lumbar spine, have shown mixed 
results, not useful for the comprehension of bio-
mechanics functioning. It’s evident the necessity 
to generate simulation models such as FE to 
improve spine understanding. FEA model of the 
spine provides the study on the lumbar spine in 
physiological states to simulate varying load con-
ditions and analyze the influence on biomechan-
ics. It is also able to simulate the disc degeneration 
and evaluate its impact on the adjacent structures. 
Finally, FEA models may be helpful to examine 
several fixation systems, (pedicular screw or rigid 
fixations or dynamics one). The S1-L5 is the 
main functional district analyzed. It is studied 
using the methodology above described with 
which is possible to gain the geometrical model 
corresponding (Fig. 9.1). The mesh of the verte-
brae is realized utilizing tetrahedrons with linear 
approximation inside a program with a thin size. 
This allows the transition from the area of the 
exterior cortical bone to that of the interior 
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 cancellous bone, realized through statistical 
means from CTs of vertebrae in normal people. 
Disc meshes represent the crucial element for the 
exact reproduction of the biomechanical behav-
ior of the functional unit examined [8]. To do 
this, each disc is divided into nucleus pulposus 
and annulus fibrosus with adequate dimensions. 
The first functions as a non-compressible fluid, 
which under compression extends toward the 
exterior tensioning the fibers of the annulus. This 
last has a hyper elastic behavior, even if just in 
tension. Also, the reproduction of the real anat-
omy interaction among all different elements 
(vertebrae, discs, ligaments) is fundamental. To 
test the effectiveness of the fixation, flexion- 
extension movement has been examined as the 
most characteristic and muscle and ligament 
strengths are adapted to the proper values to 
achieve the necessary movement ranges. 
Calculation and post-processing are obtained 
applying for the Abaqus program. After the real-
ization of the healthy model, FE systems have 
been adapted for different conditions based on 
specific levels of disc degeneration. Variations 
caused by surgery need to be represented in the 
FE model for the study of the different kind of 
fixations (such as screws, rigid or dynamic 
implants) [9]. This study has been generated by 
removing the elements intersected the devices 
and resetting the mesh along with the new inter-
faces. The analysis in the flexion-extension 
movement has been conducted to verify the 
changes produced by the fixations. The results 
permit the analysis of the variations in the local 

stress distribution around the screws, identifying 
points of potential expected pathologies, fruit of 
the alterations caused by the fixations.

9.3  FEA Application 
in the Articular Cartilage 
Tissue Engineering

Articular cartilage is primarily composed of 
chondrocytes organized into the extracellular 
matrix in three different layers with a respec-
tively parallel, random and perpendicular orien-
tation of collagen fibers. Cellular morphology 
and extracellular orientation depend on mechan-
ical stimuli which, thanks to their ability to 
mediate conformational changes of the molecu-
lar pattern, gene expression regulation, and tis-
sue remodeling, are vital for cartilage 
homeostasis and regeneration [10]. The lack of 
mechanical stimulus, together with senescence, 
inflammation, and obesity, is the main risk fac-
tors for the development of osteoarthritis (OA). 
The OA is one of the main diagnosed patholo-
gies for which an effective good treatment 
doesn’t exist. Both for the degeneration of artic-
ular cartilage derived from OA, as well as other 
cartilage diseases, the use of functional tissue-
engineered cartilage may be successful. 
Scaffolds provide the proper mechanical and 
spatial conditions for chondrocytes proliferation, 
making functional tissue- engineered cartilage 
capable to satisfy this request. In the field of 
engineering tissue, scaffold design generation is 
a complicated process because it has to guaran-
tee proper interactions among the cells and the 
scaffold. This process requires many time 
because it needs sequential in vitro, mechanical, 
and in-vivo studies to define the correct struc-
tural parameters for the expected level of 
mechano-transduction. To overcome these prob-
lematics, the finite element analysis (FEA) has 
currently introduced as a preparatory step for 
scaffold design. FEA makes a stress–strain anal-
ysis of the scaffold, dividing it into smaller ele-
ments with a uniform shape which can be 2D 
(planer triangle or quadrilateral) or 3D (tetrahe-
dral or hexahedral). The block form result 

Fig. 9.1 Spine FEA model. Vertebral structure reproduc-
tion with tetrahedrons elements; dish meshes clearly 
divided into nucleus pulposus and annulus fibrosus
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composed by placing nodes on the solid 
geometry. The most basic 3D element shape is a 
tetrahedron composed of four nodes. More tetra-
hedrons make an eight-node hexahedron [11]. 
Advanced models use higher-order 20-node 
hexahedral elements, providing more precise 
analyses. A mathematical constitutive equation 
is then applied and solved for the stress–strain at 
each node. The analysis can use both simple lin-
ear elastic formulation, which follows Hooke’s 
Law (stress in early proportional to strain), both 
complex biphasic elastic once, which is a solid-
fluid coupled stress–strain formulation, in which 
the solution is given by elastic modulus, 
Poisson’s ratio (bulk modulus), and permeability 
of the matrix. FEA grants the capacity to prog-
nosticate structural deformation, stress distribu-
tion, and cartilage tissue regeneration inside the 
scaffold models. Numerous researches have 
realized mesh models of scaffolds, cartilage, and 
cells, to define the mechanical parameters (stress 
and strain) under varying load profiles [12]. 
Cartilage tissue engineering and scaffold design 
have been strongly influenced by the use of 
FEA. The latter, in fact, owns the analysis capac-
ity for the tissue engineering researchers, 
because they can be utilized to improve scaf-
folds. The ability of these models to precisely 
predict the stress, strain, fluid pressure, flow, and 
cell growth enables rigorous analyses of scaffold 
designs before they are actually produced.

9.3.1  FEA Application in Shoulder 
Complex

The shoulder is a complex articular structure 
which represents the perfect compromise among 
mobility and stability. Shoulder mobility is made 
possible by the glenohumeral joint that allows the 
greatest range of motion, while the passive stabi-
lizers, such as ligaments, glenohumeral capsule 
together with the active muscular components, 
provide shoulder stability. The achievement of a 
full range of motion is guaranteed by the small 
glenoid articular surfaces compared to that of the 
humerus, but, at the same time, their low congru-
ency challenges joint stability [13]. This shoulder 

specific joint configuration predisposes patients 
to suffer from glenohumeral articular dislocation 
as well as other painful soft tissue diseases. The 
understanding of the in vivo biomechanical func-
tioning of the shoulder complex is still really 
restricted. Traditional biomechanics has resulted 
in very limited instruments so that the implica-
tion of FE model as advanced tools in the estima-
tion of shoulder biomechanical behavior is not 
surprising. FE models of the shoulder aim to 
investigate as each joint element functions under 
different loading conditions. The fundamental 
step in FE shoulder model is the hard tissues, soft 
tissues and musculoskeletal structure reconstruc-
tion usually made in 2D or 3D geometry. To real-
ize it, several approaches are employed. Usually, 
geometric reproduction of bone is realized by CT 
images, while geometric models of soft tissues 
are obtained by MR imaging, even if the repre-
sentation of articular cartilage remains the hard-
est challenge. The reproduction of realistic 
materials properties of shoulder tissues is another 
essential key point. Several studies use the major 
assumption from literature to overcome the prob-
lems, assuming bones as a rigid and isotropic lin-
ear elastic material whit a big Young’s modulus, 
and muscles and tendons as complicated struc-
tures with anisotropic behavior and viscoelastic 
characteristics. FE shoulder model are catego-
rized in different sections according to the main 
physiological conditions and clinical problems 
reported as follow: glenohumeral instability, 
rotator cuff tears and shoulder arthroplasty. 
Concerning the first point, as above described, 
the poor congruency of shoulder articular sur-
faces permits a great range of motion, even if this 
condition commonly predisposes shoulder dislo-
cation. In the last years, instability of the gleno-
humeral joint has been studied through several 
FE models with many strengths and limitation 
but with the common purpose to reach the right 
knowledge of instability aetiology, diagnosis, 
treatment and prevention. One of the most recent 
FE models for the study of instability focuses its 
attention on muscular strengths allowing shoul-
der a free movement of six degree. It uses tissue 
deformations, contact area and contact pressure 
to estimate joint stability [14]. These loading and 
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boundary conditions associated with these spe-
cific parameters, permit the FE model to simulate 
shoulder biomechanics as close to reality as pos-
sible. Rotator cuff tears are the most diffuse dis-
ease of shoulder, whit the prevalence of injury of 
the supraspinatus tendon. The aetiology of the 
tears is multifactorial and complicated and the 
correct mechanism of their onset is still not clear. 
For this reason, several FE models have been 
employed to better understand the biomechanical 
mechanism which can provoke rupture. FE 
shoulder models conduct their investigation on 
the hypothesis that stress concentration is the 
main responsible for tendon damages. One of the 
most recent studies has been realized including 
rotator cuff muscles and deltoid fibers as control-
lers of shoulder rotator cuff biomechanics. 
Muscle and bone have been reconstructed by CT 
images, and shoulder movement has been simu-
lated through three-dimensional programs 
(Fig. 9.2) [15]. Any case the results in this field 
need several improvements. As well as the other 
shoulder diseases above described, also shoulder 
osteoarthritis is becoming much more frequent 
and debilitating, requiring a higher number of 
shoulder arthroplasty. Total shoulder arthroplasty 

is made up of a humeral head and a glenoid com-
ponent. The prosthesis design is the essential 
point of the success of the procedure and to 
improve its characteristics FE analysis has been 
widely employed. Fe models focus their attention 
on several crucial issues for the realization of 
optimal implants such as the glenoid component 
aseptic loosening, the conformity of components 
shape, and the choice of the best component’s 
materials. In all of these cases, FEA analysis 
develops investigation using different parame-
ters. Implant shape, positioning and orientation, 
use of bone cement, articular congruency, cement 
stress, central components alignment, are the 
main investigated.

9.3.2  FEA Application in Knee Joint

The knee joint is the largest joint which permits 
locomotion and supports the body weight. It is 
made of two different joints, the tibiofemoral and 
the patellofemoral, marked by complicated bio-
mechanics functioning. The understanding of 
knee diffuse injuries and disease requires the 
employment of structured approaches as FE 

Fig. 9.2 Shoulder FEA model. Three-dimensional reproduction of glenohumeral interface
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models. Thus, also for the study of knee joint 
FEM is widely used, guaranteeing the investiga-
tion of knee cells, tissues, and level joints to com-
prehend the effect of injuries, their surgical 
treatment and their mechanical functions. FE 
analysis finds several specific applications into 
the field of knee physiological and pathological 
conditions. Ligament injuries and reconstruction, 
cartilage damages and knee replacement are the 
most investigated [16]. For the first one, the cur-
rent FE models realized, employ different strate-
gies of approaches. Ligament injuries are 
examined through models which simulated mus-
cles load, or through programs which reproduce 
graft stiffness and initial stress on a 3D ligament- 
reconstructed knee. At the same way, 3D models 
of knee joint have been realized to better under-
stand osteoarthritis onset and development in the 
contest of mechanical tissue environment 
(Fig.  9.3). Several studies have utilized knee 
models with loaded flexion of 30 degrees, evalu-
ating the effects of the size of cartilage injuries 
related to contact pressure and articular strains 
[17]. These models include the depth-dependent 
properties of cartilage which is usually consid-
ered as linear elastic and isotropic material. 
Finally, also the mechanical properties of knee 
prostheses have been accurately examined 
through computational FE models. Current FE 
analysis uses a model which investigates kine-

matics and stress distribution of a total knee 
replacement during a gait cycle reproduced by a 
knee simulator. This model assumes the femoral 
component of the prosthesis as rigid and the tibial 
insert as an elastic and plastic material. Other 
types of models exploit specific scales to estab-
lish contact areas and stress distribution in pros-
thesis components. In these systems, the pressure 
is estimated from strengths resulted by kinematic 
models while contact areas from implants 
designs. Any case, the real improvement in the 
field of FE models is represented by the realiza-
tion of patient-specific implants which should 
reach better compliance and patients’ outcomes. 
Concerning this section, a patient-specific 
implant was designed for unicompartmental knee 
replacement. The imagine reproduction has been 
realized by a 3D model, the femoral and tibial 
components have been assumed to be isotropic, 
linear, elastic while the insert has been consid-
ered as nonlinear.

9.4  Conclusion

Undoubtedly, FE methods application in the field 
of orthopedics has already made an impact and 
will continue to play a crucial role in the design 
of implants, optimizing product designs, and pro-
viding an insight in clinical outcomes. While it is 

Fig. 9.3 FEA model of patellar-femoral joint. Reproduction of contact area and stress distribution on 3D model
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strictly a method for analysis it could play a 
 significant role in orthopedics when combined 
with other virtual tools. It opens door for research 
where biomechanical material properties are not 
known, and provide a platform for virtual testing 
a number of possibilities that experiments and 
patient follow-up can’t provide. FEA requires 
basic knowledge of mechanics beyond what’s 
taught or known to clinicians. This challenge can 
be overcome through training and collaboration 
with engineering. The future holds that patient- 
specific FE models are readily available for 
patient-specific needs and prosthesis design and 
prototyping.
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10.1  Introduction

The shoulder joint is the most mobile joint of the 
entire body. This mobility is achieved due to the 
lack of bony restraints and dependence on soft- 
tissue static and dynamic stabilizers.

The “shoulder joint” is, in itself, comprised by 
four “joints” and a space worth mentioning. 
Three of them are proper joints: glenohumeral, 
acromioclavicular, and sternoclavicular. On the 
other hand, the fourth “joint,” not a joint in itself, 
is the scapulothoracic interface. The subacromial 
space, a gap between bones filled with soft tis-
sues, completes this list.

The shoulder girdle, formed by the scapula 
and clavicle, connect the shoulder and upper limb 
to the rest of the body: the spine and thorax being 
the axis on which the shoulder supports itself in 
order to perform its main function, which is to 
adequately and precisely position the upper limb, 
and ultimately the hand, in space.

10.2  Shoulder Anatomy

10.2.1  Scapula and Glenohumeral 
Joint

The scapula is a somewhat flat, triangular-shaped 
bone located posterolateral to the rib cage [1], 
with a “resting” orientation of 30 degrees of ante-
version [2], 3–10 degrees of abduction [3] and 
10–20 degrees of anterior tilt [4]. It is located 
vertically from the second (superior angle) to the 
seventh to ninth rib (inferior angle). It has three 
borders and three apices or angles, with a poste-
rior ridge that goes from the spinal trigone at the 
medial border to the superolateral angle called 
the spine of the scapula; its lateral end bends an 
average of 78 degrees anteriorly [5] forming the 
acromion. The spine divides the posterior surface 
of the scapula into two fossae: the supraspinatus 
(origin of the supraspinatus muscle) and infraspi-
natus (origin of the infraspinatus and teres minor 
muscles) fossae (Fig. 10.1). Its slightly concave 
anterior surface, the subscapular fossa, holds the 
origin of the subscapularis muscle and anterior to 
it the scapulothoracic interface. On its lateral 
side, the coracoid process emerges anteriorly, 
superiorly and slightly laterally; medial to its ori-
gin it forms with the body of the scapula the 
supraglenoid notch (Fig.  10.2), covered by the 
superior transverse scapular ligament and tra-
versed by the suprascapular nerve.
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From its lateral end, the scapula projects the 
glenoid process (or simply “glenoid”). It arises 
from the body of the scapula and extends later-
ally, superiorly and slightly posteriorly and has a 
truncated “cone” shape (the articular surface con-
stituting the base). We should remember that the 
scapular main transverse axis is oriented with 
30/40 degrees of anteversion related to the main 
body axis. The glenoid surface typically has an 
average of 1.4–3.2 degrees of retroversion [6] 
related to, but it is generally considered perpen-
dicular to, the scapular axis. The glenoid has a 
neck that measures approximately 2 cm from its 
base at the junction of the spine and the coracoid 
and presents at its posteromedial side a notch for 

the passage of the suprascapular nerve, called the 
spinoglenoid notch (Fig. 10.2), which in turn is 
covered by the inferior transverse scapular liga-
ment (and traversed by the suprascapular artery 
and nerve). The glenoid widens from medial to 
lateral, ending on its lateral side (the “base” of 
the cone) as a concave, pear-shaped fossa; if we 
think of it as the intersection of two “circles,” the 
superior one would have a smaller diameter than 
the inferior (which is considered by many to be a 
true circle [7]) and the center of the latter being 
slightly more anterior (Fig.  10.3). This fossa, 
covered in cartilage, has a radius of curvature 2.3 
± 0.2 mm longer than that of the humeral head 
(24 ± 2.1 mm) [8], but its surface is about 3–4 
times smaller than the latter, resembling a golf 
ball over a tee (Fig. 10.4).

Landmarks Muscle 
insertions/origins

A: Superior angle 1: Deltoid
B: Inferior angle 2: Triceps, long 

head
C: Acromion 3: Teres minor
D: Glenoid 4: Teres major
E: Spine 5: Latissimus dorsi
F: Supraspinatus 
fossa

6: Rhomboid major

G: Infraspinatus 
fossa

7: Rhomboid minor

8: Levator scapulae
9: Trapezius
10: Supraspinatus
11: Infraspinatus

Fig. 10.1 Osseous landmarks and muscular insertions of 
the posterior scapula

Landmarks Muscle/ligament 
insertions/origins

A: Glenoid fossa 1: Conoid ligament
B: Acromion process 2: Trapezoid ligament
C: Coracoid process 3: Conjoined tendon
D: Coracoacromial 
ligament

4: Pectoralis minor

E: Spinoglenoid notch 5: Deltoid
F: Subscapularis fossa 6: Long head of triceps

7: Omohyoid
8: Serratus anterior
9: Subscapularis

Fig. 10.2 Osseous landmarks and muscular/ligamentous 
insertions of the anterior scapular face
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C

L

S
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Fig. 10.3 Left: 3D-CT scan of right scapula. Note the 
pear-shaped glenoid surface. G: Glenoid. A: Acromion. S: 
Scapular spine. C: Coracoid process. L: Clavicle. B: 
Scapular body. Yellow arrow: spinoglenoid notch. Right: 

The pear-shaped glenoid can be seen as the combination 
of two intersecting circles, the inferior one being larger 
and more anterior than the superior one

Fig. 10.4 Left: Comparison of radii of curvature of the 
humeral head (red) and glenoid (blue). Note how the gle-
noid’s radius is larger than the humeral head’s due to its 
being flatter. Right: The relationship of the sizes of the 

articular surfaces and shapes of the humeral head and gle-
noid approaches that of a golf ball over a tee (these having 
the same radii of curvature instead)
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The glenoid fossa is circled by a fibrocartilagi-
nous ridge called the labrum. This labrum, 
formed primarily by circumferential (also some 
radial and spiral) collagen fibers [9] (type II col-
lagen was found in its internal layers), has a 
cross-section with the shape of a concave wedge 
approximately 3.8–6.3 mm in both thickness and 
height (it is thicker at 9–12 o’clock positions and 
thinner at 3 o’clock position) [10]. This shape 
gives the impression of being in a stadium; the 
glenoid fossa being the field and the labrum being 
the bench area. The labrum increases the total 
area of the glenoid by about 50%, adding to the 
stability of the glenohumeral joint. This labrum is 
firmly attached to the glenoid bone, including 
Sharpey-type fibers [9] (there is up to 4 mm of 
overlap of labral tissue over the glenoid surface) 
except on its superior part, where a synovial lin-
ing covers a recess between the posterosuperior 
labrum and its corresponding glenoid ridge at 
about 6  mm off the glenoid surface, allowing 
some mobility to enhance superior joint stability 
at elevation of the shoulder [11]. This in part is 
also possible by the insertion of the tendon for 
the long head of the biceps (LHBT), which insets 
partially on the superior aspect of the labrum 
(and partially on the supraglenoid fossa, a bony 
depression just medial to the superior labrum). 
Thus, a continuity exists between the superior 
glenoid and the tendon of the long head of the 
biceps (LHBT) (Fig. 10.5). Also, at the inferior 
part of the glenoid, the infraglenoid fossa is 
where the tendon of the long head of the triceps 
attaches (Figs. 10.1 and 10.2).

There are two main normal variants of the 
labral attachment on the anterosuperior border of 
the glenoid fossa [12]: the first one, called the 
sublabral foramen, consists of a lack of attach-
ment of the labrum in this area, and has the aspect 
of an oval space. The second one, called Buford’s 
complex, is characterized by a complete absence 
of the anterosuperior labrum and the middle gle-
nohumeral ligament appears to bridge the gap in 
a chord-like fashion (Fig. 10.6).

The glenohumeral capsule is a serous mem-
brane that seals the glenohumeral joint; its area is 
twice that of the humeral head and usually has a 
volume of 10–15  cm3 [13]. It anchors itself 

 medially on the glenoid neck, with fibrous attach-
ments to the labrum, and laterally on the lateral 
edge of the articular surface of the humeral head. 
This capsule, histologically comprised by type I 
collagen, has three recognizable fibrous layers: 
External (fascia and tendons), intermediate (100–
400  μm fibrous bundles) and internal (20  μm 
fibrous bundles) [14]. It is stronger in its anterior 
aspect, mainly due to the presence of three 
“folds” or capsular ligaments that cross it from 
medial to lateral (Fig. 10.5). The first is the supe-
rior glenohumeral ligament (SGLH), and it origi-
nates from to the supraglenoid tubercle; it covers 
the superior aspect of the rotator interval (which 
will be discussed later) and part of its fibers go 
posterior to the LHBT and laterally to its humeral 
insertion. The second one is the middle glenohu-
meral ligament (MGHL), which originates from 
the anterior labrum and is oriented inferiorly and 

C

A

LHBT

SGHL

MGHL

AIGHLPIGHL

G

Fig. 10.5 Insertions around the glenoid. C: capsule; G: 
glenoid; A: acromion; LHBT: Tendon of the long head of 
the biceps SGHL: Superior glenohumeral ligament; 
MGHL: middle glenohumeral ligament; AIGHL: anterior 
band of the inferior glenohumeral ligament; PIGHL: pos-
terior band of the inferior glenohumeral ligament
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laterally and can be seen next to the anterosupe-
rior margin of the labrum. The third one, the infe-
rior glenohumeral ligament (IGHL), thicker that 
the other two, starts medially on the inferior gle-
noid and has two bands: the anterior band 
(AIGHL) originates from the glenoid and labrum 
at the 3-to-5 o’clock position and the posterior 
band (PIGHL) starts from the 7-to-9 o’clock 
position in the glenoid and labrum. Both bands 
reach the humeral surgical neck and can be found 
at the capsular recess (a lax section of the capsule 
in its inferior aspect), one slightly anteriorly and 
the other one slightly posteriorly, the posterior 
band being less conspicuous (Fig.  10.7); Their 
disposition resembles and functions as a ham-
mock that supports the head across the range of 
motion [15]. The IGHL receives a branch from 
the axillary nerve, which gives this ligament a 
proprioceptive function [16]. Also, the transverse 
humeral ligament (THL) originates from the 
 capsule and makes the “roof” of the more proxi-
mal part of the bicipital groove.

The capsule is covered by synovium on its 
interior face and covers the interior aspect of the 
rotator cuff (the latter being extracapsular). The 
coracohumeral ligament enters through the rota-
tor interval and merges partially with the superior 
face of the capsule; its superficial layer covers the 
articular surface of the supraspinatus and the 
deep layer attaches to the greater tuberosity [17]. 
Also, the capsule creates a fibrous band around 
the LHBT as it exits the intra-articular space, 

called the biceps pulley. Being completely sealed, 
the capsule, along with the labrum, have a nega-
tive pressure that creates a suction effect or the 
humeral head, thus adding to the stability of the 
glenohumeral joint.

On the lateral side of the joint, the humeral 
head is almost hemispherical, oriented at an aver-
age of 130–140 degrees superomedially and with 
20–30 degrees of retroversion (Fig.  10.8); the 
sphere center has a medial offset of 6.9 mm and a 
posterior offset of 2.6 mm [18]. Its articular sur-
face averages 20–30 cm2 [19]. This hemisphere’s 
cartilage cover is thickest in its central portion; 
but only 25% of its surface is in contact with the 

G G G

L

a b c

MGHLMGHLMGHL

L L

Fig. 10.6 a: Normal anterosuperior labrum and middle glenohumeral ligament (MGHL). b: Sublabral foramen. 
Anterosuperior glenoid rim is bare. c: Buford’s complex. Absence of anterosuperior labrum and chord-like MGHL

X

PIGHL

AIGHL

H

Fig. 10.7 Arthroscopic view of the anterior (AIGHL, 
orange) and posterior (PIGHL, yellow) bands of the infe-
rior glenohumeral ligament. H: Humeral head. X: Axillary 
recess

10 Anatomy and Kinematics of the Shoulder Joint



116

glenoid at any point in time. Its upper border is 
located 5–8  mm from the upper edge of the 
greater tuberosity.

The greater tuberosity is a bony prominence 
that lies at the lateral side of the proximal 
humerus (Fig.  10.8); it holds the insertions of 
three of the rotator cuff tendons: the  supraspinatus, 
more anterosuperiorly, the infraspinatus, postero-
superiorly (which has the largest area of inser-
tion) and the teres minor, posteroinferiorly. This 
area of insertion or footprint has an uneven distri-
bution (Fig.  10.9) [20]. These three tendons’ 
attachments are not separate; some fibers inter-
digitate with the adjacent ones forming a some-
what common insertion [21]. The area where 
these tendons insert is commonly referred to as 
the footprint. There is a bare area on the postero-
superior aspect of the greater tuberosity that can 
be identified arthroscopically. The superior cap-
sule attaches slightly medially to the cuff foot-
print, adjacent to it, in an area measuring 3 to 
9 mm in width and spans across the greater tuber-
osity (Fig. 10.10) [22].

The lesser tuberosity is a bony prominence 
located medial to the greater tuberosity and adja-
cent to the anterior edge of the humeral head 
(Fig. 10.8). It holds the insertion of the subscapu-

laris tendon. There is a space between both tuber-
osities called the bicipital groove; it is located 30 
degrees medial from the sagittal plane of the 
humerus and 9 mm anterior to the bone’s longitu-
dinal axis (Fig. 10.8). Its dimensions are highly 
variable (length 3–8  cm, width 8–9  mm, depth 

BG
BG

130°-140°

20°-30°

GT

GT

HH

HH

LT
LT

Fig. 10.8 Anatomic 
landmarks of the 
proximal humerus, 
inclination (related to 
the humeral longitudinal 
axis) and retroversion 
(related to the distal 
humeral 
transepicondylar axis) of 
the humeral neck. HH 
humeral head, BG 
bicipital groove, LT 
lesser tuberosity, GT 
greater tuberosity

Fig. 10.9 Footprint distribution for the rotator cuff ten-
dons in the greater tuberosity according to Mochizuki 
et al. [20] (reprinted with permission)
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4–7 mm) [23–25], and it contains the LHBT, cov-
ered by the THL. Some fibers coming from the 
subscapularis tendon cover its bony surface.

The humeral head receives its nutrition from 
both the anterior and the posterior circumflex 
arteries. Of note, the posterior circumflex artery 
enters the calcar (the stronger posteromedial area 
of the humeral metaphysis) within 5–8 mm infe-
rior to the edge of the humeral head; it gives the 
humeral head about 64% of its blood supply [26] 
and includes the greater tuberosity and the head’s 
subchondral bone. The anterior circumflex artery, 
mostly through its branch, the arcuate artery, sup-
plies the lesser tuberosity and the bicipital groove 
[23]. Both arteries supply intraosseous branches 
with its terminal ones located at the subchondral 
head bone.

10.2.2  The Rotator Cuff

The rotator cuff is a combination of four muscles 
and their inserting tendons. Apart from specific 
movements, the cuff becomes the most important 
dynamic stabilizer of the glenohumeral joint.

The supraspinatus originates from the supra-
spinatus fossa, located on the upper third of the 
posterior face off the scapula. Its fibers run later-
ally and its tendon inserts in the anterior 1.5–2 cm 
of the superior aspect of the greater tuberosity 
(Fig.  10.11). The musculotendinous junction, 
located at an average of 3–4 cm from its inser-
tion, has a mixed transition: 70% of the tendinous 
fibers come from intramuscular tendon and 30% 
from extramuscular tendon [27].

The infraspinatus muscle originates from the 
upper two thirds of the infraspinatus fossa on the 
posterior face of the scapula; its tendon originates 
intramuscularly and centrally and reaches its 
insertion on the posterosuperior aspect of the 
greater tuberosity (Fig.  10.11). It accounts for 
60% of the external rotational force [28]. The 
teres minor originates on the lower third of the 
infraspinatus fossa and its circumpennate single 
tendon attaches to the posteroinferior aspect of 
the greater tuberosity [1]; it generates about 45% 
of the external rotational force [28].

Both the supraspinatus and infraspinatus have 
a layered composition (Fig. 10.12) [21]: Layer 1, 
superiorly; 1 mm thick, composed of fibers from 

Fig. 10.10 Capsular insertion at the greater tuberosity according to Nimura et al. [22] (reprinted with permission)
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the CHL. Layer 2, 3–5 mm thick, composed of 
parallel tendon fibers. Layer 3, 3 mm thick, com-
posed of intercrossing fibers (at about 45 
degrees); layer 4, composed of loose connective 
tissue and merging with the CHL at the anterior 
edge of the supraspinatus. Finally, layer 5, 
1.5–2  mm thick, comprised by the superior 
capsule.

The subscapularis muscle originates from the 
entire anterior face of the scapula; its tendon 
passes under the coracoid and inserts at the lesser 
tuberosity (Fig. 10.11). This insertion is mixed: 
the upper two-thirds of it are tendinous and the 
lower third is entirely muscular [29]. It accounts 
for 50% of the dynamic stabilization force of the 
glenohumeral joint.

These muscles have a distinct innervation: 
Both the supraspinatus and the infraspinatus are 
innervated by the suprascapular nerve; the teres 
minor receives its own from the posterior branch 
of the axillary nerve, and the subscapularis from 
two branches of the subscapular nerve.

One can find a fibrous thickening lies at the 
lateral part of the tendons’ insertions called the 
rotator cable [30]. This cordlike band spans from 
the most superolateral part of the bicipital groove 
all the way across the suprapinatus and to the 

inferior part of the infraspinatus’ tendon, and 
originates from the deep layer of the CHL [21]. 
This cable seems to thicken over time and may be 

Supraspinatus

Anterior view Posterior view

Teres minor
Subscapularis

Infraspinatus

Fig. 10.11 Rotator cuff muscles and tendons (modified from Alila Medical Media/ Shutterstock.com)

Fig. 10.12 The 5 histological layers of the supra/infra-
spinatus tendon [21]: 1: superficial fibers form the coraco-
humeral ligament (CHL); 2: parallel fibers; 3: oblique 
fibers of the supraspinatus and infraspinatus; 4: deep 
extension of the CHL; 5: articular capsule. SP supraspina-
tus, IS infraspinatus (reprinted with permission)
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related to ageing [30]. Lateral to this cable lies a 
crescent-shaped area called the rotator crescent, 
the most lateral part of the cuff tendons’ inser-
tion, which in turn seems to become thinner over 
the years (Fig. 10.13). The cable acts as a suspen-
sory bridge that “holds” the lateral cuff and keeps 
stress away from the crescent, which is more 
prone to tear [21].

The gap between the supraspinatus and sub-
scapularis tendons is known as the rotator inter-
val. It is triangular-shaped, with its base located 
toward the base of the coracoid, and its tip at the 
anterior edge of the greater tuberosity. It is cov-
ered at the bursal side by the coracohumeral liga-
ment, which starts to merge with the capsule, and 
at the articular side by fibers of the SGHL. The 
LHBT crosses this space from the articular side 
toward the bicipital groove; at this transition 
point, the groove portion of the CHL creates a 
sleeve around the LHBT and, by merging with 
the transverse humeral ligament (THL) at that 
level, creates the biceps pulley, which holds this 
portion of the LHBT in place as it enters the 
groove.

10.2.3  The Superior Shoulder 
Suspensory Complex (SSSC) [31]

The superior shoulder suspensory complex 
(SSSC) is a sort of ring-shaped rack connected to 
the thorax by the clavicle and scapulothoracic 
muscles. This ring is formed by the distal clavi-
cle, the acromion, the glenoid process and the 

coracoid; these structures are connected by the 
acromioclavicular and coracoclavicular liga-
ments. This rack is connected to the trunk by two 
struts: the superior strut is formed by the medial 
clavicle and connects it to the sternum through 
the sternoclavicular joint, and the inferior strut is 
formed by the lateral scapular spine and connects 
to the trunk by the scapulothoracic muscles. 
(Fig. 10.14). In turn, this ring holds the humerus 
through the glenohumeral capsule and ligaments. 
This complex also allows for stable attachment 
for several soft-tissue static and dynamic gleno-
humeral stabilizers.

10.2.4  The Acromial Arch 
and Subacromial Space

The acromion process, a bony hook that origi-
nates as a lateral extension of the scapular spine, 
serves as an anchoring point for the deltoid and 
for the coracoacromial ligament. It runs from 
posterior to anterior and from inferior to superior, 
with a slight inferior concavity. It has two sur-
faces, superior (which is subcutaneous) and infe-
rior; and a lateral, medial and anterior edges. The 
inferior surface is slightly concave and this con-
cavity can vary: the resultant acromial shape is 
classified into three categories according to 
Bigliani [32]: Type I, which is a mainly flat infe-
rior surface; type II which shows a slight inferior 
concavity; and type III, in which the concavity is 
more pronounced and the posteroinferior aspect 
shows a hooklike appearance.

Fig. 10.13 Rotator 
cable (C) and rotator 
crescent (B) as described 
by Burkhart et al [30] S 
Supraspinatus tendon, I 
Infraspinatus tendon, 
TM Teres minor tendon 
(reprinted with 
permission)
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The middle portion of the deltoid anchors 
itself at the lateral border and the most lateral part 
of the anterior border if the acromion. This inser-

tion comprises about 74% of the anterior acro-
mial thickness and is about 5.4  mm thick [33]. 
On the other hand, the coracoacromial ligament 
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Fig. 10.14 Superior shoulder suspensory complex 
(SSSC), formed by the distal clavicle, acromion, glenoid, 
and coracoid; these structures are connected by the acro-
mioclavicular and coracoclavicular ligaments, and the 
complex is connected to the trunk but the medial clavicle 

and scapular spine (as described by Goss et al. [31]). (a): 
Coronal view. (b): Sagittal view. (c): Representation of 
the SSSC as a ringed rack, connected to the trunk (ceiling) 
by the scapular spine and clavicle; it holds the humerus 
from the glenoid (hooks)
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runs from the anterolateral part of the coracoid to 
the medial undersurface and the most medial part 
of the anterior border of the acromion with an 
insertion area width of 7.3 mm [34]. It has two 
bands: the lateral (thicker) and medial bands 
[35]. At the acromioclavicular joint, the acromial 
posteromedial acromion adjacent to the joint has 
the greatest bone mineral density [36].

Both the acromion and the coracoacromial 
ligament form the coracoacromial arch, which 
limits upper translation of the humeral head. 
Under it lies a virtual space known as the sub-
acromial space, which measures an average of 
9.7 ± 1.5 mm [37], its inferior limit being the 
superior surface of the supraspinatus and infra-
spinatus tendons. This space is filled by the 
subacromial bursa, which covers not only the 
supraspinatus but most of the rotator cuff as 
well; sometimes it is named subacromio-sub-
deltoid bursa because of its extension 
(Fig. 10.15). Its function is to provide a sliding 
surface and a cushion for friction protection to 
the superior cuff.

10.2.5  The Coracoid 
and Surrounding Structures

The coracoid process is a bony hook that arises 
from the lateral part of the scapular body and its 

tip is oriented anterolaterally. A visible notch (the 
suprascapular notch) separates it from the scapu-
lar body; its roof is comprised by the superior 
transverse scapular ligament. Laterally the space 
between the inferolateral coracoid and the gle-
noid can have the following shapes: Type I, 
rounded (45%), type II, square-angled (34%), 
and type III, hooked (21%) [38]. Its average 
dimensions [39] are: length 4.26 ± 0.26  cm; 
width and height at the tip 2.11 ± 0.2 and 1.49 ± 
0.12 cm. Its base lies about 1.1 to 1.3 cm distal to 
the inferior clavicle.

The coracoid has multiple structures attached 
(Fig.  10.16): on its superior face, close to the 
base, the two coracoclavicular ligaments: the 
trapezoid ligament, more laterally (its anterior 
edge at about 3.33 cm average from the tip of the 
coracoid), and the conoid ligament, more medi-
ally. On its lateral face, the two bands (lateral and 
medial) of the coracoacromial ligament more 
anteriorly, and the coracohumeral ligament, more 
posteriorly, can be appreciated. On its medial 
face one can find the insertion of the pectoralis 
minor tendon (distance from the tip to the ante-
rior margin of pectoralis minor 0.1 cm and to the 
posterior margin 1.59 cm) [ 39] and, on its tip, the 
insertion of the conjoined tendon (formed by the 
tendons of the coracobrachialis and of the short 
head of the biceps). Adjacent to its inferior face 

Acromion

Subacromial
Bursa

Deltoid

LHBT

Fig. 10.15 Subacromial space and subacromiosubdetoid 
bursa. LHBT: long head of the biceps tendon (modified 
from Alila Medical Media/ Shutterstock.com)

Landmarks Muscle/Ligament insertions
A: Tip 1: Conjoined tendon
B: Base 2: Coracoacromial ligament

3: Conoid ligament
4: Trapezoid ligament
5: Pectoralis minor

Fig. 10.16 Tendon and ligament insertions at the 
coracoid
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and close to the base, one can find the subcora-
coid bursa and the subscapularis tendon 
(Fig. 10.11).

The anteromedial margin of the coracoid is 
close to many major neurovascular structures 
[40]: the closest one to the tip is the lateral chord 
of the brachial plexus (28.5 ± 4.4 mm) and the 
closest ones to the base are the axillary (29.3 ± 
5.6 mm) and the musculocutaneous nerve (36.5 ± 
6.1 mm).

10.2.6  The Acromioclavicular Joint

This synovial, diarthrodial joint has two surfaces: 
the acromial, convex surface and the clavicular, 
concave surface, although this may vary. 
Frequently but not always, a wedge-shaped fibro-
cartilage disc (also called the meniscus) fills the 
articular space between the two [23]. The joint 
has an axial inclination of about 51 degrees and a 
coronal inclination of approximately 12 degrees. 
The joint has a thin, fibrous capsule that spans 
from an average of 2.8 mm lateral to the acromial 
surface to about 3.5 mm medial to the clavicular 
surface [34]; with four ligaments, of which the 
superior one is the strongest. The anterior, poste-
rior, superior and inferior ligaments have a cap-
suloligamentous insertion at an average of 6.4, 
6.3, 6.6 and 5.4 mm medial to the clavicular sur-
face, and 5.6, 4.3, 5.3 and 4.0 mm lateral to the 
acromial surface. The trapezoid ligament is 
located at an average of 14 mm from the distal 
clavicular edge, and the conoid at an average of 
32.1 mm from it [34].

10.2.7  The Clavicle 
and Sternoclavicular Joint

The clavicle is an S-shaped bone that connects 
the scapula and upper limb to the sternum. Its 
cross-section varies from the wide and flat distal 
end to the more tubular shaft and then to a thick, 
somewhat flatter proximal end. It holds many 
important muscular insertions for movement and 
stability of the shoulder girdle (Fig. 10.17).

The only joint that connects the shoulder gir-
dle to the axial body is the sternoclavicular joint, 
located subcutaneously and saddle-shaped. The 
round-edged, flat distal clavicle has a fibrocarti-
laginous dorsoinferior surface that articulates 
with the manubrium and the second rib’s syn-
chondrosis; less than 50% of the distal clavicular 
surface articulates [41]. It has a thin capsule with 
intrinsic ligaments and two extrinsic (intercla-
vicular and costoclavicular) ligaments that pro-
vide good stability (they especially restrict 
upward displacement of the clavicle). The sub-
clavius muscle stabilizes it by pulling the clavicle 
toward the sternum and acting as a shock 
absorber; the sternocleidomastoid and pectoralis 
major’s aponeuroses, along with the clavipec-
toral fascia, envelop the joint, adding to its stabil-
ity. Also, a fibrocartilaginous disc lies within the 
joint.

10.2.8  The Scapulothoracic Interface

This interface between the scapular body and the 
rib cage does not have a capsule; six bursae [42] 
lie between the scapula and scapulothoracic mus-
cles and the rib cage. The two major ones are the 
supraserratus (between the serratus anterior and 
the subscapularis) and the infraserratus (between 
the serratus anterior and the rib cage, Fig. 10.18) 
[62]; the other four minor or adventitial bursae 
are infrequent and respond to pathologic condi-
tions [42].

10.2.9  External Glenohumeral 
and Scapulothoracic Muscles

Deltoid: The deltoid is a powerful muscle that 
originates at the lateral border of the clavicle 
anteriorly, the superolateral border of the acro-
mion laterally and the lateral portion of the scap-
ular spine posteriorly. There are three recognizable 
“portions” of the deltoid, the anterior, middle and 
posterior thirds (one can appreciate a soft fascial 
division between anterior and middle thirds). On 
the other hand, Sakoma et  al. described up to 
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seven functional units (three posterior, one mid-
dle and three anterior units) (Fig.  10.19) [43]. 
These portions merge together into a common 
tendon that inserts at the deltoid tubercle, located 

laterally in the humeral shaft. The muscle receives 
its innervation from the anterior branch of the 
axillary nerve, which runs from anterior to poste-
rior through the quadrilateral space (formed by 

1: Deltoid
2: Trapezius
3: Pectoralis major
4: Sternocleidomastoid
5: Sternohyoid
6: Trapezoid ligament
7: Conoid ligament
8: Costoclavicular ligament

Fig. 10.17 Muscular 
and ligamentous 
insertions around the 
clavicle

a b

Fig. 10.18 Scapular Bursae. (a) Posterior and (b) axial illustrations of the scapula show the locations of the adjacent 
bursae (reproduced with permission) [62]
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the humeral surgical neck laterally, the long head 
of the triceps medially, the teres minor superiorly 
and the teres major inferiorly; the nerve runs 
along the posterior circumflex artery, which also 
gives irrigation to the deltoid) and divides in two 
branches at approximately the 6-o’clock position 
under the glenoid, just posterior to the long head 
of the triceps [44]; the anterior branch being 
responsible for innervating the deltoid as it trav-
els anteromedially around the humeral surgical 
neck. Most times, a branch from the posterior 
branch reaches the posterior deltoid as well; the 
relative contribution from the anterior and 
posterior branches may take one of three patterns 

[45]. The anterior branch can be easily palpated 
under the posterior and middle thirds of the mus-
cle at about 4.0–6.7 cm from its acromial origin 
[46]. Also, its position can be estimated from out-
side at a distance of 7.8 cm inferior to the pos-
terolateral corner of the acromion [47] and 
approximately 6.08  cm inferior to the anterior 
margin [48], but these distances are highly vari-
able among subjects.

The anterior portion is responsible for shoul-
der flexion movements and the posterior exten-
sion; the middle third is an abductor of the 
shoulder (the other two portions can contribute to 
abduction at low angles of abduction).

Proximal
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Fig. 10.19 (a) Directions of the intramuscular tendons of 
the deltoid, and (b) Division of deltoid segments: three 
anterior (A1 to A3), one middle (M1) and three posterior 

(P1 to P3) according to Sakoma et al. (reproduced with 
permission) [43]
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Pectoralis Major: This powerful muscle origi-
nates from the medial clavicle (clavicular head), 
the sternum and the second to fourth rib (sternocos-
tal head). Its fibers twist 180 degrees and they form 
a common tendon which inserts at the lateral lip of 
the bicipital groove (the clavicular fibers inserting 
inferior to the sternocostal ones), covering it as 
well as the distal portion of the LHBT. It acts on the 
shoulder as a powerful adductor, internal rotator 
and (slightly) flexor. It is innervated by the lateral 
(clavicular fibers) and medial (sternocostal fibers) 
pectoral nerves (Figs. 10.20 and 10.21).

Trapezius: This enormous rhombus-shaped 
muscle has three distinct sections: upper or 
descending (goes from the occipital tubercle to 
the lateral clavicle), middle (from the spinous 
processes of C7 to D3, to the lateral scapular 
spine and acromion) and lower or ascending 
(from D3 to D12, to the medial scapular spine). 
It acts passively as a scapular stabilizer and 
actively as a scapular retractor, upward rotator 
and lateral elevator. Its innervation comes from 
the spinal or accessory nerve (cranial pair XI) 
(Figs. 10.20 and 10.21).

1: Trapezius

2: Deltoid

3:  Latissimus dorsi

4:  Infraspinatus

5: Teres minor

6: Levator scapulae

7: Teres major

8:  Rhomboid major

9: Serratus anterior

10:  Rhomboid minor

11: Supraspinatus

Fig. 10.20 Periscapular muscles (modified from SciePro /Shutterstock.com)
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Latissimus Dorsi: This huge muscle originates 
from the thoracic spine (D7 to D12), iliac crest 
and the last three ribs and inserts on the medial 
lip of the bicipital groove. It acts as a shoulder 
adductor, extensor and internal rotator. Its inner-
vation comes from the thoracodorsal nerve (Figs. 
Q and R).

Teres Major: It originates from the posterior 
surface at the inferolateral edge of the scapula 
and runs anterolaterally, twisting 180 degrees, 
toward its insertion at the medial margin of the 
bicipital groove, slightly posteromedial to that 
of the latissimus dorsi. It acts both as a scapu-
lar stabilizer and, like the latissimus, as a 
shoulder adductor, extensor and internal rota-
tor. It is innervated by the subscapular nerve 
(Figs. 10.20 and 10.21).

Other glenohumeral muscles: The long head of 
the triceps acts in the shoulder as an extensor and 

adductor; it is innervated by the radial nerve. Also, 
both the coracobrachialis and the short head of the 
biceps (SHB) insert in a common tendon (the con-
joined tendon) and act as adductors and flexors of 
the glenohumeral joint. They are innervated by 
the musculocutaneous nerve, which pierces the 
coracobrachialis muscle at about 2–5 cm from the 
tip of the coracoid (Fig. R).

Other periscapular muscles: The levator scap-
ulae (goes from C1-C4 to the superior scapular 
angle) elevates and downward rotates the scapula 
and is innervated by the dorsal scapular nerve; 
the serratus anterior, which goes from the first 
nine ribs to the entire anterior face of the medial 
scapular border, acts as a scapular stabilizer and 
actively as a scapular upward rotator and protrac-
tor, and is innervated by the long thoracic nerve. 
The pectoralis minor, which goes from the sec-
ond to fifth ribs to the medial coracoid, down-
ward rotates and protracts the scapula and is 
innervated by the lateral and medial pectoral 
nerves (Fig. Q).

10.3  Shoulder Normal Kinematics

To understand normal shoulder movement, we 
have to understand that it is the result of the com-
bination of simultaneous scapulothoracic motion 
(including sternoclavicular and acromioclavicu-
lar motion as well) and glenohumeral motion. 
This combination is called scapulohumeral 
rhythm and will be discussed later. First, we will 
describe glenohumeral and scapulothoracic 
movement individually.

10.3.1  Glenohumeral Kinematics

To understand glenohumeral kinematics we have 
to set a frame of reference, which in this case is 
the scapula.

The humeral head is almost spherical, more 
convex anteroposteriorly than superoinferiorly 
(its diameters show a difference of less than 
1  mm) [18]. On the other hand, the glenoid is 
more convex superoinferiorly than 

1: Supraspinatus
2: Infraspinatus
3: Teres minor
4: Triceps (lateral head)
5: Deltoid
6: Subscapularis
7: Pectoralis major
8: Latissimus dorsi
9: Teres major
10: Coracobrachialis

Fig. 10.21 Humeral insertions of periscapular and gle-
nohumeral muscles
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anteroposteriorly [49]; this gives some static sta-
bility to the humeral head, especially in the 
superoinferior direction.

The articular surface area of the glenoid is 
approximately one fourth of the humeral head’s 
surface; this resembles a golf ball laying over a 
tee. Also, the congruity of the humeral head and 
the glenoid is almost perfect resembling a ball- 
and- socket joint; however, the radius of curvature 
of the glenoid is 2.3 mm longer than that of the 
humeral head [8], leaving a slightly flatter gle-
noid relative to the head (Fig. 10.4). This congru-
ity is reinforced by the labrum, which increases 
glenoid depth by 50% and surface area by 75%; it 
accounts for approximately 20% of the joint sta-
bility achieved by compression [50]. Due to these 
factors, the humeral head movement is a combi-
nation of rolling (predominant) and gliding. This 
gliding displaces the humeral head depending on 
the movement. In abduction, the head moves 
superiorly (3  mm in the first 30 degrees, and 
approximately 1  mm for every additional 30 
degrees); in external rotation, it moves backward 
and on internal rotation, forward. In flexion, it 
moves 3.8 mm anteriorly in flexion and 4.9 mm 
posteriorly in extension [51].

The humeral head is stabilized by numerous 
structures during its arc of motion. The glenohu-
meral ligaments play a substantial role. The supe-
rior glenohumeral ligament (SGHL) resists 
anterior and inferior (with the arm hanging) dis-
placement; the middle glenohumeral ligament 
(MGHL) also performs this function but in 
adduction and in the first 30 degrees of abduction 
[61]. The two bands of the inferior glenohumeral 
ligament (IGHL) act as anterior stabilizers; the 
anterior band opens up in abduction and external 
rotation, and the posterior band in flexion and 
internal rotation. When one band stretches, the 
other one narrows. In short, as the shoulder 
abducts, the stress on the ligaments shifts pro-
gressively from the SGLH to the MGHL and then 
to the AIGHL.

The coracohumeral ligament is an inferior sta-
bilizer, especially in external rotation. It also 
becomes one of the main proprioceptor organs of 
the shoulder [23, 53].

The joint capsule seals hermetically the joint, 
thus producing a negative pressure that stabilizes 
the head, preventing inferior translation.

Shoulder muscles stabilize the head mainly by 
dynamic contraction, pushing the head toward 
the glenoid (the pressure produced can reach up 
to 650 N during motion); these muscles contract 
in coordination in such a way that the joint reac-
tion force is redirected toward the center of the 
glenoid (Fig. 10.22) [54].

The rotator cuff plays a major role in this 
dynamic stabilization. The co-contraction of the 
four muscles compresses the joint, creating a ful-
crum point in the glenoid so motion can occur 
(otherwise, there would be only humeral head 
translation and no motion when the powerful 
external muscles contract). The subscapularis is 
the main anterior dynamic stabilizer of the head, 
and accounts for 50% of the cuff’s co-contraction 
force; it also restricts posterior displacement at 
90 degrees of flexion. The co-contraction can be 
analyzed in two planes [55]: The vertical plane, 
where the deltoid and supraspinatus elevate the 
head and the remaining cuff muscles pull down (a 
coronal force couple); and the horizontal plane, 
where the subscapularis pulls anteriorly and the 
infraspinatus/teres minor posteriorly (a trans-
verse force couple) (Fig. 10.22). These create a 
net resultant force that ultimately pulls the head 
toward the center of the glenoid.

10.3.2  Scapulothoracic Kinematics

There are two aspects that are relevant to scapu-
lothoracic kinematics: periscapular stabilization 
and scapular motion. One has to understand that 
scapular motion involves inherently clavicular 
motion, both at the sternoclavicular and at the 
acromioclavicular joints; both bones move syn-
chronously. Here, the clavicle moves as a strut 
connecting the sternum (which will be our point 
of reference regarding the axial body) and the 
scapula, and ultimately helping scapular motion.

The scapula has a “normal” resting orienta-
tion of 30 degrees of anteversion [56], 3–10 
degrees of abduction [3] and 10–20 degrees of 
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anterior tilt [4]. Usually it reaches up to 60 
degrees of abduction, 20 degrees of posterior tilt 
and 10 degrees of external rotation (initially 6 
degrees of internal rotation during the first half 
of elevation, to later add 16 degrees of external 
rotation) [57].

Scapular motion is a combination of rotational 
movements along three axes (anteroposterior, 
superoinferior, and lateromedial) with gliding 
movements around the posterolateral rib cage 
through the scapulothoracic interface. These 
movements can be described as follows 
(Fig. 10.23):

 – Protraction: combination of lateral gliding 
(winging) away from the spine, anterotation at 
the acromioclavicular joint and anterior 
motion of the lateral clavicle.

 – Retraction: combination of medial gliding 
toward the spine, retrorotation at the acromio-
clavicular joint and posterior motion of the 
lateral clavicle.

 – Upward rotation: combination of coronal- 
plane rotation resulting in the glenoid facing 
upwards, superior displacement of the lateral 
clavicle and slight lateral scapular gliding.

 – Downward rotation: combination of coronal- 
plane rotation resulting in the glenoid facing 
downwards, inferior displacement of the lat-
eral clavicle and slight medial scapular 
gliding.

 – Elevation: upward scapular gliding and supe-
rior lateral clavicular displacement.

 – Depression: downward scapular gliding and 
inferior lateral clavicular displacement.

In elevation of the arm, scapular abduction has 
three effects: increase of humeral motion relative 
to the thorax, orients muscles for optimal func-
tion and positioning the glenoid under the 
humerus for load sharing.

The sternoclavicular joint works as a ball-and- 
socket joint. Its ranges go from 45 degrees of 
elevation to 15 degrees on depression, ± 30 

a b

Fig. 10.22 Force couples in the shoulder. (a): Coronal- 
plane force couples: the deltoid and supraspinatus (D/
SSp) pull the head upwards and the rest of the cuff (RC) 
downwards; (b): Transverse-plane force couples: the sub-
scapularis (SSc) pulls forward and the infraspinatus and 
teres minor (Is/TM) pull backward. Vertical and antero-

posterior forces cancel each other (red arrows) and the 
remaining medializing forces (blue arrows) produce a net 
resultant force (green arrow) that compresses the head 
toward the center of the glenoid (based on concepts by 
Lippitt et al. [54] and Saha et al. [55])
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degrees on protraction/retraction, and 30–45 
degrees on axial rotation. This motion allows the 
clavicular strut to move in coordination with the 
scapula. The acromioclavicular joint can rotate 
from 5 to 8 degrees [58] up to 40–50 degrees dur-
ing elevation on a synchronous scapular and cla-
vicular rotation.

Periscapular stability is paramount for arm 
motion: as mentioned before, glenohumeral 
movement uses the glenoid surface as a fulcrum 
point for the humerus to move. Thus, the gle-
noid must be stable when glenohumeral move-
ment occurs. A good analogy is a fisherman 
(holding a fishing rod) standing on a raft in the 
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Fig. 10.23 Scapular movements and muscles
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middle of the ocean. Here, the raft is the scap-
ula, the fisherman is the humerus and the rod is 
the distal upper limb; if the raft is not anchored 
(periscapular muscles not working appropri-
ately), the fisherman will have to expend addi-
tional energy to stand in the raft and using the 
rod will be extremely difficult. If, on the other 
hand, the raft is anchored to the ocean floor 
(periscapular muscles coordinately contracted), 
the fisherman will remain standing (stable gle-
nohumeral motion) and the rod can be easily 
used (efficient positioning of the arm and hand 
in space) (Fig. 10.24).

This stability is achieved by coordinated 
contraction of periscapular muscles: upper and 
lower trapezius, rhomboids, and serratus ante-
rior, being the lower trapezius the most impor-
tant scapular stabilizer because of its spinal 
insertions [52]. This coordinated contraction 
varies during arm movement to allow for coor-
dinated combined scapulohumeral motion and 
still provide scapular stabilization; however, 
the most efficient scapular position for optimal 
muscle activation is of retraction and external 
rotation [52], thus acting as a stable “platform” 

for the rotator cuff muscles to produce optimal 
glenohumeral motion.

10.3.3  Scapulohumeral Rhythm

This term refers to the coordinated combination 
of scapulothoracic (including clavicular) and gle-
nohumeral motions to achieve optimal arm posi-
tioning in space. To have a better understanding 
of this, one can picture the shoulder as a rack, 
with the shoulder girdle (scapula and clavicle as 
a unit) linked to the rib cage and sternum respec-
tively, and the humerus linked to the glenoid.

Scapular motion plays a major role in main-
taining scapulohumeral rhythm. First, it main-
tains an approximate “ball-and-socket” joint 
configuration by keeping glenohumeral align-
ment within normal limits (± 29.3 degrees) [59]. 
Second, it becomes a stable “platform” for opti-
mal rotator cuff muscle activation and optimal 
force transmission from the core to the arm and 
hand, as previously discussed. Third, it keeps the 
acromion out of the way for the proximal humerus 
to elevate.

Fig. 10.24 Scapular 
stability contributes to 
efficient motion of the 
upper limb. The 
fisherman (humerus) 
standing on the boat 
(scapula) tries to move 
the rod (rest of upper 
limb) but has to expend 
energy to keep standing 
due to lack of stability 
of the boat on the water. 
If the boat is anchored 
(coordinated 
co-contraction of 
periscapular muscles, 
M), the fisherman 
(humerus and 
glenohumeral muscles) 
will expend less energy 
to remain standing 
(glenohumeral stability) 
and the rod (upper limb) 
will be moved more 
efficiently
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In elevation, one can recognize the rhythm 
occur in two “phases”: The setting phase, in which 
the motion is predominantly glenohumeral and 
occurs in the first 60 degrees of flexion or 30 
degrees of abduction (the shoulder girdle barely 
moves); and after that the girdle starts to elevate as 
well. Generally speaking, after 60 degrees of ele-
vation the ratio of glenohumeral-to- scapulothoracic 
motions is 1.25–1.5:1., with an average ratio for 
the full arc of elevation of 2:1 [60].

Acromioclavicular retrorotation around the 
clavicular long axis occurs after 90–100 degrees 
of elevation.

Scapulohumeral motion can also be understood 
according to the crane model proposed by Bain 
et al. (Fig. 10.25) [53]. In this model, the base of 
the crane (legs and pelvis) supports an axial tower 
(the spine) and a thoracic platform (the sternum 
and rib cage), stabilized by the core muscles. From 
it, the strut (clavicle) suspends from the anterior 
tower (sternum) and is powered by the posterior 
tower (trapezius). This strut in turn holds the sus-
pensory cascade: this cascade starts from the skull 
to the cervical spine then to the trapezius and up to 
the clavicle; the force is transmitted then to the 
coracoclavicular  ligaments to the coracoid, cora-
cohumeral ligament and finally to the humerus. 

Here, the coracoid acts as a pulley, in which the 
scapular pivots aided by periscapular muscles, and 
the rotator cuff powers motion on the humeral 
head (supported by the scapula).
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Biomechanics of Rotator Cuff 
Injury and Repair

Giacomo Dal Fabbro, Margherita Serra, 
Giuseppe Carbone, Alberto Grassi, 
Khalid Al-Khelaifi, and Stefano Zaffagnini

11.1  Introduction

Although the rotator cuff tears are more common 
in older individuals, this kind of pathology also 
frequently affects athletes and young workers 
engaged in repetitive overhead activities. The 
rotator cuff is a complex musculotendinous unit, 
which plays a major role in glenohumeral joint 
stability and mobilization. Injuries of the rotator 
cuff can lead to significant functional impair-
ment, resulting in time loss from sport and com-
petition, and, in the more advanced stages, in 
trouble in performing daily activities. Therefore, 
fully understand the biomechanical features of 

rotator cuff tears and repair is crucial to better 
manage and address the injuries of rotator cuff. 
This chapter provide an overview of the normal 
and injured rotator cuff biomechanics, followed 
by literature evidence and considerations about 
the biomechanical concept of the rotator cuff 
repair.

11.2  Biomechanical Properties 
of the Rotator Cuff

Rotator cuff is composed by the tendons of four 
muscles: the supraspinatus, the infraspinatus, the 
teres minor and the subscapularis. These muscles 
create compressive forces to stabilize the gleno-
humeral joint and generate torque to move the 
humerus [1]. In particular, the compressive and 
antagonistic forces of the subscapularis anteri-
orly and infraspinatus and teres minor posteri-
orly, imparts a compression on the humeral head 
into the glenoid, with a mechanism known as 
“concavity compression” [2] (Fig.  11.1). This 
tendinous connection, with the addition of liga-
ments and bone factors, allows for the articular 
stability and, at same time, for the humeral 
motion with respect to the scapula, defining the 
role for tendons as specific active restraints dur-
ing the shoulder movement [3]. The wide range 
of motion of glenohumeral joint is allowed by the 
variety of rotational moments of the cuff mus-
cles, whose tendons insert continuously around 
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the humeral head. The force and the torque that a 
muscle can generate vary with the position of the 
joint: at the extremes of the range of motion, the 
muscles of the rotator cuff are weaker, because 
they are fully contracted or extended, while the 
maximal force is in the midrange of their preten-
sion [4]). The supraspinatus has a major role in 
humeral elevation at higher glenohumeral angles, 
while at lower angles the deltoid contribution is 
higher. The subscapularis and infraspinatus also 
play a role in abduction during internal and exter-
nal humeral rotation [5]. During the arm motion, 
movements of the scapulothoracic joint are asso-
ciated with those of glenohumeral joint, perform-

ing a complex and coordinated pattern of motions 
that Codman defined the “scapulohumeral 
rhythm” [6]: while under the 90° of humeral ele-
vation scapular and clavicular motion are mini-
mal, beyond the 90° there is upward rotation, 
posterior tilting and external rotation of the scap-
ula to allow for the full range of motion in the 
upper extremity [7].

As in the shoulder there is not a fixed axis of 
rotation, the functions of the shoulder muscles 
must be balanced, working together to produce a 
net torque and neutralize opposed elements: the 
superior portion of the cuff and the deltoid neu-
tralize the adduction of the latissimus dorsi dur-
ing pure internal rotation, the posterior cuff and 
the posterior deltoid muscles neutralize the inter-
nal rotation moment of the anterior deltoid dur-
ing forward elevation without rotation [5].

The tendons of the rotator cuff are subjected to 
complex tension loads. Compressive loads stress 
the cuff between the humeral head and the cora-
coacromial arch: in  vivo subacromial pressure 
values of 8  mmHg at rest, 39  mmHg at 45° of 
flexion and 56 with the arm in elevated position 
with 1 Kg weight held in the hand were reported 
[8]. Concentric and eccentric tension loads are 
produced in abduction against resistance and in 
active resistance to downward respectively [8].

11.3  Biomechanics of Rotator Cuff 
Tears

11.3.1  Mechanical Factors in Rotator 
Cuff Tears

Rotator cuff tear aetiology is multifactorial: the 
role of extrinsic factors, which have been classi-
cally considered among the causes of rotator cuff 
tears, takes alongside to that of intrinsic factors, 
such as biologic degeneration and deficit of vas-
cularisation [3]. The extrinsic theory dominated 
the pathophysiology of the rotator cuff tears and 
the impingement syndrome for decades. In 1931, 
Meyer suggested that tears of the rotator cuff 
could develop secondary to attrition due to the 
friction between the rotator cuff and the under 
surface of the acromion [9]. In the 1972, Neer 

Fig. 11.1 Concavity compression mechanism. The com-
pressive and antagonistic forces of the subscapularis ante-
riorly and infraspinatus and teres minor posteriorly, 
imparts a compression on the humeral head into the gle-
noid, with a mechanism known as “concavity 
compression”
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introduced the theory of subacromial impinge-
ment, describing it as a mechanical phenomenon 
corresponding to impingement of the rotator cuff 
tendon beneath the anterior-inferior acromion 
[10]. Neer observed that this condition affected 
mainly the supraspinatus tendon insertion on the 
greater tuberosity, and that occurred when the 
shoulder was placed in forward flexion and 
external rotation. Moreover, he observed that 
this condition presupposed an anatomic irregu-
larity of the acromion and the presence of bony 
spurs in the site of coracoacromial ligament 
insertion on the acromion [10]. The correlation 
between the acromial shape and the cuff disease 
was supported by subsequent cadaveric studies, 
in which a higher prevalence of full-thickness 
tears of the rotator cuff was noted in association 
with the hooked or type III acromion [11, 12]. 
However, later, acromial impingement was 
found not to be the primary cause of rotator cuff 
tears [3, 5, 13]: it resulted associated with 
changes on the bursal side of the rotator cuff 
tears which is less frequently affected than the 
intra-tendinous or articular side [14], and the 
acromioplasty procedures did not avoid the 
occurrence of rotator cuff tears, leading to dam-
age of tendons in 20% of cases [15]. Furthermore, 
the morphology of the acromion seemed to be 

secondary to pathology of the bursal side of the 
cuff [16, 17]: the cuff degeneration lead to pro-
duce an acromial hook, which results in a greater 
load on the coracoacromial arch producing trac-
tion spurs in the coracoacromial ligament [18, 
19]. A contact between rotator cuff and the cora-
coacromial arch was also reported in normal 
shoulders in both cadaveric studies and healthy 
human subject, suggesting that the contact phe-
nomenon between the coracoacromial arch and 
the rotator cuff was not a pathological but a 
physiological condition [20, 21].

Further bone features has been associated 
with injuries of the rotator cuff; a glenohumeral 
joint with a higher acromial coverage index, 
which is the ratio between the distance from the 
glenoid plane to the acromion and the distance 
from the glenoid plane to the lateral aspect of the 
humeral head, is associated with an increased 
risk of rotator cuff tear [22]. The angle between 
the line connecting the inferior border to the 
superior border of the glenoid fossa, and a second 
line connecting the inferior border of the glenoid 
fossa to the most inferolateral point of the acro-
mion, represents the critical shoulder angle 
(CSA) (Fig.  11.2). Since it combines the mea-
surement of the glenoid inclination and the lat-
eral extension of the acromion, CSA has been 

a b

Fig. 11.2 Radiologic parameters associated with rotator cuff pathology. The critical shoulder angle (a) and the acro-
mial coverage index (b)
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used to predict the presence of degenerative cuff 
tears [23]. In a biomechanical simulation model, 
a larger CSA has been shown to increase the 
supraspinatus tendon load at low degrees of 
abduction compared to a control with a normal 
CSA [24].

The mechanism of rotator cuff fatigue damage 
starts with isolated changes in microstructures 
and develops into severe matrix disruption and 
kinked deformation; this degeneration, in addi-
tion to biological changes due to aging and over-
use, predispose the tendons to failure [3]. Studies 
of torn rotator cuff tendons have revealed that 
degenerative changes also appear medially from 
the tear, indicating the presence of degeneration 
before the tear occurs [25, 26]. In particular, the 
critical zone of the rotator cuff, localized at 1 cm 
medially to the supraspinatus insertion in the 
tuberculus major, resulted to have a decreased 
vascularisation [27]. This feature, associated 
with increased local pressure during humeral 
elevation and abduction, may be related with the 
degeneration process, predisposing the tendons 
to failure [3].

In patients who require to achieve a large 
range of external rotation, such as throwers, 
defects of the deep surface of the rotator cuff are 
common. Among these patients, the mechanism 
of cuff injury is explained by the abutment of the 
edge of the glenoid against the under surface of 
the supraspinatus tendon at the extreme of the 
external rotation [5].

Rotator cuff tears typically start at the deep 
surface of the supraspinatus tendon, close to the 
long head of the biceps. This site is subject to 
greater loads, even at rest. The complex and coor-
dinated actions of the rotator cuff muscles are 
coupled in a manner that produces increased 
strain on the surrounding tendons when a tear in 
one tendon occurs. For this reason, a tear of one 
tendon in the rotator cuff could potentially lead to 
an increased risk for injury in the remaining 
 muscles, determining a pattern that induces the 
tear progression and extension [28]. The loads 
are concentred at the margin of the tear, facilitat-
ing the extension of the defect. A tear of 60% of 
the tendon thickness increases of 23.8% the ten-

sile strain in the posterior tendon [29]. Tears of 
the articular side of the infraspinatus increase the 
strain in the middle and superior portions of the 
supraspinatus. Subsequently, the defects of 
supraspinatus propagate posteriorly through the 
reminder of the supraspinatus and the infraspina-
tus [5].

11.3.2  Biomechanical Effects 
of Rotator Cuff Tears

Tears in the rotator cuff result in altered glenohu-
meral joint mechanics and are frequently associ-
ated with loss of strength and stability of the 
shoulder. However, clear evidence about the rela-
tionship between the tear features and the func-
tional outcomes still lack. The superior translation 
of the humeral head represents the most impor-
tant biomechanical consequence of the rotator 
cuff tears, and the main radiograph signs of mas-
sive cuff deficiency. Large-to-massive tears may 
lead to rotator cuff tear arthropathy, which 
implies the development of progressive glenohu-
meral and acromiohumeral arthritis secondary to 
the tear, associated with joint pain and reduced 
humeral elevation [30, 31].

When the dynamic function of rotator cuff is 
compromised by a tear, the external rotation and 
the elevation are primarily decreased. Burkhart 
introduced the concept of the rotator cuff cable 
[32], a thickened area of the rotator cuff tendon 
which inserts anteriorly between the anterior 
insertion of the supraspinatus and superior half 
insertion of subscapularis, and posteriorly near 
the inferior insertion of infraspinatus tendon. 
Burkhart noted that rotator cuff tears that did not 
involve the cable, such as supraspinatus tears 
alone, were functional and biomechanically 
intact, because the cable remained intact [33].

Regarding the abduction torque, the features 
of rotator cuff tears which could affect the 
force transmission are the supraspinatus ten-
don detachment and the retraction of its mus-
cle. In a cadaveric study [34] the effect of 
different size and shape of the rotator cuff tear 
on in vitro force transmission was investigated, 
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comparing different size of supraspinatus ten-
don detachment with a defect of tendon sub-
stance and muscle retraction: authors reported 
that only after detachment of the entire width 
of the supraspinatus tendon, the transmitted 
force significantly decreased; this finding sup-
port the concept of rotator cable, pointing out 
that the muscle forces are effectively transmit-
ted by the rotator cuff as long as the rotator 
cable is intact. Furthermore, in this cadaveric 
study, the simulated muscle retraction resulted 
in significantly greater decrease in transmitted 
force compared with the isolated detachment 
of the tendon, showing that rotator cuff muscle 
retraction contributes substantially to loss of 
shoulder strength following large rotator cuff 
ruptures [34].

In order to gain more insight in the effect of 
rotator cuff tear in shoulder biomechanics, the 
kinematics of the joint with a defect of the cuff 
was analysed in literature. In particular, the 
assessment of humeral head position, external 
humeral rotation, humeral abduction and 
associated scapulothoracic rotations were inves-
tigated, and the findings showed that the shoulder 
kinematics is associated with rotator cuff tear 
size [35–37]: while isolated tears of 
supraspinatus had no significant biomechanics 
consequences, massive cuff tears involving 
supraspinatus or subscapularis altered signifi-
cantly the kinematics of the shoulder. In a cadav-
eric study [36] in which five shoulder specimens 
were subjected to different loading conditions 
with sequentially larger anterosuperior cuff tears, 
a significant increase in anterior-superior and 
superior translation resulted only after that the 
anterosuperior tears were extended to the supe-
rior half of the subscapularis. No significant bio-
mechanical consequences, in contrast, were 
reported after isolated tears of supraspinatus. 
These results support the rotator cuff cable con-
cept, suggesting that the preservation or the loss 
of the anterior cable attachment represents an 
important determinant of the biomechanics of 
anterosuperior rotator cuff tears [36]. In line with 
these findings, in another cadaveric study, in 
which the effect of 1 and 3 cm isolated supraspi-

natus tears on joint kinematics was examined, no 
significant changes were founded in glenohu-
meral translation [38].

Regarding the position of humeral head along 
the superior-inferior and anterior-posterior axis 
during scapular plane abduction in shoulder with 
rotator cuff tears, superior migration of humeral 
head, when the superior shear forces created by 
the deltoid are no longer effectively opposed, was 
described in studies employed in vitro static eval-
uation techniques [39, 40] (Fig. 11.3).

In a dynamic in vivo study, on the other hand, 
an inferior dynamic translation was founded dur-
ing scapular plane humeral abduction [41]. 
During an in vitro simulation of active shoulder 
kinematics, the effect of three sequential simu-
lated tears affecting the supraspinatus and the 
subscapularis during the unconstrained glenohu-
meral abduction was provided [35]: authors 
founded that, as the size of the simulated cuff 
tear increased, the plane of elevation became sig-
nificantly more posterior at all angles of abduc-
tion, and the position of humeral head became 
more anterior for angle of abduction greater than 
50°. No differences, on the other hand, were 
founded regarding the position of humeral head 
along the superior-inferior axis [35]. In an 
in  vivo study in which a 3D to 2D model-to-
image registration techniques was provided [42], 
a more anterior position of the humeral head 
centre was founded in shoulder with large-to-
massive full-thickness rotator cuff tear than in 
controls, at internal rotation position during 
dynamic axial rotation in adducted position. 
Moreover, authors reported a more medial posi-
tion of humeral head in patients with rotator cuff 
tear than in controls at the late phase of dynamic 
scapular plane abduction [42]. A recent in vivo 
three-dimensional bone model of ten shoulders 
with massive rotator cuff tears showed a signifi-
cantly higher humeral head position under the 
40° of abduction angle than the normal contra-
lateral shoulder [43].

Regarding the associated scapular kinematics, 
Authors of the latter study reported a significant 
increase of scapular upward rotation in the initial 
position at 20° of humeral abduction and at the 
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final elevation, over 130° of humeral abduction in 
shoulders with rotator cuff tears [43]. In another 
kinematics study, the comparison between 
patients with massive posterior-superior rotator 
cuff tear and patients with subacromial pain syn-
drome associated with intact rotator cuff showed 
a lower humero-thoracic abduction and forward 
flexion, associated with a marked increase in 
scapular upward rotation in the rotator cuff 
injured group [37]. Furthermore, decline in 
humeral abduction and increase in scapular 
upward rotation were founded in simulated mas-
sive posterior-superior rotator cuff tear created 
after a suprascapular nerve block in healthy vol-
unteers [44]. These results about the postero- 
superior massive tears, since the infraspinatus 
muscle has a direct impact on the glenohumeral 
joint and does not directly control scapula-thorax 
motion, suggested that the increased scapular 
upward rotation (i.e. scapulo-thorax lateral rota-

tion) should be compensatory in nature [37, 44] 
(Fig. 11.4).

11.4  Biomechanics of Rotator Cuff 
Repair

The rotator cuff repair must aim to fully restore 
the anatomy and function of the rotator cuff 
tendons.

Regarding isolated supraspinatus lesion, the 
biomechanical effect of repair was seen by Yu 
et al. [45] only at 10° abduction with 60 N load-
ing with an increase in percent inferior force after 
repair that may represent greater concavity com-
pression and spacer effect, which are both impor-
tant functions of the supraspinatus. This same 
increase was not observed with the deltoid loaded 
to 90 N, which could be a function of the effect of 
loading producing an offset between the inferior 

a b

Fig. 11.3 Humeral head position in shoulder with rotator cuff tear. Rotator cuff tear resulted in superior migration of 
humeral head among cadaveric static evaluations. (a): normal cuff; (b): injured cuff
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and superior forces. No changes were seen in the 
contact area, pressure, or position after repair, 
suggesting that repair of full-thickness rotator 
cuff tears does not completely recreate normal 
glenohumeral biomechanics or that no change 
existed in the pathologic tear specimens from 
normal.

By the way, when a tear is large, it may some-
times be difficult to bring the torn edges back to 
the original insertion site of the greater  tuberosity. 
In those cases, a medial shift of the insertion site 
of the cuff tendon is one of the surgical options. 
According to biomechanical studies by Yamamoto 
and those by Liu et al., a medial shift of 17 mm or 
more should be avoided from the functional point 
of view because it reduces both the moment arm 
and the range of shoulder motion [46, 47].

Several biomechanical studies investigated 
the effect of different angles anchor insertion and 
inclination in rotator cuff repair, with the aim to 
achieve greater pullout strength possible. In 1995 
Burkhart introduced the deadman theory [48], 
suggesting that an anchor inserted at 45° may 
show the greatest pullout strength theoretically. 
However, biomechanical pullout studies, have 
shown that anchors inserted at 90°, 135° or 
between 105° and 135° present the greatest pull-
out strength [49–51], advancing that the deadman 
theory depends on the friction of the anchors. In 
a review associated with additional biomechani-
cal studies, Itoi et al. [52] reported that the inser-
tion angle of 90° is the strongest for a threated 
anchor. Furthermore, authors of this latter study 

showed that the pullout strength depends on the 
inclination of the anchor, friction of the anchor–
bone interface and quality of bone. In particular, 
the insertion angle of the suture threated anchor 
should replicate the angle of applied load to 
ensure the optimum pullout strength [52]. 
(Fig. 11.5).

Regarding the rows of the anchor, there are 
single, double and triple row repair described, 
with associated different types of stiches con-
figuration. In a cadaveric study, in which a sim-
ple single-row repair construct and a linked 

a b

Fig. 11.4 Scapular associated kinematics in rotator cuff 
tears. In vivo kinematics studies reported increase in scap-
ular upward rotation (scapula-thorax lateral rotation) 

associated with a decreased humeral abduction in shoul-
ders with postero-superior massive rotator cuff tears. a: 
normal cuff; b: injured cuff

Fig. 11.5 Effect of different angle insertion of suture 
threated anchors in rotator cuff repair. In order to achieve 
the best performance of suture threated anchor with strong 
friction, surgeons must insert the anchor close to the line 
of pull
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single- row construct were compared, no signif-
icant differences in ultimate load to failure and 
resistance to gap formation between the simple 
and the linked single-row construct were 
founded [53].

Many biomechanical studies have already clar-
ified that the use of transosseous equivalent repair 
for rotator cuff repair was superior to other tech-
niques such as the single- or dual-row technique in 
terms of contact area or pressure between the rota-
tor cuff tendon and the footprint, and the initial 
pullout strength [54–57]. Using the transosseous 
equivalent technique, a greater initial fixation 
strength may be achieved. However, the tendon 
itself is inherently elastic. Fixing the torn tendon 
with the transosseous equivalent repair technique, 
the tendon may lose its inherent elasticity due to 
the crossover of the strong sutures. The initial 
strong fixation is needed to avoid pullout failure 
after surgery. However, the fixation is required 
only for the first few months. Yamamoto et al. [57] 
demonstrated that the rotator cuff tendon became 
stiffer after arthroscopic rotator cuff repair, espe-
cially transosseous equivalent repair, by measur-
ing the strain of the supraspinatus tendon using 
ultrasound elastography. Results showed that the 
superficial layer of the supraspinatus tendon was 
stiffer after transosseous equivalent repair than the 
contralateral side at the final follow up [57]. In 
addition, their study revealed that a high-stress 
concentration was observed around the insertion 
sites of the medial row threads.

The tying of the medial knots during transos-
seous equivalent repair is controversial. There are 
several biomechanical reports demonstrating bio-
mechanical improvement (ultimate load, contact 
pressure, and stiffness) by tying the medial row 
of a transosseous equivalent repair [58, 59]. 
Tamboli et  al. [60] investigated the effects of 
bite-size horizontal mattress stitch: whereas a 
4-mm bite fixed the tendon more tightly but at the 
cost of decreased ultimate strength, a 10-mm bite 
conveyed greater ultimate strength but with 
increased gap and strain. Authors concluded that 
for transosseous equivalent repair, large stitches 
are beneficial because the repaired tendon has a 
higher strength, and the slightly mobile medial 
knot can be tightened by lateral fixation.

Anatomic and biomechanical cadaveric stud-
ies highlighted the structural and functional rela-
tionship between superior shoulder capsule and 
the articular side of rotator cuff suggesting that 
articular-sided partial-thickness tears include 
detachment of the superior shoulder capsule from 
the greater tuberosity [61, 62]. In a cadaveric 
study a significant increase of anterior and infe-
rior glenohumeral translation was founded after 
that a tear of superior capsule was performed, 
compared with the intact capsule state [62]. 
Satisfactory results were reported about the repair 
procedure to manage articular-sided partial- 
thickness rotator cuff tear [63, 64]. In a cadaveric 
analysis of the effect of an articular-sided partial 
supraspinatus and infraspinatus tear during the 
simulated late-cocking and acceleration phases of 
throwing, no significant differences in humeral 
head apex position, internal impingement area or 
glenohumeral contact pressure were reported 
compared with the intact condition [65]. In the 
same study, authors performed a transtendon 
repair with two anchors providing a significant 
decrease of external humeral rotation, posterior 
shift of humeral apex position, decrease of gleno-
humeral contact pressure at maximum external 
rotation and decrease of internal impingement 
area compared with the intact and the torn status 
during both the two phases of throwing. These 
results suggested that transtendon repair of an 
articular-sided partial supraspinatus tear may 
cause overtightening of the torn tendon and supe-
rior capsule, minimizing secondary subacromial 
and interior impingement, and that careful evalu-
ation of patient individual shoulder laxity should 
be assessed when the transtendon repair is chosen 
for address an articular-sided partial tear [65].

11.4.1  Irreparable Tears

Rotator cuff tears are defined as irreparable when 
the lesions cannot be repaired primarily to their 
insertion on the tuberosities with conventional 
techniques of surgical release/mobilization, 
because of their size, retraction, and muscle 
impairment caused by atrophy and fatty infiltra-
tion [66].
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With the aim to better address the massive 
irreparable rotator cuff tears, Burkhart et al. [33] 
introduced the concept of the “suspension bridge” 
which lead to the development of the functional 
partial repair: the repair of the whole subscapu-
laris and the inferior half of infraspinatus, with-
out the complete coverage of the defect, can 
restore the normal shoulder mechanics, 
 recovering the transverse force couples and a 
stable fulcrum for glenohumeral kinematics [66].

Several biomechanical studies investigated 
the influence of the superior capsule reconstruc-
tion on the superior stability of the shoulder joint. 
Superior capsular reconstruction (SCR) poten-
tially improves function by re-centering the 
humeral head and improving glenohumeral kine-
matics [67].

Several techniques for performing superior 
capsule reconstruction have been described, 
characterized by different type of the graft (fas-
cia lata, extracellular matrix dermal grafts, long 
head of biceps and tendon allografts), whether 
performed in an open manner or arthroscopi-
cally, the mode of the glenoid and greater tuber-
osity fixation, and whether the anchors are all 
inserted before or after passage of the graft 
[67–73].

In a cadaveric study involving eight shoulders, 
Mihata et al. [74] compared the superior transla-
tions of the proximal humerus in five conditions: 
intact rotator cuff, excised supraspinatus, recon-
structed supraspinatus using a bridging graft con-
necting the remnant of the supraspinatus to the 
greater tuberosity, reconstructed superior capsule 
with graft attached to the glenoid and the greater 
tuberosity, reconstructed superior capsule and 
supraspinatus with the patch [74]. They demon-
strated that excising the supraspinatus tendon 
resulted in a significant increase in the superior 
translation of the proximal humerus, which was 
fully restored only when the superior capsule was 
reconstructed with the graft [74]. Supraspinatus 
reconstruction with the graft only resulted in a 
partial restoration of superior translation [74]. In 
another biomechanical study, Mihata et al. dem-
onstrated an 8 mm thick fascia lata graft resulted 
in a greater superior stability than a 4 mm thick 
graft [75]. A significant decrease in superior 

translation was only witnessed with 8 mm thick 
graft as compared to the 4 mm thick graft [75].

When performing SCR, it was also reported 
that addition of posterior side-to-side suturing 
between the graft and residual infraspinatus ten-
don increases the superior stability of the proxi-
mal humerus [76]. In a biomechanical study, 
SCR without posterior side-to-side suturing, did 
not inhibit glenohumeral superior translation, 
whereas addition of posterior side-to-side sutur-
ing resulted in significantly reduced superior 
translation [76].

The superior rotator cuff and superior capsule 
reconstruction technique using long head of 
biceps (LHB) was also proposed and described in 
literature. In a biomechanical study by Han et al. 
the superior capsule reconstruction using LHB 
permitted to reduced humeral head translation 
and subacromial contact pressure [77]. Moreover, 
Authors did not find significant differences 
between the isolated SCR using LHB procedure 
and the side-to-side repair augmentation associ-
ated procedure [77].

Recently, performing acromioplasty with a 
rotator cuff repair has become a subject of con-
troversy. There have been some clinical reports 
describing the excellent outcome after cuff repair 
without acromioplasty [78, 79]. According to the 
2011 guidelines published by the American 
Academy of Orthopaedic Surgeons, [80] the rou-
tine acromioplasty is not required at the time of 
rotator cuff repair. A biomechanical study by 
Denard et  al. [81] demonstrated that a limited 
acromioplasty, of 3  mm in thickness, might be 
enough for decompression while preserving the 
coracoacromial ligament. Because of variations 
in the distance between the undersurface of the 
acromion and the cuff surface, the level of 
acromioplasty should be decided during surgery 
on a patient specific level.

Although the results of routinely acromioplas-
tic are controversial, Mihata et al., investigating 
the effects of acromioplasty on shoulder biome-
chanics associated with superior capsule recon-
struction [82], illustrated that adding 
acromioplasty to SCR with fascia lata signifi-
cantly decreased the subacromial peak contact 
area compared to SCR without acromioplasty, 
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without altering the humeral head position, supe-
rior translation or subacromial peak contact pres-
sure [82]. Based on their findings the authors 
suggested that when performing SCR, acromio-
plasty may help to decrease the postoperative risk 
of abrasion and tearing of the graft beneath the 
acromion, without increasing the risk of superior 
translation [82].

To treat the irreparable rotator cuff tears the 
subacromial balloon spacers have been proposed. 
There is limited biomechanical literature on the 
subacromial balloon spacer and its ability to 
manage irreparable rotator cuff tears. Literature 
is also lacking on the appropriate inflation 
volumes.

The biomechanical study by Singh et al. [83] 
found out that the 25-mL balloon displaced the 
humeral head more inferior than the intact condi-
tion with a mean difference statistically signifi-
cant, but it is not likely clinically significant. 
Their study has some limitations and they only 
tested static abduction.

11.5  Conclusions

The rotator cuff tears modify shoulder biome-
chanics radically. Rotator cuff repair allows to 
restore biomechanics in order to address the clin-
ical impairment. If the tear is not completely 
reparable, adding superior capsule reconstruction 
to partial cuff repair could be a good option for 
young and active patient without rotator cuff tear 
arthropathy, with the aim to restore the native 
shoulder biomechanics.
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Biomechanics of Shoulder 
Instability and Repair
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12.1  Introduction

The shoulder complex comprises over 30 mus-
cles, two anatomic spaces, and four articulations 
moving through three main degrees of freedom 
allowing for the greatest range of motion of any 
joint in the human body. The shoulder demands 
synchronized, harmonious action through bal-
anced mobility and stabilization to provide move-
ment utility. Understanding the fundamental 
concepts of the shoulder complex’s clinical kine-
siology serves as a foundation for the develop-
ment of recognition, treatment, and repair 
strategies of shoulder instability.

In understanding the closed-chain mechanism 
of the shoulder, the glenohumeral joint balances 
stability against excessive translations with 
mobility necessary to achieve specific tasks [1]. 
Pathologic glenohumeral joint instability is gen-
erally classified as “traumatic” as a result from an 
acute event such as a fall or “atraumatic” as a 
result of repetitive microtrauma or in patients 
with preexisting generalized ligamentous laxity. 
Instability is further characterized by direction: 
anterior, posterior, or multidirectional. The 

severity of instability can be variable ranging 
from frank joint dislocation to subtle subluxation, 
all of which can result in debilitating symptoms. 
Primary complaints may relate to dysfunction or 
pain, with underlying instability often contribut-
ing chondral injury and the development of gle-
nohumeral arthritis over time [2].

12.2  Anatomy and Biomechanics

The complex bony and soft tissue anatomy of the 
shoulder is integral to its function and even small 
derangements can lead to pathologic dysfunc-
tion. Understanding normal biomechanics helps 
the clinician predict the limitation and failure of 
these systems. The movement of this system is 
directed through an intricate relationship between 
static and dynamic stability. Together, static and 
dynamic stability provide functionality through-
out a wide range of motion. The inherent stability 
of the shoulder is complex and involves a system 
of structures that adapt to physiologic demands.

12.2.1  Static Shoulder Stability

Along with negative intra-articular pressure, 
which draws the humeral head into the glenoid 
surface, the bony anatomy of the shoulder, gle-
noid labrum, glenohumeral ligaments, and joint 
capsule all contribute to the inherent stability of 
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the shoulder [3]. Even with these structural 
 components, the glenohumeral relationship con-
tains a certain degree of mismatch between the 
articulating surfaces of the proximal humerus 
and the glenoid fossa. In supporting the base of 
the glenohumeral joint, the scapula plays a sig-
nificant role in the stability of the joint through its 
structural geometry and position. The height and 
width of the glenoid surface measures approxi-
mately 39 mm and 29 mm with its surface area in 
approximately 7 degrees of retroversion [4, 5]. 
The superior and inferior poles of the glenoid 
serve as insertion points for the long head of the 
biceps and the long head of the triceps, respec-
tively. Due to the inherent offset of the humeral 
head and the glenoid fossa, approximately 30% 
of the articular surface is in contact with the artic-
ular cartilage of the glenoid throughout the maxi-
mum functional range of motion [6]. 
Supplementation by the fibrous glenoid labrum 
provides an extra level of stability to the articular 
surface. Howell and Galiant report anatomic 
studies in which the combination of the bony gle-
noid surface and fibrous labral tissue create a 
socket (~ 9 mm deep at the superior and inferior 
positions and  ~  5  mm deep at the anterior and 
posterior positions) for the articulation of the 
humeral head (~ 30  deg. retroversion) [7]. The 
glenoid labrum plays a significant role in its abil-
ity to restrict the translational motion of the 
humeral head over the glenoid surface, providing 
additional structural stability. The labrum differs 
in the morphology and attachment to the glenoid 
surface depending on location. The labrum is 
loosely attached superiorly and anterosuperiorly 
to the bony surface where it serves as an attach-
ment site for the tendon of the long head of the 
biceps. Inferiorly the labrum is firmly attached to 
provide structural stability against inferior trans-
lational forces [8]. The acromion and the cora-
coid provide additional structural support for the 
shoulder. These structures serve as attachment 
points for ligamentous tissue, such as the cora-
coacromial ligament (CAL), which contributes to 
the coracoacromial arch. The coracoid, acro-
mion, and coracoacromial ligament together pro-
vide resistance to the superior and anterosuperior 
translation of the humeral head, as Fagelman 

et al. describe in cadaveric studies [9]. Additional 
shoulder stability is provided by the glenohu-
meral ligaments which appear as thickenings of 
the shoulder capsule. The superior glenohumeral 
ligament (SGHL) originates from the labrum at 
its anterior superior border, then courses inferi-
orly in the region of the rotator interval where it 
inserts into the lesser tuberosity of the humerus. 
The SGHL is composed of oblique and direct 
fibers. These fibers provide additional stability to 
the long head of the biceps tendon and contribute 
to the structure of the transverse humeral liga-
ment [10]. Capsuloligamentous restraint studies 
have determined that the SGHL plays a specific 
role in resisting the inferior translation of the 
humeral head in the adducted shoulder. As the 
angle of abduction increases from 0 to 90°, the 
anterior portions of the ligament engage to pro-
vide the greatest resistance to inferior translation 
at 45°, whereas the posterior aspect of the liga-
ment engages to provide the greatest resistance at 
90° [11]. According to a study that investigated 
normal variations in the glenohumeral ligament 
complex (GHLC), the middle glenohumeral liga-
ment (MGHL) was found to be present in only 
63% of individuals [12]. The MGHL arises from 
the anterior aspect of the superior portion of the 
labrum and courses deep to the subscapularis 
muscle attaching to the anatomic neck of the 
humerus. The MGHL provides mild resistance to 
anterior translation of the humeral head at 
approximately 45 degrees of abduction [13]. The 
IGHL consists of two distinct bands—the ante-
rior and posterior band, which represent cord-like 
thickenings of the glenohumeral joint capsule. 
The anterior-inferior glenohumeral ligament 
(aIGHL) most commonly arises from the 2 to 4 
o’clock position of the glenoid, and the posterior- 
inferior glenohumeral ligament (pIGHL) most 
commonly arises from between 6 and 9 o’clock. 
Interposed between the anterior and posterior 
bands of the IGHL is the axillary pouch. Together, 
these two bands form the IGHL complex at the 
inferior margin of the humeral neck [14]. The 
IGHL is thought of as one of the most critical 
stabilizing structures when the shoulder is exter-
nally rotated and abducted to 90° [15]. The joint 
capsule itself comprises a multitude of fibrous 
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bands which course obliquely in alternating 
directions and maintains a negative pressure 
environment which, as previously stated, contrib-
utes to an intimate glenohumeral relationship. 
The contracture of this fibrous capsule affects 
glenohumeral motion and plays a role in gleno-
humeral motion (Fig. 12.1).

12.2.2  Dynamic Shoulder Stability

Muscles surrounding the glenohumeral joint and 
scapula provide dynamic stability. Combined 
with negative intra-articular pressure, the rotator 
cuff muscles create a joint compressive force 
directing the humeral head into its glenoid articu-
lation. This directed pull is key in generating 
force to direct purposeful movement. The scapu-
lothoracic musculature must maintain proper 
scapular orientation for full glenohumeral 
motion. This involves internal rotation of 30°, 

abduction of 3°, and anterior tilt of 20° [17]. This 
position is important for creating a proper inter-
face for the humeral head and glenoid to interact 
as well as maintaining smooth motion of the 
scapulothoracic articulation in its anatomic space 
between the posterior thoracic wall and the ante-
rior surface of the scapula [18]. The scapula 
serves as the insertion point for many of these 
dynamic components. Contributions come 
directly from attachments of the trapezius, leva-
tor scapulae, rhomboids, serratus anterior, pecto-
ralis minor, and the subclavius. Together, these 
muscles contribute to proper scapulothoracic 
motion and facilitate harmonious scapular and 
glenohumeral motion. Anatomic abnormalities in 
any one of these attachments can alter the biome-
chanics of shoulder motion leading to various 
shoulder pathology. Scapulothoracic articulation 
allows for abduction beyond the 120° the gleno-
humeral joint allows [18]. The serratus anterior is 
essential in maintaining close apposition of the 
scapula and the thorax, ensuring smooth scapular 
rotation.

The rotator cuff consists of four muscles: the 
supraspinatus, infraspinatus, teres minor, and the 
subscapularis. The muscles of the rotator cuff 
provide an additional source of stability for the 
glenohumeral joint. These muscles effectively 
align to resist glenohumeral shear stress and 
facilitate compressive force at the glenohumeral 
interface, which corresponds to increased stabil-
ity and decreased translation [19]. Wuelker et al. 
demonstrate that a 50% decrease in rotator cuff 
force results in an approximate 50% increase in 
anterior subluxation of the humeral head when 
subjected to loading at all glenohumeral joint 
positions [19]. Each rotator cuff muscle demon-
strates assistance in anterior shoulder stability; 
however, there is no evidence to suggest one par-
ticular muscle’s contribution over the other [20]. 
The supraspinatus works in conjunction with the 
infraspinatus as the primary cuff muscles 
involved in shoulder abduction. The supraspina-
tus contributes to approximately 50% of shoul-
der abduction in the scapular plane. In studies 
where the supraspinatus and infraspinatus were 
paralyzed, a loss of approximately 75% of 
strength in abduction was observed, highlighting 

Fig. 12.1 Lateral view of the glenoid with the humerus 
subtracted. Demonstrates the static stabilizers including 
the inferior glenohumeral ligament (IGHL) complex com-
prised of the anterior (AB) and posterior (PB) bands and 
the axillary pouch (AP). The clock face positions of the 
glenoid labrum (12 = superior, 3 = anterior, 6 = inferior, 
9 = posterior), long head of the biceps tendon (LHBT), 
superior (SGHL) and middle (MGHL) glenohumeral liga-
ments, and coracoacroimal ligament are also shown. From 
Passanante, et al. [16]
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their utility in force generation necessary for 
abduction [21]. The supraspinatus and infraspi-
natus are highly involved in the force-couple 
mechanism which provides compression into the 
glenoid fossa to stabilize the glenohumeral joint 
and facilitates abduction [22]. Weakness of the 
supraspinatus and infraspinatus may lead to 
alterations in joint reaction force to the superior 
posterior rim of the glenoid surface. These alter-
ations demonstrate the significance of these 
muscles in the stability of the glenoid articula-
tion and provide information on shoulder biome-
chanics [23].

The teres minor contributes to external rota-
tion and balance of the glenohumeral joint. Its 
contribution to the stabilization of the glenohu-
meral join is best demonstrated in the presence of 
injury. The teres minor also may substitute for 
lost joint torque during several simulated muscle 
tears to maintain joint stability in a study con-
ducted by Williams et al., joint instability demon-
strated a positive correlation when compared to 
the size of the rotator cuff tear [24].

The origin of the subscapularis arises from 
the subscapular fossa on the anterior surface of 
the scapula and inserts on the lesser tuberosity. 
The subscapularis contributes to internal rota-
tion and exhibits the largest impression at its 
insertion medial to the bicipital groove. At 0 
degrees of abduction, the subscapularis serves 
as a primary stabilizing structure and is in a 
direct force- coupling relationship to anterior-
posterior glenohumeral motion preventing pos-
terior subluxation [25]. The complex relationship 
between static and dynamic stability in relation 
to the biomechanics of the shoulder serves as a 
foundation for the natural shoulder motion 
(Figs. 12.2 and 12.3).

12.3  Pathophysiology

12.3.1  Anterior Instability

Anterior shoulder dislocation is thought to occur 
with the arm in 90 degrees of abduction and 
external rotation, although this is often debated 
[27]. The anterior band of the inferior glenohu-
meral ligament is the primary restraint to disloca-

tion in this position and once it fails, other soft 
tissue and bony stabilizers are disrupted depend-
ing on the degree of injury force.

Fig. 12.2 Force couple acting on the glenohumeral joint 
in the coronal plane. The deltoid (upward pointing arrow) 
forms a force couple with the supraspinatus (left to right 
pointing arrow) and the infraspinatus, teres minor, sub-
scapularis, latissimus dorsi, and teres major (left to right 
and slightly downwards pointing arrow). As a result of 
this force couple, when the deltoid contracts the arm 
abducts rather than pulling the humeral head upward. 
From Panayiotou Charalambous [26]

Subscapularis

Infraspinatus

Fig. 12.3 Force couple acting on the glenohumeral joint 
in the horizontal plane. The infraspinatus contracts to pull 
the humeral head medially and posteriorly while the sub-
scapularis contracts to pull the humeral head medially and 
anteriorly. The force couple acts to dynamically stabilize 
the humeral head in the glenoid throughout shoulder 
range of motion. From Panayiotou Charalambous [26]
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Anterior instability can also present without 
frank dislocation. Chronic, repetitive micro-
trauma, such as that seen in overhead athletes, 
can cause subtle subluxations with remaining 
glenohumeral contact. Such patients will often 
demonstrate anterior shoulder pain and feelings 
of transient instability [28].

A detailed history, physical exam, and plain 
radiograph imaging is essential for diagnosis. 
MRI is useful for evaluating the soft tissue stabi-
lizers such as the labrum, glenohumeral liga-
ments, rotator cuff, and capsule. MR arthrogram 
is particularly useful for labral injuries. CT imag-
ing is important for evaluating for bony lesions, 
glenoid bone loss, and the size and orientation of 
humeral head lesions.

The most common injury after an anterior dis-
location or subluxation is a Bankart lesion, a tear 
of the anterior-inferior labrum and capsule from 
the glenoid [28]. The intact labrum provides sta-
bility to the joint by acting as a bumper as well as 
creating a suction seal effect between the humeral 
head and glenoid [29]. Any disruption to this 
results in decreased stability. In cadaveric biome-
chanical studies, there was an increase in anterior 
translation of the humeral head from 6.8 mm to 
9.6 mm between shoulders with an intact labrum 
and those with a simulated Bankart lesion [30].

Glenoid labral articular disruption (GLAD) 
lesions are similar to Bankart lesions but include 
injury to the adjacent glenoid cartilage. GLAD 
lesions can result in recurrent instability and bone 
loss [31]. A humeral avulsion of the glenohu-
meral ligament (HAGL) is an injury to the IGHL 
which can be seen in some anterior dislocations. 
Patients usually report pain and less commonly 
recurrence of instability [32]. Anterior labrolig-
mentous periosteal sleeve avulsions (ALPSA) 
occur when the labrum, anterior IGHL, and peri-
osteum are pealed back medially along the gle-
noid neck [33]. Importantly, they can heal 
displaced medially, which requires restoration of 
normal anatomy to restore stability. Superior 
labrum anterior to posterior (SLAP) tears may 
involve the long head of the biceps anchor and 
may be seen after 22% of traumatic dislocations 
[34]. Injuries to the rotator cuff are often seen 
after traumatic dislocation in patients over 
40 years old.

Bony Bankart lesions, or Bankart fractures, 
are seen in one third of first-time anterior dislo-
cations [35]. They can be easily missed on initial 
imaging and if not addressed at the time of repair 
can result in attrition of the fragment, glenoid 
bone loss, and further instability [35]. A Hill–
Sachs lesion is a compression fracture of the 
posterior humeral head that is the result of the 
impact of the humeral head on the anterior gle-
noid rim during anterior dislocation. The size 
and location of the lesion as well as its interac-
tion with a concurrent glenoid lesion (Bankart) 
plays an important role in the risk for recurrence 
of instability. The glenoid track is the contact 
area between the humeral head and glenoid [36]. 
A Hill–Sachs lesion is off-track when it engages 
the anterior glenoid rim, otherwise it is consid-
ered on-track. As the Hill–Sachs lesion gets 
larger and more medial and glenoid bone loss 
increases, so does the risk of recurrent instabil-
ity. Yamamoto et al. developed a reliable method 
for calculating whether a Hill–Sachs lesion is 
on- or off-track based on 3D CT [36]. In this 
method, both glenoids are compared in en face 
view. The glenoid track is 83% of the uninjured 
glenoid’s width. The glenoid defect is then sub-
tracted from the uninjured glenoid and the calcu-
lated width of the glenoid track is applied to the 
posterior humeral view. The glenoid track is 
superimposed on the posterior humerus starting 
medially at the medial aspect of the cuff inser-
tion on the greater tuberosity. If the Hill–Sachs 
lesion extends medially to the glenoid track, it is 
considered “off-track” and at higher risk of 
engaging and causing recurrent instability. As 
such, the presence of bone loss with off-track 
Hill–Sachs lesions drives surgical decision-mak-
ing toward restoring bony anatomy to restore 
stability [37] (Fig. 12.4).

12.3.2  Posterior Instability

Posterior glenohumeral instability is a common 
cause of shoulder dysfunction. It usually presents 
without a traumatic event, making its diagnosis 
more challenging. Unlike anterior instability, 
posterior instability is usually caused by repeti-
tive microtrauma from activities that load the 
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shoulder in the flexed, adducted, and internally 
rotated position [39].

Several key anatomic and biomechanical fea-
tures differentiate posterior from anterior gleno-
humeral instability. With regards to its soft tissue 
stabilizers, the posterior capsule and the posterior 
band of the IGHL are significantly thinner and 
less robust then their anterior counterparts [40]. 
In patients with posterior instability the cross- 
sectional area of the capsule is increased, unlike 
in anterior instability, suggesting that posterior 
capsular disruption may occur with lower energy 
injuries [41]. This may explain repetitive micro-
trauma as a common cause of posterior instabil-
ity. In addition to enlargement of the capsule, 
posterior Bankart lesions (posterior-inferior 
labrocapsular tears) and Kim lesions (incomplete 
avulsions of the posterior labrum) are commonly 
seen in these patients [42]. In a cadaveric study 
by Wellmann et  al., posterior Bankart lesions 
resulted in an 86% increase in posterior humeral 
translation in the jerk position and 31% increase 
in inferior translation in the sulcus position [43]. 
An injury to the pIGHL resulted in 53% increase 
in inferior translation but no changes in posterior 
translation [43]. This biomechanical data sug-
gests that posterior labral and capsular injuries 

can result in significant clinical translation of the 
humerus.

Bony congruency of the humeral head on the 
glenoid throughout the arc of motion is necessary 
for stability. Glenoid retroversion and hypoplasia 
have been shown to compromise this constraint 
allowing for recurrent posterior subluxation, but 
it is unclear if this pathology causes or is caused 
by repetitive instability [44]. In patients with 
traumatic or recurrent instability, posterior bone 
loss can be observed including reverse bony 
Bankart lesions (posterior-inferior glenoid) and 
reverse Hill–Sachs lesions (anterior humeral 
head impaction fracture). Similar to their anterior 
counterparts, bone loss in the posterior shoulder 
plays an important role in treatment decisions.

12.3.3  Multidirectional Instability

Multidirectional shoulder instability (MDI) is 
defined as symptomatic instability in two or more 
directions. It was initially described by Neer and 
Foster in 1980 as the combination of anterior and 
posterior instability [45]. Diagnosis of MDI chal-
lenging due to a lack of pathognomonic clinical 
and radiographic findings. Although patients 

a b c d

Fig. 12.4 Glenoid track theory. (a) The glenoid track is 
the contact area of the glenoid surface onto the humeral 
head in the ABER position (abduction, external rotation), 
which is approximately 83–84% of the glenoid width. (b) 
On-track: the Hill–Sachs lesion remains within the gle-
noid track and is not engaging. (c) Off-track: the Hill–

Sachs lesion extends past the glenoid track medially and is 
engaging. (d) Off-track: the bony Bankart defect narrows 
the glenoid track on the humeral head so that the Hill–
Sachs lesion is engaging. From Tuite and Pfirrmann 2021, 
an open access article [38]
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with abnormal joint laxity are predisposed to 
developing instability, it is important to distin-
guish that for a diagnosis of MDI, patients must 
have the presence of symptoms of instability, 
with or without joint hyperlaxity.

MDI results from a failure in static and 
dynamic stabilizers of the glenohumeral joint. 
Patients with MDI have been shown to exhibit 
shallower glenoid cavities [46], insufficiency 
in the glenohumeral ligaments (particularly 
the bands of the IGHL) as evidenced by a pat-
ulous inferior capsule [45], and labral abnor-
malities [41]. Dysfunction in the dynamic 
shoulder stabilizers including abnormal scap-
ular kinematics [47] and aberrant neuromus-
cular control of the rotator cuff [48] results in 
increased glenohumeral translation that is 
seen in patients with MDI.

12.4  Surgical Treatment 
and Biomechanical 
Considerations

12.4.1  Bankart Repair

The most common surgical procedure for ante-
rior shoulder stability is a repair to the anterior- 
inferior capsulolabral complex. This can be 
performed arthroscopically or open with similar 
clinical outcomes and comparable recurrence 
rates of instability [49]. Advantages of 
arthroscopic Bankart repair include reduced sur-
gical time, faster recovery, better visualization 
of intra-articular pathology, and improved cos-
mesis [50]. Advantages of open Bankart repair 
include better ability to repair large bony 
Bankart fractures and the ability to incorporate 
an open capsular shift in cases of hyperlaxity or 
in failed arthroscopic repairs. The most impor-
tant risk factors for failure of arthroscopic repair 
include the number of previous dislocations, 
total duration of instability, glenoid bone loss, 
and the presence of an off-track Hill–Sachs 
lesion [51].

Regardless of the approach, studies have 
shown that repair of the anterior-inferior glenoid 
capsulolabral complex improves stability. In 

cadaveric studies, repair of a simulated Bankart 
lesion decreased anterior humeral translation 
from 9.6  mm to 6.95  mm on average [30]. 
Another biomechanical study showed stability 
of the repair increases with the number of 
anchors used as well as making sure the repair 
extends completely from 3 to 6 o’clock on the 
glenoid face [52]. Single versus double row tech-
niques, single versus double loaded anchors, 
knotted versus knotless anchors, and simple ver-
sus horizontal mattress suture configurations 
have not shown any difference in biomechanical 
strength [53, 54].

Bony Bankart lesions are important to recog-
nize early and incorporate into the repair to pre-
vent fragment resorption. They can be repaired 
with screws or arthroscopic suture in linear or 
bridge techniques with similarly good results 
[55]. However, failure to address bony Bankart 
lesions can result in glenoid bone loss and recur-
rent instability.

Many studies have worked to develop a treat-
ment algorithm based on the risk of recurrent 
instability. Most recently DiGiacomo et al. pub-
lished a study validating the Glenoid Track 
Instability Management Score (GTIMS) 
(Table 12.1) [56]. This scoring system uses 3D 
CT to classify bone loss as on- or off-track. By 
using this system, investigators found more accu-
rate prediction of failure after arthroscopic 
Bankart repair and reduced the number of Latarjet 
procedures without significant difference in out-
come [56].

Table 12.1 Treatment options based on glenoid bone 
loss (GBL) and on-track versus off-track Hill–Sachs 
lesion (HSL). From Di Giacomo et al. [56].

GBL % On-track HSL Off-track HSL
0–13.5 Arthroscopic Bankart 

repair
Arthroscopic Bankart 
repair + remplissage
Open inferior 
capsular shift
Latarjet

13.5–25 Arthroscopic Bankart 
repair + remplissage

Arthroscopic Bankart 
repair + remplissage

Open inferior 
capsular shift

Open inferior 
capsular shift

Latarjet Latarjet
>25 Latarjet Latarjet
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12.4.2  Capsular Shift

Capsular imbrication is considered in patients 
with excessive capsular volume, multidirectional 
instability, and in conjunction with Bankart repair 
when there is glenoid bone loss greater than 
13.5% or an off-track Hill–Sachs lesion. Initially 
described as an open humeral-based inferior cap-
sular shift by Neer and Foster [45], this involves 
a T-shaped incision in the anterior capsule 
between the middle and inferior glenohumeral 
ligaments and advancement of the flaps over each 
other to reduce posterior capsular redundancy 
and eliminate the inferior capsular pouch. Recent 
studies have shown good results after open 
Bankart repair with capsular shift with a low rate 
of recurrent instability, however, there is fre-
quently loss of external rotation which patients 
should be counseled on prior to surgery [57]. 
Care must be taken to avoid overtightening as it 
can result in posterior subluxation, pain, and 
arthrosis [58].

Arthroscopic capsulorrhaphy techniques can 
be used in the setting of anterior, posterior, and 
multidirectional instability. Advantages over 
open capsular plication include decreased mor-
bidity, direct visualization of the decrease in cap-
sular volume, and avoidance of subscapularis 
detachment. In these techniques, suture is passed 
sometimes through multiple pleats of capsular 
tissue and often incorporated into labral repair. 
This can be performed in the anterior, inferior, or 
posterior capsule depending on the pathology. 
Biomechanical studies have shown use of suture 
anchors is superior to suture alone in this setting 
[59].

12.4.3  Remplissage

Remplissage means “to fill in” in French. 
Originally described as an open procedure in 
1972, this involves transferring a portion of the 
infraspinatus tendon into the Hill–Sachs defect, 
thereby making the defect extraarticular and pre-
venting engagement of the glenoid and recurrent 
instability [60]. More recently, arthroscopic tech-

niques have been used, reducing surgical time, 
morbidity, and allowing for concomitant 
arthroscopic procedures to be performed [61]. 
This technique has been improved by using a 
double pulley suture anchor technique allowing 
for a larger footprint of fixation covering the 
entire defect while allowing for a more anatomic 
and tissue sparing approach [62]. This construct 
has been shown to have superior biomechanical 
strength and preserve motion. Similar to capsular 
shift, remplissage can result in loss of external 
rotation and patients should be counseled accord-
ingly. In one study by Boileau et  al., in 459 
patients undergoing arthroscopic remplissage, 
there was a mean loss of 8 degrees of external 
rotation with the arm at the side and 9° with the 
arm abducted [63].

A similar procedure can be performed in the 
setting of a reverse Hill–Sachs lesion and poste-
rior instability. The McLaughlin procedure 
involves open transfer of the subscapularis ten-
don and lesser tuberosity into the reverse Hill–
Sachs defect thereby preventing engagement and 
instability by the same principles as the remplis-
sage [64]. The modified McLaughlin procedure 
is an arthroscopic technique with good outcomes 
[65].

12.4.4  Coracoid Transfer

The Latarjet procedure is the most commonly 
used bone block procedure for anterior instabil-
ity. It confers stability through restoring the joint 
surface in the setting of glenoid bone loss, creat-
ing a sling with the conjoint tendon and subscap-
ularis to resist anteroinferior translation of the 
humeral head, and utilizing a repair of the cora-
coacromial ligament stump to the anterior cap-
sule to form a bumper resisting anterior translation 
[66]. Two techniques for graft placement on the 
glenoid exist. The traditional placement uses the 
lateral side of the coracoid as the joint surface, 
whereas another method uses the inferior cora-
coid surface. The inferior surface offers a larger 
and more anatomic congruent arc, however there 
is a higher risk of graft fragmentation. Another 
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coracoid transfer is the Bristow procedure, which 
involves a smaller graft fixed with one instead of 
two screws and confers less stability in the set-
ting of significant bone loss than the Latarjet 
[67]. The Latarjet procedure has a relatively low 
recurrent instability rate even in the setting of 
large bone defects, engaging Hill–Sachs lesions, 
and preoperative recurrent instability [68]. The 
procedure does include a different complication 
profile than arthroscopic Bankart repair, most 
notably risk of axillary or musculocutaneous 
nerve injury. It is important to discuss these fac-
tors with the patient in the shared decision- 
making process.

12.4.5  Bone Block Procedures

Recurrence of instability after Latarjet has been 
reported to be as high as 12% [69]. Most often 
this is due to graft resorption, malunion, or hard-
ware complications. In the setting of a failed 
Latarjet, there are several graft options available. 
Iliac crest autograft procedures include the Eden- 
Hybinette and J-graft procedures which have 
comparable and satisfactory recurrent instability 
rates with the most common disadvantage of 
donor site morbidity [70]. Distal clavicle auto-
graft is another viable option and provides a 
broad cartilage-covered surface to augment the 
glenoid [71]. Another option is distal tibia 
allograft which has the advantages of avoiding 
donor site morbidity and restoring the native cur-
vature of the glenoid thus restoring the congruent 
arc [72].

Humeral sided bone loss is most commonly 
managed with soft tissue procedures but in the 
case of large defects greater than 25% of the 
humeral head surface, bone augmentation may be 
considered. The principle behind such a proce-
dure is to fill the defect and restore native anat-
omy by increasing the articular arc of the humerus 
and preventing engagement and instability. Case 
series of such procedures have shown reasonable 
outcomes but with complications including graft 
collapse and hardware prominence [73].

12.5  Conclusion

The glenohumeral joint is the most mobile joint 
in the body and as a result is susceptible to insta-
bility. This chapter highlights the delicate bal-
ance between static and dynamic stabilizers of 
the shoulder. Understanding the anatomic and 
biomechanical principles behind various types of 
shoulder instability are crucial to developing a 
treatment plan. Various repair techniques take 
into consideration such factors as direction of 
instability, failure of soft tissue or bony con-
straints, glenoid bone loss, and on versus off- 
track humeral lesions. Good outcomes can be 
expected when these variables are respected and 
patients are appropriately counseled on the cur-
rent data regarding shoulder instability.
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13.1  Introduction

The throwing shoulder is subject to extremes of 
motion and complex dynamic activity involving 
the entire body. It requires movement in multiple 
planes, repetitive torque, and extreme loads on 
the shoulder. For the overhead athlete, this gener-
ally results in adaptive changes to the soft tissues 
and bony structures of the shoulder. These adap-
tions give biomechanical advantages which 
improve performance. Despite this, the often 
times violent activity of throwing predisposes the 
shoulder to dysfunction and injury. It is important 
to have knowledge about the mechanics of throw-
ing in this population to understand optimum 
function in performance and differentiate posi-
tive adaptions from pathology.

13.2  Biomechanics of Throwing

Overhead motion is developed and regulated 
through a sequentially coordinated and task- 
specific kinetic chain of force development [1]. 
The kinematics of both the baseball pitch and 
tennis serve have been well described and may be 
broken down into phases [2–4]. The kinetics are 
not as well described but are important as they 
help explain the complex transfer of energy 
through the body resulting in the ultimate task of 
throwing or hitting a ball. The term, “kinetic 
chain,” is used collectively to describe these 
mechanical linkages [5].

The stages of throwing in the overhead athlete 
are the windup, early cocking, late-cocking, 
acceleration, deceleration, and follow-through 
(Fig.  13.1). Complex coordination of various 
muscle groups throughout the kinetic chain are 
required to complete the phases resulting in ball 
release. The transition between the late-cocking 
phase and the acceleration phase is considered 
the critical point at which many injuries occur 
[5]. In late-cocking, the shoulder is abducted and 
externally rotated, placing the anterior capsule 
under significant strain as it prevents anterior 
translation of the humerus. In some throwers, this 
repetitive and excessive humeral external rotation 
may increase shoulder laxity or attenuate the 
anterior capsule [6]. Repetitive forceful throwing 
can also cause stretching of the coracohumeral 
ligament [7]. With the shoulder in the position of 
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90 degrees of abduction and increasing external 
rotation as seen in late-cocking, the posterior 
superior cuff and posterior superior labrum gets 
pinched between the greater tuberosity and then 
glenoid, leading to internal impingement [8, 9].

Transitioning from late-cocking to the accel-
eration phase involves a complex coordination of 
eccentric and concentric muscle firing to rapidly 
accelerate in the forward vector while stabilizing 
the glenohumeral joint. During late-cocking, the 
infraspinatus and teres minor contract while the 
subscapularis, pectoralis major, and latissimus 
provide stability to the anterior aspect of the 
shoulder [10]. As the arm reaches it maximal 
posterior position and begins accelerating for-
ward, the posterior deltoid keeps the arm 
abducted and the anterior cuff fires to internally 
rotate the shoulder and generate sufficient torque 
to accelerate ball. The pectoralis major and latis-
simus dorsi also concentrically fire to internally 
rotate the shoulder while the teres minor and 
infraspinatus eccentrically contract to provide a 
posterior stabilizing force [11]. Although the 
rotator cuff helps stabilize the shoulder in the 
acceleration phase, pitchers primary rely on the 
pectoralis major, latissimus, triceps, and serratus 
anterior to internally rotate the shoulder.

Conversely, deceleration primarily relies on 
the rotator cuff. As the arm decelerates into the 
follow-through phase, the rotator cuff fires eccen-
trically to slow forward motion. The posterior 
capsule and cuff are subjected to the highest 

stress during follow-through, which can be up to 
108% of body weight [12]. Repetitive activity 
may lead to muscular fatigue of the cuff, transfer-
ring stress to the posterior capsule. Chronic stress 
resulting in microtrauma and tearing of the poste-
rior capsule may result in stiffening of posterior 
cuff and capsule [13].

13.3  Kinematics and Kinetics 
of the Throwing Shoulder

Kinematics is the study of motion throughout a 
system that excludes the external forces acting to 
create motion. The scapula provides a base struc-
ture linking the appendicular skeleton to the axial 
skeleton to facilitate natural anatomic motion. 
Changes in the normal kinematics of any one part 
of the shoulder complex can alter the kinematics 
of the entire system. Some adaptations impart a 
biomechanical advantage in the thrower’s shoul-
der, while others result in shoulder pathology 
[15]. As such, knowledge of “normal” shoulder 
kinematics is a crucial factor in understanding 
pathology of the shoulder complex [16].

The shoulder complex consists of three bones 
(humerus, clavicle, and scapula) and four func-
tional anatomic joints (acromioclavicular, sterno-
clavicular, glenohumeral, and scapulothoracic) 
[17]. The glenohumeral and scapulothoracic 
joints play important roles in determining range 
of motion [16, 18]. Shoulder kinematics largely 

Windup Early Cocking Late Cocking Acceleration Follow-through

Fig. 13.1 The phases of throwing [14]
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depends on the combined, coordinated move-
ments of these joints to create what is known as 
the “kinematic chain” of the shoulder [17]. Most 
shoulder pathologies involve changes to one or 
multiple components of the kinematic chain, 
resulting in altered motion and eventual instabil-
ity or pain [15, 19].

Scapular kinematics play a huge role in the 
throwing shoulder and overhead movement. 
The scapulothoracic articulation is unique in 
that it relies on the coordinated firing of many 
muscular attachments for movement in several 
planes. As a result, any derangements in its 
complex movement may lead to an improperly 
positioned or unstable base for glenohumeral 
motion. For example, reduction in scapular 
upward rotation is detrimental to maintaining 
inferior stability at the glenohumeral joint and 
increased scapular internal rotation is associ-
ated with a reduction in anterior bony stability 
[20, 21]. As such, scapular position and motion 
are integral to the functional stability of the gle-
nohumeral joint [18].

Kinetics is the study of motion when broadly 
examining the forces created by active move-
ment. The overhead throwing motion is ulti-
mately performed through a coordinated 
sequence of motions collectively known as the 
kinetic chain [1, 5]. In order to better understand 
failures in the kinetic chain resulting in pathol-
ogy, one must examine the force couples and 
force generators at the shoulder.

The most important force-couple of the shoul-
der involves the symbiotic relationship of the 
rotator cuff and the scapular stabilizers [22]. 
Unstable scapular movements can lead to signifi-
cant shoulder instability [23, 24]. Through coor-
dinated firing of the periscapular musculature, 
the stabilized scapula provides a base for the 
rotator cuff to direct and assist in correct posi-
tioning of the humeral head in the glenoid fossa 
[25, 26]. The kinetics of the humerus and scapula 
rely on other coupled relationships outside of 
these muscle groups. The serratus anterior and 
the upper and lower trapezius are another force- 
couple pair critical to stabilizing the shoulder 
through dynamic motion. During elevation the 
serratus anterior and the trapezius act to maxi-

mize the size of the subacromial space by 
upwardly rotating the shoulder in addition to 
maintaining an ideal length-tension relationship 
with the deltoid [27–31]. As the shoulder rotates 
upwards, contributions from the middle and 
lower trapezius act as a counterforce to scapular 
protraction created by actions of the serratus 
anterior in order to balance the forces between 
the axial and appendicular skeleton to facilitate 
fluid motion [32, 33].

The rotator cuff assists in internal and external 
rotation of the shoulder in addition to generating 
medial, inferior, anterior, and posterior stabiliz-
ing forces across the glenohumeral joint [34]. 
They are less involved in gross abduction and 
adduction strength in the shoulder. Biomechanical 
studies have shown the pectoralis major, teres 
major, rhomboid major and latissimus dorsi play 
a large role generating adduction force [34]. 
Additionally, the pectoralis major and anterior 
deltoid are responsible for creating torque during 
flexion of the arm in the sagittal plane as occurs 
in overhead motion [35]. The pectoralis major 
muscle is a strong anterior translator of the 
humeral head and as a result, the posterior rotator 
cuff muscles must fire to stabilize the glenohu-
meral joint [36]. This coordinated firing is an 
example of another force-couple.

Shear forces at the glenohumeral joint are of 
particular interest to overhead athletes, as they 
often play a role in injury. While shear forces are 
a normal part of shoulder kinematics they can 
lead to pathology as well. Shoulder peak proxi-
mal force during throwing involves high gleno-
humeral shear forces, particularly at the labrum, 
which can lead to tearing and injury. Also con-
tributing to stress on the labrum, is pull from the 
long head of the biceps. The biceps contracts dur-
ing overhead motion to control extension of the 
elbow while stabilizing the glenohumeral joint 
[37]. Repetitive pull of the biceps on the labrum 
can create microtrauma and eventual SLAP tears 
[38]. Understanding contributors of shear forces 
and identifying risk factors for pathology can 
allow physicians to develop early intervention 
protocols involving scapular stabilization, rotator 
cuff strengthening, and therapies aimed at pre-
venting failures in the kinetic chain [37].
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13.4  Adaptive Changes 
in the Overhead Athlete

High performance of the overhead athlete occurs 
as a result of the summation of speed principle, 
which states that in order to maximize the speed 
at the distal end of a linked system (in this sce-
nario, the shoulder, elbow, and wrist), optimal 
movement and transfer of energy should start 
with optimal use of the proximal segments (the 
hips and core) and progress effectively down the 
kinetic chain [5, 39]. Adaptive changes occur 
throughout the entire kinetic chain as mechanics 
are improved by further decreasing the possible 
degrees of freedom throughout the entire motion, 
adding increased force while limiting instability 
[40–42]. These large repetitive forces challenge 
the involved bone and soft tissues, and place the 
shoulder at risk for injury. Shoulder soft tissue 
and bone adaptations in response to these large 
forces have been observed in several studies, as 
the shoulder must be hypermobile enough to 
perform overhead activity, yet stable enough to 
prevent pathologic instability [43–49]. This sec-
tion will outline the adaptive changes that occur 
in the thrower’s shoulder to maximize 
efficiency.

13.4.1  Scapular Kinematics

Due to the repetitive and often extreme nature of 
throwing, serving, and spiking motions, overhead 
athletes are required to produce precise scapular 
function in order to create large amounts of 
shoulder rotation, force and repeated overhead 
elevation of the arm while remaining at a com-
petitive and injury-free level. This pre-disposes 
the athlete to scapular dyskinesis. Yet, changes in 
scapular kinematics may often occur to improve 
efficiency or compensate for other potentially 
harmful changes. For example, several clinicians 
have described the occurrence of increased scap-
ular internal rotation, anterior translation, ante-
rior tilt, and retraction among both symptomatic 
and asymptomatic throwing athletes [26, 49, 50].

Athletes of overhead sports seem to demon-
strate an increase in scapular upward rotation on 

their dominant limb during elevation when com-
pared to their non-dominant limb or with non- 
athlete individuals [51–53]. This increase in 
scapular upward rotation during arm elevation 
has been suggested as a chronic adaptation to 
preserve the subacromial space and to achieve 
the clearance needed during the throwing motion 
to prevent rotator cuff compression and injury 
[26, 51, 54]. Furthermore, the follow-through 
phase of the throwing motion requires a signifi-
cant amount of glenohumeral horizontal adduc-
tion which is diminished in contractures of the 
posterior soft tissue structures. Athletes may 
adapt for this loss of cross body motion with an 
acquired increase in scapular internal rotation, 
anterior translation and anterior tilt in an effort to 
reach the follow-through position [49]. However, 
the increase in scapular internal rotation can 
result in a decrease of the subacromial space and 
an inability of the greater tuberosity to pass freely 
under the acromion during humeral elevation 
leading to impingement [55, 56]. Notably, gleno-
humeral contact pressure has been shown to be 
significantly increased with more scapular inter-
nal rotation in a cadaveric study [57]. This study 
suggests that athletes of overhead sports may be 
more vulnerable to rotator cuff tendinopathy as 
these changes are believed to irritate the rotator 
cuff tendons and the subacromial tissues during 
arm elevation [19]. Scapular positioning changes 
such as the increased internal rotation will give 
the athlete the appearance of a dropped shoulder, 
often seen in the “SICK” scapula defined by 
Burkhart et al. [50].

Alongside changes in upward and internal 
rotation, adaptations in scapular retraction also 
exist in throwing athletes. Studies have demon-
strated increased scapular retraction with humeral 
elevation beyond 90° [51, 58]. The scapula moves 
medially about the trunk, toward the spine at 
these positions. During the cocking phase of the 
throwing motion, the arm typically achieves 
about 90° of humeral elevation, similar to the 
position at which retraction is increased [51, 59]. 
Kibler described how scapular retraction is nec-
essary to achieve the cocking position during the 
throw and tennis serve. Thus, retraction may 
facilitate an increased cocking position for 
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 subsequent vigorous acceleration during the 
throwing motion [51, 60].

Overall, it appears that throwing athletes 
develop chronic adaptations of the scapula that 
either contribute to or result from the throwing 
motion. Currently, it is not well known whether 
these adaptations are more likely to generally 
result in improved throwing skill, injury preven-
tion, or injury. Further study is needed to guide 
understanding and clinical management.

13.4.2  Humeral Retroversion

Increased humeral retroversion has also been 
studied as an adaptive osseous change in the 
thrower’s shoulder. From birth, the proximal 
humerus is retroverted and de-rotates over time, 
with the most rapid changes occurring before ado-
lescence and continuing until maturity. In the 
average adult, mean retroversion differs between 
33° in the dominant arm and 29° in the non- 
dominant arm. In contrast, further increased 
humeral retroversion is found in the thrower’s 
dominant shoulder. Crocket et  al. described the 
bone adaptation of increased humeral head retro-
version that leads to changes in measured rotation 
in the throwing shoulder [45]. Humeral head ret-
roversion decreases with maturity, yet alterations 
in this change may be possible during growth in 
skeletally immature athletes [61–63]. Adaptation 
of the humerus to external stresses has been 
described in literature and is consistent with 
Wolff’s Law [61, 64, 65]. One example of this, 
Little League Shoulder, is a proximal humeral 
epiphyseal overuse syndrome which is considered 
a stress reaction injury to the epiphyseal plate [66, 
67]. These patients present during puberty when 
the proximal humeral physis undergoes rapid 
growth, with widening of the physeal plate. 
Although this is a symptomatic overuse condi-
tion, it suggests that the proximal humerus adapts 
and responds to the repeated stresses it experi-
ences. This is supported by studies examining the 
humeral retroversion in athletes over time, which 
show significant changes of increased external 
rotation and decreased internal rotation in athletes 
after the age of 12 [46].

Several studies on athletes following maturity 
demonstrate increased retroversion. A study of 
collegiate throwers demonstrated an increased 
average retroversion of 36°(±9.8°) and a total arc 
of motion of 159.5° in the dominant arm versus a 
decreased average retroversion of 26°(±9.4°) and 
total arc of motion of 157.8° in the non-dominant 
arm [68]. Another study on collegiate pitchers 
demonstrated increased dominant arm external 
rotation when measured at zero and 90° of abduc-
tion, which was associated with greater humeral 
retroversion [69]. Similarly, professional base-
ball pitchers’ dominant shoulders showed 
increased external rotation and humeral/glenoid 
retroversion [45].

The bony adaptation of increased glenohu-
meral retroversion observed by Crockett allows 
for pre-positioning of the arm in more external 
rotation, so that a larger effective arc of motion 
can be used to generate greater rotational torque 
and angular velocity prior to ball release without 
significantly increasing anterior shoulder strain 
on the capsule and glenohumeral ligaments [14, 
45, 46]. In addition to reaching an elite level of 
performance, Crocket et al. postulated that base-
ball players adapt an increase in humeral head 
retroversion to reduce risk of injury [45]. 
Supporting this idea, a recent study found a cor-
relation between injured professional pitchers 
missing more playing days and lesser retrover-
sion of the throwing shoulder [70].

13.4.3  Peri-Articular Soft Tissue 
Adaptations

In addition to the above changes, soft tissue alter-
ations occur about the shoulder. Whether these 
changes occur primarily in response to the 
demands of the throwing shoulder or as a result 
of the osseous changes that occur in the adaptive 
shoulder remains under debate. The most impor-
tant noted soft tissue changes include laxity of 
the anteroinferior glenohumeral joint capsule as 
well as contracture of posterior shoulder soft tis-
sue structures.

Many overhead athletes have been found to 
have increased anterior glenohumeral joint laxity, 
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which permits excessive external range of 
motion, also known as external rotation gain 
(ERG). The hypermobility of the thrower’s 
shoulder in particular has been referred to as an 
“acquired laxity” as a result of the repetitive and 
excessive external rotation required in the throw-
ing shoulder [71, 72]. In late-cocking, the shoul-
der is abducted and the anterior capsule is under 
large strain to resist anterior translation of the 
humerus. While this allows increased transmis-
sion of force, this is also theorized to cause atten-
uation of the anterior capsule [6]. The 
identification of this laxity and possible subtle 
anterior shoulder instability was first reported by 
Jobe et al. in the late 1980s [73, 74]. While this is 
a generally accepted theory, it should be noted 
that several studies examining the shoulder in a 
functional test position of abduction and external 
rotation of the humerus all found minimal ante-
rior translation in several populations of over-
head athletes, suggesting that anterior-inferior 
constraints are intact and stable in the non- 
pathologic throwing shoulder [75–78]. Still, there 
is some recent evidence supporting the link 
between shoulder laxity and ERG [6, 47]. 
Ultimately, the available evidence regarding 
acquired hyperlaxity in the non-pathologic 
throwing shoulder is equivocal.

Additionally, there are multiple studies that 
have demonstrated posterior shoulder tightness 
in overhead athletes [79–82]. Contracture of the 
posterior joint structures has been proposed as a 
contributor to glenohumeral internal rotation def-
icit (GIRD) and decreased horizontal adduction 
in the overhead athlete [50, 83, 84]. In most 
throwing shoulders, this immobility does not 
appear problematic, although excessive immobil-
ity has been linked to shoulder pathology [50, 
82]. Furthermore, is not currently clear which 
structures (posterior capsule or cuff musculature) 
cause the motion restriction. Two theories exist 
as to why this phenomenon occurs. Lombardo 
et  al. identified the late-cocking phase of the 
thrower’s motion as a possible cause of posterior 
shoulder pain. This posterosuperior impingement 
leads to an adaptive posterior capsular thickening 
[85–87]. The more commonly accepted theory 

relates to the previously discussed rotational 
instability, where the throwing shoulder over 
rotates into a position of increased external rota-
tion during the late-cocking and acceleration 
phases. The anterior capsule undergoes increased 
strain during the late-cocking phase whereas the 
posterior capsule is widened and traumatized 
during the deceleration phase. The consequence 
is micro-instability leads to corresponding poste-
rior capsular hypertrophy. The first step in this 
cascade described by Burkhart is the develop-
ment of contracture of the posterior band of the 
inferior glenohumeral ligament (IGHL) and pos-
teroinferior capsule [50, 79]. Posterior shoulder 
tightness leads to changes in the rotational axis of 
the humeral head. This involves moving the 
humeral head into a more posterior and superior 
direction, thus promoting a reduction in internal 
rotation and an increase in external rotation, 
which generates an alteration in the athlete’s arc 
of motion [50].

Finally, it should be noted that the osseous 
and soft tissue changes that occur in overhead 
athletes leads to an observed posterior shift in 
the arc of rotational ROM.  Some studies have 
noted a shift around 10°, which can be consid-
ered a normal adaptation in asymptomatic throw-
ers [68, 88, 89]. Across most studies on rotational 
changes, contralateral extremity comparisons 
have demonstrated no significant changes in 
total ROM for many types of overhead athletes 
[88, 90–93].

13.5  Scapular Pathophysiology 
in the Thrower’s Shoulder

As previously discussed, scapular dysfunction 
alters the position and mechanics of the scapula 
resulting in downstream alterations and potential 
injury [94]. The scapulothoracic articulation is 
unique in that it lacks a bony articulation point, 
allowing motion in many directions, and requir-
ing many stabilizing muscles to maintain its 
function (rhomboid major and minor, trapezii, 
levator scapulae, and serratus anterior muscles) 
[94]. Dysfunction in these scapular stabilizing 
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muscles is common cause of altered biomechan-
ics and overuse injuries in the overhead athlete 
[95, 96]. The lower trapezius and serratus ante-
rior muscles contribute to upward rotation and 
acromial elevations and are most commonly 
responsible for abnormal scapular movement 
[96]. Weakness in the serratus anterior causes the 
medial border of the scapula to sit elevated from 
the rib cage, decreasing acromial elevation and 
resulting in subsequent impingement [97]. In a 
systematic review by Keshevars et  al., patients 
with instability and impingement were found to 
have increased scapular internal rotation and pro-
traction as well as decreased upward rotation dur-
ing elevation [98].

Abnormalities in scapular motion, known as 
scapular dyskinesia, is common among overhead 
athletes [18]. The exact causes of scapular dyski-
nesia are often difficult to discern. Multiple fac-
tors may contribute, including macrotrauma to 
muscles, strain induced by microtrauma, and/or 
inhibition of motion due to pain from injuries like 
labral lesions, instability, or arthrosis [26]. 
Ludewig and Reynolds describe a variety of bio-
logic mechanism behind changes in scapular 
mechanics seen in scapular dyskinesia 
(Table 13.1) [19]. Some of these changes, such as 
posterior glenohumeral tightness, are specific to 
the throwing shoulder.

13.6  Glenohumeral 
Pathophysiology 
in the Thrower’s Shoulder

As a result of the unique biomechanical adapta-
tions and stresses seen in the throwing shoulder, a 
certain subset of injuries is seen in the glenohu-
meral joint. These injuries fall into three general 
groups: internal impingement, instability second-
ary to internal impingement, and primary anterior 
or multidirectional instability [14].

As previously described in the biomechanics 
of throwing section, the shoulder is most suscep-
tible to injury in the transition from late-cocking 
to acceleration phase. During this phase, the 
shoulder is in a position of maximal abduction 
and external rotation, which can cause a mechan-
ical pinch of the posterior superior cuff and 
labrum between the glenoid and greater tuberos-
ity, otherwise known as internal impingement [8, 
9]. Even though this biomechanical process 
occurs frequently in throwing athletes, repeated 
impingement can lead to eventual pathologic 
internal impingement. In such cases, patients 
experience posterior shoulder pain in late- 
cocking and reduced pitching velocity. Repeated 
injury results in PASTA lesions (partial articular 
supraspinatus tendon avulsion) near the supraspi-
natus/infraspinatus junction and peel-back 
lesions of the posterior superior labrum which 
can lead to SLAP tears (superior labrum from 
anterior to posterior) [99].

In the follow-through phase, the posterior cap-
sule and posterior band of the inferior glenohu-
meral ligament (PIGHL) experiences maximal 
stress and can be injured. Repeated microtrauma 
as a result of throwing can cause thickening and 
contracture of the posterior capsule and PIGHL 
[100]. This results in a net shift of glenohumeral 
rotation superiorly and posteriorly on the glenoid 
and is considered an adaptive response as it 
allows more clearance for the greater tuberosity 
on the glenoid resulting in increased external 
rotation [101]. This adaptive response is consid-
ered pathologic when the posterior contracture 
results in a loss of greater than 25 degrees of total 
arc of motion, also known as GIRD or 

Table 13.1 Proposed biomechanical mechanisms of 
changes to scapular mechanics [19]

Biological Mechanism
Changes to Scapular 
Mechanics

Soft tissue tightness of the 
posterior glenohumeral 
joint

Increased anterior tilt of 
the scapula

Tightness of the pectoralis 
minor

Increased internal rotation 
and anterior tilt of the 
scapula

Increased activation of the 
upper trapezius

Increased elevation of the 
clavicle

Decreased activation of 
the serratus

Decreased upward rotation 
and posterior tilt of the 
scapula

Flexed thoracic posture or 
kyphosis

Increased internal rotation 
and anterior tilt of the 
scapula, decreased upward 
rotation of the scapula
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glenohumeral internal rotation deficit [100]. 
Pitchers with GIRD experience poor pitching 
mechanics and a breakdown in the kinetic chain 
resulting in hyperexternal rotation, hyperhori-
zontal abduction, a dropped elbow, and prema-
ture trunk rotation [100]. As a result, pitchers 
with GIRD are twice as likely to sustain further 
injury [102].

Although increased external rotation is an 
adaptive change seen in pitchers, excessive 
hyperexternal rotation and abduction may result 
in stretching and eventual injury to the anterior 
capsule and anterior band of the IGHL causing 
anterior instability [9, 103]. These patients typi-
cally experience anterior shoulder pain in late- 
cocking and acceleration and can present with 
Bankart and PASTA lesions.

Another subset of throwing injury patients 
presents primarily with nonspecific pain at the 
rotator cuff with sustained activity. These 
patients suffer from primary anterior or multidi-
rectional instability and rely heavily on their 
rotator cuff to provide glenohumeral stability 
through the pitching motion. Once the cuff 
fatigues, they become symptomatic and often 
cannot continue throwing [14].

13.7  Treatment

13.7.1  Nonoperative

Any break in the kinetic chain of movement in 
the overhead athlete may lead to pathology. Key 
to treatment of injuries of the thrower’s shoulder 
is ensuring proper coordination of energy deliv-
ery from the legs, through the core, and into the 
upper extremities. The most common pathology 
seen is GIRD and fortunately 90% of throwers 
respond well to nonoperative stretching programs 
including the sleeper stretch [104]. One subset of 
patients develop SICK scapula syndrome 
(Scapular malposition, Inferior medial border 
prominence, Coracoid pain, and dysKinesia of 
scapular movement) and will present with asym-
metric dropped scapula [100]. In these patients it 
is important to implement a therapy program that 

will encourage balanced rotator cuff and 
periscapular muscle strength.

13.7.2  Surgical Management

Although a variety of shoulder pathologies can 
be seen in the thrower’s shoulder including 
labral tears, SLAP tears, PASTA lesions, and 
internal impingement, one must understand that 
these patients have undergone adaptive changes 
in their shoulder that allow them to perform 
their overhead activities, in some cases at an 
elite level. This is important because surgical 
intervention in such patients may result in worse 
outcomes than nonoperative management and 
may prevent a return to the previous level of 
performance. For example, studies have shown 
that repairs of type II SLAP lesions in overhead 
athletes have resulted in only 73% of patients 
returning to their previous level of activity. 
Rotator cuff tears seen in this population are 
typically partial articular sided and respond well 
to debridement as opposed to repair [105]. In 
overhead athletes with anterior or multidirec-
tional instability, care must be taken with capsu-
lar plication and labral repair as overtightening 
may compromise the adaptive changes that 
allowed them to participate in their level of 
sports. One study on this population showed 
77% are able to return to preinjury level of sport 
after surgical repair [106].

13.8  Summary

The throwing shoulder requires a complex coor-
dination of movement across the entire body. 
Adaptive changes to the shoulder occur with 
repetitive overhead sports which can provide a 
biomechanical advantage and allow a high level 
of competition. Unique injuries are seen in this 
population and it is important to differentiate 
between beneficial adaptive changes and pathol-
ogy in their treatment. Surgical treatment can 
sometimes compromise their biomechanical 
advantages and return to play.
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14.1  Introduction

Acromioclavicular (AC) joint injuries have his-
torically been treated with a myriad of surgical 
techniques, devices, implants, and approaches. 
Cadaveric and biomechanical studies have high-
lighted the integral role of the investing capsulo-
ligamentous structures of the AC joint to promote 
stability and to allow appropriate function of the 
upper limb. As such, the restoration of the native 
joint anatomy and biomechanics is key to opti-
mal AC joint stability. Operative techniques 
include a variety of open and arthroscopic- 
assisted approaches such as ligament and tendon 
transfers, AC wires, coracoclavicular (CC) 
screws, hook plates, CC reconstruction with syn-
thetic and biological grafts, anatomic coracocla-
vicular ligament reconstruction (ACCR), and AC 
capsuloligamentous repair and augmentation. 
Although significant progress has been made 
over the past decades in order to reduce clinical 

failures, controlling rotation at the AC joint 
remains highly challenging, which may be con-
tributory to operative failures.

14.2  Anatomy

14.2.1  Acromioclavicular Joint 
and the Acromioclavicular 
Ligament Complex

The AC joint is a diarthrodial joint containing an 
intra-articular disc, which functions similar to the 
meniscus of the knee, to improve congruence, 
function and reduce intra-articular pressure. 
Together with the glenohumeral, scapulotho-
racic, and sternoclavicular joints, the AC joint, 
including the AC and coracoclavicular (CC) liga-
ments are part of the chain that permits the upper 
limb to suspend from the torso, promoting upper 
extremity function and motion.

Surrounding the AC joint is a thin capsule 
that requires ligament reinforcement to main-
tain the integrity of the joint. The circumferen-
tial AC ligament complex (ACLC) has 
commonly been categorized into 4 parts based 
on anatomic direction: anterior, posterior, supe-
rior, and inferior [1, 2]. Anatomically, Stine 
et al. noted that the superior ligament inserts on 
the acromion on average 2.8  mm from the 
medial acromion, and the inferior ligament 
attaches onto the clavicle on average 3.5  mm 
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from the distal clavicle with an average width of 
insertion being 1.0 to 5.1  mm [3]. Of impor-
tance, the fibers of the superior ligament are 
continuous with the aponeuroses of the deltoid 
and trapezius with a thickness from 2.0 mm to 
5.5 mm. The relation of these muscles to the AC 
joint is shown in Figs.  14.1 and 14.2. 
Biomechanically, the superior ligament was 
demonstrated as stronger than the inferior AC 
ligament, thus having an important role in con-
trolling rotational and horizontal stability [2, 4, 
5]. However, as the inferior ligament is often 
much thinner, anatomically, it should be consid-

ered more difficult to consistently detect and 
measure [3–6].

In contrast to the findings above, a more recent 
anatomic study of the ACLC by Nakazawa et al. 
demonstrated multiple variations in the structure 
of the inferior part of the complex. As such, the 
long described narrative that the ACLC runs 
directly across and completely surrounds the 
joint was questioned by the authors of this study 
[6]. Subsequently, the investigators proposed that 
the structure of the ACLC is best defined as two 
separate bundles, the superoposterior (SP) bundle 
and anteroinferior (AI) bundle [6]. The SP bundle 
runs at an average angle of 30° to the joint sur-
face from the superior part of the anterior acro-
mion to the posterior part of the distal clavicle 
(Fig.  14.3). Additionally, using high quality 
structural composition, the investigators were 
able to make two more significant conclusions: 
first, there are three different structural configura-
tions of the AI bundle and second, there is a 
region of the anterior AC joint where neither the 
AI or SP cover the joint [6]. Nakazawa et  al. 
found that in 42.3% of the specimens, the AI bun-
dle extended from the anterior face of the acro-
mion to the anterior margin of the distal clavicle. 
In a similar percentage, the AI bundle extended 
from the anterior to inferior part of the joint cap-
sule leaving a gap on the inferior surface of the 
joint. However, only 15.4% of the AI bundles 
extended from the anterior to superior surface of 
the joint capsule [6].

Fig. 14.1 Superior view of the convergence of the trape-
zius (Tr) and deltoid (D) to  the distal clavicle and acro-
mioclavicular joint. The convergence of these structures is 
provided by the deltotrapezial fascia. Dotted lines repre-
sent the contours of the clavicle (Cl) and acromion (A). 
Each muscle often has attachments to the AC capsule. 
Pectoralis major (not shown) has been resected

Fig. 14.2 Lateral view of the AC joint with tension 
applied to the trapezius (Tr) revealing muscular insertion 
to the posterior and superior margin of the acromiocla-
vicular ligamentous complex (ACLC,*). The fibers of the 
trapezius become continuous with the ACLC. A acromion, 
Cl clavicle, Co coracoid, SS scapular spine

Fig. 14.3 Superior view of the acromioclavicular liga-
mentous complex with the superior fibers running 
obliquely across the AC joint. A acromion, Cl clavicle
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Other recent anatomical studies, have investi-
gated the bony morphology and bone mineral 
density (BMD) of the acromion in the region of 
the ACLC complex [7]. Voss et al. identified the 
greatest BMD at the posteromedial acromion 
nearest to the AC joint, with increasing density 
from lateral to medial. This finding has important 
clinical implications for ACLC reconstructions, 
which will be discussed later.

14.2.2  The Coracoclavicular 
Ligaments

In addition to the ACLC, the AC joint is stabi-
lized by the CC ligaments (Fig.  14.4). The CC 
ligaments consist of the trapezoid and conoid 
ligaments spanning from the coracoid to the lat-
eral clavicle. As such, the lateral trapezoid liga-
ment extends from the anterolateral angle of the 
coracoid to the inferior clavicle in a superior, 
anterior, and slightly lateral direction [8]. The 
medial conoid ligament is attached further pos-
teromedial with respect to the angle of the cora-
coid and extends superiorly and slightly medial 
toward its clavicular attachment at the posterior- 
inferior clavicle at the conoid tubercle, in the 
region of the posterior curvature of the clavicle 
[8]. The location of the CC ligaments can be seen 
in Fig.  14.5. The footprints of the conoid and 

Fig. 14.4 Anatomical drawing of the ligaments (L) sup-
porting the acromioclavicular and glenohumeral joints. 
From Funk and Imam [12]

Fig. 14.5 Cadaveric dissection demonstrating the attach-
ments of the conoid and trapezoid ligaments from 3 views: 
anterior (top), posterior (middle), and medial (bottom). 
Dotted lines outline the conoid (C) and trapezoid (T) liga-
ments as well as the coracoid process. The directionality 
of the acromioclavicular ligamentous complex (ACLC,*) 
is also shown with dotted lines. The conoid is more medial 
and posterior on the clavicle compared to the trapezoid. 
Top: Lateral conoid attachments are deep to the trapezoid. 
Middle: The conoid has broad attachments to the clavicle. 
The more anterior trapezoid is unable to be visualized 
from the posterior view. Bottom: The conoid is more 
proximally based on the coracoid process and its fibers are 
more vertically directed. A acromion, Cl clavicle, Co cor-
acoid, CT conjoint tendon, Pm pectoralis minor, SS scapu-
lar spine
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trapezoid ligaments on the clavicle are important 
when considering anatomic reconstructions. In 
particular, to appropriately reconstitute the 
conoid ligament, the medial bone tunnel needs to 
be placed posteriorly [9, 10]. Of interest, the 
region of the clavicle where the CC ligaments 
attach have also been shown to have the greatest 
BMD, which has important clinical implications 
when considering reconstruction [11].

Anatomic studies have identified reproduc-
ibility in CC ligamentous attachments. Rios et al. 
identified a relationship between the origin of the 
CC ligaments and total clavicular  length. They 
determined that the CC ligaments attach at a con-
stant region that is proportional to the size of the 
clavicle regardless of gender. The attachments of 
the trapezoid and conoid ligaments were deter-
mined to be consistently at 17% and 31%, respec-
tively, of the total clavicular  length when 
measured from the lateral edge [10]. Detailed 
knowledge of the location of the conoid and trap-
ezoid ligaments and their footprints is important 
for surgical technique, particularly with more 
recent anatomic techniques that attempt to repli-
cate these attachments [9, 11, 13, 14].

14.3  Biomechanical Properties 
of the Native AC Joint

Complex interactions between the AC and CC 
ligaments, the AC capsule including the deltotra-
pezial and pectoral fascia,  and the scapulotho-
racic and sternoclavicular joints are needed to 
allow optimal function of the shoulder girdle. 
The AC joint allows translation and rotation. 
Subsequently, the complex three-dimensional 
motion of the AC joint has been described as hav-
ing 6 degrees of freedom when discussing the 
motion of the scapula relative to the clavicle [15, 
16]. Translational kinematics include anterior- 
posterior, superior-inferior, and distractive/com-
pressive motion. In regards to rotation, motions 
include internal and external rotation on the verti-
cal axis, upward and downward rotation relative 
to an axis perpendicular to the scapular plane, 
and anterior to posterior tilting relative to a hori-
zontal axis in the scapular plane [15, 16]. To this, 
the clavicle rotates nearly 40–50° during scapular 

motion [17, 18], providing more complicated 
motion at the AC joint [19]. Additionally, rotation 
through the clavicle and AC joint are important 
for active forward elevation of the arm, particu-
larly at higher degrees, thus allowing correct 
scapulothoracic function [20].

In accordance to anatomic studies consisting 
of experimental sectioning, the knowledge of 
how the aforementioned ligamentous structures 
relate to stability of the AC joint has significantly 
increased in the past years. As complex loading- 
and- unloading occurs, the AC and CC ligaments 
were shown to be to be important in resisting 
translational, distractive, and rotational forces 
[13, 21, 22].

14.3.1  Acromioclavicular Ligament 
Complex

The importance of the ACLC in horizontal or 
anterior-posterior stability has already been 
established in current literature, with cadaveric 
studies showing that AC capsulotomy results in 
increased horizontal translation [21–23]. Back in 
1941, horizontal stability was first demonstrated 
in a cadaveric study by Urist et al. in which the 
authors manually displaced and loaded the clavi-
cle with forceps and simply observed the result-
ing motion of the humerus [24]. Furthermore, the 
ACLC has also been demonstrated to resist supe-
rior translation of the clavicle during load dis-
placement testing, although less so when 
compared to the resistance provided against pos-
terior translation [4, 15, 21, 23, 25, 26]. In fact, 
Dawson et al. identified threefold greater restraint 
provided by the ACLC in the anterior-posterior 
plane compared to the superior-inferior plane 
[21]. In summary, the posterior and superior 
aspects of the ACLC are the main contributors to 
posterior translation of the distal clavicle [27].

Additionally, Debski et  al. were among the 
first authors to mimic in vivo joint motion with 
three degrees of freedom to confirm the observa-
tions mentioned above [23, 28, 29]. Subsequently, 
Debski and colleagues demonstrated that the 
superior and inferior portions of the ACLC work 
in synergy only during superior joint loading, 
which would suggest that they do not function as 
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two completely separate bands as previously sug-
gested [23, 28, 29].

Recently, Morikawa et  al. demonstrated that 
the different segments of the superior AC liga-
ment have different contributions to posterior 
translation and rotational motions of the clavicle 
[30]. In this study, the investigators divided the 
superior ACLC into three regions based on a 
180-degree plane that split the ACLC in half. The 
authors found that together the anterior and supe-
rior aspects of the ACLC contributed signifi-
cantly more to posterior translational stability 
than did the superior and posterior aspects or 
the  anterior and posterior aspects [30]. 
Additionally, the authors concluded that the ante-
rior and posterior aspects of the superior ACLC 
provided the greatest stability to the AC joint dur-
ing posterior rotation of the clavicle. This evi-
dence suggests that anatomically the superior 
portion of the ACLC should be considered three 
distinct parts. Consequently, the entire superior 
part of the ACLC must be repaired or recon-
structed in order to restore both the posterior 
translational and rotational constraint provided 
by the ACLC [30].

Similarly, Dyrna et al. identified the AC cap-
sule as paramount in the centering of the AC joint 
during rotation and limiting abnormally elevated 
amplitudes of clavicular motion with respect to 
the acromion [26]. As such, not only is the ACLC 
important in rotation restraint, but also synchro-
nizes the motion of the clavicle and acromion 
during rotation, limiting unnecessary motion. 
These authors identified significant reductions in 
resistance to translation and rotational strength to 
25% and 10% of the intact state, respectively, 
with AC capsulotomy while keeping the CC liga-
ments intact [26]. Additional studies have shown 
even further reductions in posterior rotational 
restraint after AC transection, with values as low 
as 5.4% of the intact state [14]. The importance 
of the ACLC in rotational stability cannot be 
overstated [14, 26, 30].

14.3.2  Coracoclavicular Ligaments

The CC ligaments have been shown to control 
horizontal and vertical translation of the AC joint 

[3, 5, 21, 24, 26, 31]. As shown by historical dis-
section studies, transection to both AC and CC 
ligaments are required to cause AC joint disloca-
tion [24, 32]. Of interest, Debski et  al. have 
shown that the role of the CC ligaments becomes 
more important with concomitant ACLC injury 
[23]. As such, following AC capsular transection, 
the conoid displayed a 227% increase in force 
with anterior load and the trapezoid having a 
66% increase in force with posterior load. These 
authors highlighted that the CC ligaments cannot 
be treated as one combined structure because of 
their varying mechanical functions. Yoo et  al. 
concluded that the conoid ligament becomes a 
primary restraint to anterior and superior loading 
whereas the trapezoid ligament becomes a pri-
mary restraint to posterior loading in the set-
ting of AC ligamentous complex transection [33].

Moreover, the relative contribution of load to 
the CC ligaments is dependent on the magnitude 
of motion. Fukuda et  al. identified with larger 
displacements of the clavicle, the CC ligaments, 
primarily the conoid ligament, became the pri-
mary restraint to superior elevation of the clavi-
cle [4]. These authors identified an important 
role of the conoid ligament in prevention of 
anterior and superior displacement of the clavi-
cle. Seo et al. described the dynamic nature of 
the CC ligaments with shoulder abduction using 
finite element analysis, revealing progressive 
lengthening of the conoid and relatively 
unchanged length of the trapezoid ligament dur-
ing gradual abduction, until the trapezoid 
becomes lax at full abduction [34].

Recent biomechanical investigations demon-
strated that the AC and CC ligaments are both 
important in rotational stability [13, 22, 26, 30, 
35]. Branch et al. identified significant changes in 
rotation after distal clavicle excision and AC liga-
ment transection [31]. In the first cadaveric sec-
tioning experiments attempting to understand the 
ligamentous restraint of the AC joint, Cadenet 
hypothesized that the CC ligaments act as a pivot 
for anterior-posterior rotation of the clavicle [32]. 
Fukuda et al. described the conoid ligament hav-
ing a role in anterior and superior rotation [4]. As 
will be discussed later, more recent repair tech-
niques have been developed to help prevent non-
physiologic rotation.
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14.4  Mechanism of Injury

The most common mechanism of AC joint injury 
is a direct force to a falling patient on an 
adducted  arm [5, 36–38]. This causes a direct 
force on top of the acromion, driving it inferiorly. 
Since the sternoclavicular joint will resist inferior 
translation of the clavicle, this force will cause 
either the ACLC and CC ligaments to fail or the 
clavicle to fracture [5, 38]. In the case that the 
clavicle does not fracture, there is a typical 
sequence of events that occurs after the direct 
force occurs. The force will initially spread 
throughout the ACLC and can cause either a mild 
sprain or if strong enough, will cause it to tear [5, 
36, 37]. After rupturing the ACLC, the force will 
be transmitted to the CC ligaments causing them 
to tear along with the clavicular attachments of 
the deltotrapezial fascia and thus a complete dis-
location of the AC joint [5, 36, 37].

14.5  Biomechanical 
Considerations in AC Joint 
Repair

Cadaveric sectioning and biomechanical inves-
tigations have been paramount in the  formula-
tion of treatment options for AC joint injuries. 
As such, biomechanical testing of intact and 
defective ligamentous structures have been used 
as models for testing repair techniques and 
devices and comparing them to the native, unin-
jured state. Particularly with respect to high-
grade AC joint injuries, the appropriate treatment 
option remains controversial and there have 
been an increasing number of publications in 
recent years attempting to identify the best treat-
ment option. Today, there are a significant vari-
ety of treatment options, some of which are only 
historical today, including both arthroscopic-
assisted and open approaches with techniques 
such as ligament and tendon transfers, AC wires, 
coracoclavicular (CC) screws, hook plates, CC 
stabilization with synthetic and biological 
grafts, anatomic coracoclavicular ligament 
reconstruction (ACCR), and AC capsuloliga-
mentous repair and augmentation. The current 

belief and understanding is the  restoration of 
native joint mechanics will improve healing, 
patient satisfaction, and AC joint stability.

14.5.1  Coracoacromial Ligament 
and Tendon Transfer

Coracoacromial ligament (CAL) transfer for AC 
joint injuries was first described by Cadenet in 
1917, whereas Cadenet described this technique as 
an option for dislocations and fractures of “the 
outer end of the clavicle.” [32] This technique was 
then advocated by Neviaser and later by Weaver 
and Dunn [39, 40]. The Weaver-Dunn (W-D) tech-
nique published in 1972 consisted of distal clavi-
cle excision and transfer of the CAL to the distal 
clavicle to restore the CC ligament in Type III inju-
ries [40]. This technique has since been modified 
by an abundance of surgeons, consisting of varia-
tions in transfer with and without an accompany-
ing fragment of bone as well as supplementary 
fixation methods to augment the strength of the 
transfer (Fig. 14.6). As such, Cerciello et al. aug-
mented ligament transfer with CC cerclage, CC 
ligament remnant suturing, and transarticular dual 
K-wire fixation of the reduced AC joint [41].

Fig. 14.6 The Weaver-Dunn (W-D) procedure, which 
consists of distal clavicle excision and release of the cora-
coacromial ligament from its attachments on the acromion 
and re-attachment to the distal clavicle. The construct 
shown has been augmented (modified W-D procedure) 
with a suture loop. From Yoo [42]
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Tendon transfers for the treatment of AC joint 
injuries were first described by Dewar et  al. in 
1965 [43]. These techniques would cede injury to 
additional native ligamentous restraints that 
would be important in postoperative stability. 
Dewar et  al. created an osteotomy of the distal 
coracoid process and transferred the bone block 
with the attached coracobrachialis and short head 
of the biceps tendon to the clavicle [43]. Since 
then, others have utilized the long head of the 
biceps tendon or a slip of the conjoined tendon to 
replace the injured CC ligaments [44–46].

14.5.1.1  Biomechanics
Coracoacromial ligament transfers have consis-
tently demonstrated increased laxity and inferior 
strength compared to the native ligamentous 
restraints, thus failing to restore the native AC 
joint kinematics [47–49]. Similarly, by using the 
W-D procedure, Deshmukh et  al. identified 
increased laxity in the anterior, posterior, and 
superior directions [49]. Harris et  al. identified 
the ultimate tensile strength of the transferred CA 
ligament to be 145 N, which is significantly less 
than the native CA ligament failure load of 312 N 
identified by Soslowsky et  al. [47, 50] 
Furthermore, this tensile strength is significantly 
lower than the intact CC ligamentous complex of 
725 N [51]. Even with modifications to the origi-
nal W-D procedure, there fails to be a reproduc-
tion of the load-to-failure capabilities of the 
native joint [9, 52]. Grutter and Peterson identi-
fied the strength of the modified W-D procedure 
to be nearly half the strength of the native AC 
joint, 483 N compared to 815 N [52]. Mazzocca 
et  al. reported statistically significant posterior 
displacement with the modified W-D procedure 
[9]. Additionally, Kippe et  al. identified poor 
rotational stability after modified W-D recon-
struction compared to the native shoulder [19]. 
However, improvements in AC joint stability may 
be afforded with fixation supplementation of 
CAL transfer [49]. These improvements include 
AC capsule repair, CC screw fixation, CC liga-
ment remnant repair, CC cerclage, tendon graft-
ing, and others. Similarly, AC capsuloligamentous 
repair has been shown to increase anterior- 
posterior stability [53]. In contrast, near normal 

joint kinematics and improvements in strength 
can be expected by using the modified W-D 
reconstruction with addition of a coracoid tran-
sclavicular cerclage [54, 55]. Kippe et  al. ana-
lyzed different coracoclavicular suture loop 
combinations to augment the modified W-D 
reconstruction and identified increased abrasive 
wear with sutures looped around the clavicle 
compared to suture placed through bone tunnels 
in the clavicle [19]. Harris et al. identified insuf-
ficient stiffness in the modified W-D reconstruc-
tion and recommended augmentation with 
another form of CC fixation such as bicortical 
screw or suture anchor [47]. Despite improve-
ments with CAL transfers with these modifica-
tions/augmentations, they may be considered 
inferior to newer, more “anatomic” methods of 
repair [9, 52, 56–58].

To date, limited studies are available regarding 
the biomechanical testing of tendon transfers. 
Tendon transfers for traumatic AC joint separa-
tions were created to spare the coracoacromial 
arch, unlike in the W-D reconstruction [46]. To 
note, the coracoacromial arch is important as a 
secondary, static stabilizer to superior migration 
of the humeral head in the presence of rotator 
cuff tears [59]. Sloan et al. identified the strength 
of the lateral half of the conjoined tendon to be 
similar to that the coracoacromial ligament in a 
simulated reconstruction, 265  N compared to 
246  N [59]. However, both are significantly 
weaker compared to the intact CC ligaments, 
which the authors identified as 621  N in their 
study. Unfortunately, there is a paucity of infor-
mation on translational and rotational restraint of 
tendon transfers.

14.5.2  AC Joint Repair Using 
Transarticular K-Wire Fixation

AC joint reduction can be afforded by temporary 
threaded or smooth wires or pins across the AC 
joint using percutaneous or open techniques. AC 
joint repair using transarticular K-wire fixation 
was first introduced by Phemister in 1942 [60]. 
However, to date, this technique has largely been 
abandoned when performed in isolation 
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 secondary to complications such as subsequent 
procedures for removal, breakage, loss of reduc-
tion, and wires backing out [61]. Some have even 
described these pins penetrating the lung [62]. 
However, this technique may still be considered 
for augmentation of AC or CC ligamentous repair 
or reconstructions, such as in coracoacromial 
ligament transfers [63, 64]. This technique is 
shown in Fig. 14.7.

14.5.2.1  Biomechanics
Biomechanical testing of isolated transarticular 
K-wire fixation has been infrequently described 
in the literature. In a biomechanical comparison 
study of transarticular K-wire fixation, ligament 
reconstruction with a synthetic augmentation 
device, and coracoclavicular screw, Fialka et al. 
identified K-wire fixation as having the highest 
rate of loosening [65]. In a biomechanical com-
parison study, Bargren et al. compared AC wires 
to loop fixation [61]. These authors identified AC 
wire failure in 18 of 45 cases (40%) by 6 weeks. 
Furthermore, threaded wires had no improve-
ments compared to smooth wires. To this, the AC 
wires afforded less translational restraint com-
pared to loop fixation. Of interest, the authors 
believed the AC wire failure was secondary to 
bending moments and subsequent loosening or 
bending of the wires [61].

14.5.3  Coracoclavicular Screws

Coracoclavicular screws for AC joint instability 
were first described by Bosworth in 1941 (e.g. 

Bosworth screw) [66]. Since their inception as 
a means to provide rigid internal fixation, there 
have been a variety of published techniques 
including blind or fluoroscopic-assisted place-
ment, closed or open techniques of AC joint 
reduction, non-cannulated or cannulated 
screws, and temporary or permanent placement 
[66–69]. Additionally, CC screws (Fig.  14.8) 
have also been advocated as augmentation to 
other forms of CC stabilization, such as in CAL 
transfer [69].

However, these devices are often associated 
with complications including injury to nearby 
neurovascular structures, which are located 
immediately inferomedial to the coracoid pro-
cess, screw breakage, and secondary procedures 
for screw removal [67]. Furthermore, to prevent 
screw breakage, patients often have increased 
postoperative restrictions and longer periods of 
immobilization in efforts to prevent loss of reduc-
tion or recurrent instability [67]. As will be dis-
cussed, these devices provide significant strength, 
however, secondary to their complications and 
inferiority to more anatomic reconstructions, 
these devices have largely fallen out of favor.

14.5.3.1  Biomechanics
The first biomechanical studies with the CC 
screw showed its effectiveness in providing rigid 
stabilization [70, 71]. Compared to CAL transfer, 
CC screws have shown improvement in 

Fig. 14.7 Transarticular K-wire fixation. From Cerciello 
et al. [41]

Fig. 14.8 Coracoclavicular screw. From Yoo [42]
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translational restraint and overall strength. To 
this, excellent vertical stability with CC screws 
and horizontal stability better than those of CAL 
transfers and suture loop techniques has been 
shown [72]. Similarly, Harris et al. demonstrated 
superior strength of the Bosworth screw to the 
intact CC ligaments, if bicortical fixation was 
achieved [47]. Thus, unicortical fixation was 
noted to be inferior to the native strength with 
strengths of 229 N to 390 N compared to 927 N 
(bicortical) [47, 51].

Of interest, when compared to CC loop using 
Mersilene tape and hook plate fixation, the CC 
screw showed increased stiffness and highest 
load-to-failure [73]. In fact, the stiffness was 
nearly double that of the intact state. However, 
hook plate fixation achieved stiffness closer to 
the native joint state. Fialka et al. identified fail-
ure of CC screw stability with increased upper 
extremity abduction, particularly past 120°. 
These authors recommended limiting shoulder 
abduction to less than 90° after placement of CC 
screws [65].

Optimal screw size and material are still being 
investigated in the current literature. Various CC 
screw sizes have been proposed, most commonly 
4.5 mm and 6.5 mm [51, 53], however, head-to- 
head comparisons are limited. Furthermore, 
the  size of the screw is limited in the intra- 
operative setting to prevent fracture. CC screws, 
even if unicortical, would remain helpful for aug-
mentation of the W-D reconstruction or CC liga-
ment repair [51, 53].

Of interest, several authors have compared 
metal and bioabsorbable screws, with the latter 
avoiding secondary procedures for screw 
removal. Talbert et al. reported no difference in 
pullout strength comparing 4.5 mm stainless steel 
(721 N) and poly L-lactic acid polymer (PLLA) 
bioabsorbable screws (580  N) in 7 matched 
cadaveric pairs [74]. However, significance may 
have been achieved with a larger sample size. 
Based on these biomechanical properties, the 
authors suggested that biodegradable screws are 
a potential surgical option. Despite both devices 
having pullout strengths greater than the previ-
ously reported native CC ligamentous strengths 
of 500 N [47], other studies have reported much 

larger native strengths [51]. As such, it is unclear 
what the reliability of bioabsorbable screws 
would be.

14.5.4  AC Joint Reconstruction 
with Hook Plates

Hook plate fixation (Fig. 14.9) for AC joint sepa-
ration was first introduced by Balser back in 1976 
[75]. Over the past decades, different hook plate 
designs have been presented, all based on the 
same principle: rigid internal fixation with a pre-
contoured plate and healing, predominantly by 
scar tissue [76–78]. Several modifications have 
been described to further enhance the construct, 
including direct CC ligament repair and ACLC 
suturing as well as additional screw fixation, bio-
logical or artificial augmentation, or ligament/
tendon transfers [76, 79, 80]. Unfortunately, hook 
plates can bend or dislocate and some have stated 
that they are at a higher risk of infection com-
pared to other techniques [81], which have con-
tributed to their limited role today. Moreover, 
implant removal is controversial, with some 
advocating implant removal in the early postop-
erative period [82].

14.5.4.1  Biomechanics
Hook plates have demonstrated excellent stiff-
ness but fail to replicate the native AC joint kine-
matics. In a biomechanical study, McConnell 

Fig. 14.9 Hook plate fixation. From Jensen et al. [78]
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et  al. compared CC screw, CC sling with 
Mersilene tape, and hook plate under superior 
cyclic loading [73]. The hook plate had a stiff-
ness of 26 ± 17 N/mm, most comparable to the 
intact joint stiffness of 25 ± 8 N/mm (p = 0.785). 
However, the hook plate failed at significantly 
lower load than the CC screw, 459  N versus 
744 N (p = 0.034) [73]. Of interest, in a compara-
tive study of different augmentation techniques 
to the modified W-D procedure under superior 
and anterior-posterior translation, Luis et  al. 
identified effective superior loading stability but 
limitations on providing anterior-posterior 
restraint [53]. The hook plate augmentation pro-
vided 50% and 30% of the tensile strength and 
stiffness of the native ligaments, respectively. 
The authors also identified 3 sites of fracture 
associated with the hook plate, one of which was 
resultant from the hook bending and slipping 
superiorly, causing gradual deformation of the 
acromion [53]. Moreover, Kiefer et  al. reported 
no to minimal rotational restraint of Balser (hook) 
plates, likely secondary to hook slippage under-
neath the acromion [70]. As a consequence to 
these changes in AC joint kinematics, patients 
undergoing hook plate fixation may demonstrate 
reduced internal rotation along with increased 
anterior translation (2 mm) of the clavicle with 
respect to the medial acromion, when compared 
to the native AC joint [83].

14.5.5  Coracoclavicular Stabilization 
Using Synthetic or Biological 
Devices

Reconstruction of the CC ligamentous complex 
can be performed using a variety of synthetic or 
biological devices around or through both the 
clavicle and coracoid using bone tunnels. In cur-
rent literature, there is significant variety in 
reported materials and techniques for this proce-
dure, which can be used either in open or 
arthroscopic-assisted procedures. Materials can 
either be absorbable or nonabsorbable, braided or 
unbraided, and synthetic or natural, i.e., auto-
grafts or allografts [19]. As such, single or dual 
tunnels may be applied to the clavicle or cora-

coid. Subsequently, fixation can be achieved with 
high-tensile suture anchors  or cortical buttons 
(Fig. 14.10). In contrast to open, more sophisti-
cated approaches, arthroscopic-assisted CC sta-
bilization often requires shorter operative times, 
does not routinely require hardware removal, and 
there is a lower risk of neurovascular injury [84, 
85]. Additionally, intra-articular lesions, which 
occur in more than 20% of the cases, can be 
assessed [86].

Overall, the various forms of CC stabilization 
may be used for primary fixation or to augment CC 
ligamentous repair, for example during the modi-
fied W-D procedure [47, 49]. This technique allows 
stabilization of the CC interval until biologic heal-
ing and scarring occurs. Over the past years, CC 
stabilization using high-tensile suture tapes with 
endobutton fixation and simultaneous AC capsular 
stabilization have emerged as one of the most used 
methods for acute high-grade AC joint injuries.

14.5.5.1  Biomechanics
Biomechanically, CC sling or loop procedures 
are more effective in providing vertical stability 
compared to other loading patterns [71, 72]. 
Loading in the superior-inferior direction paral-
lels the orientation of the reconstruction, maxi-
mizing the tensile capacity of sutures and tapes 
[61]. However, multiple studies have shown that 
these techniques are unable to restore the native 
stiffness of the CC ligaments, despite providing 
sufficient tensile strength [47, 71, 73]. In a 

Fig. 14.10 Coracoclavicular stabilization using double 
cortical buttons with high-tensile sutures. From Jensen 
et al. [78]
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 biomechanical comparison study under unidirec-
tional tensile loading, Harris et al. reported that 
CC slings constructed from a straight-woven 
polyester vascular prosthesis provide similar ten-
sile strengths to the native ligaments but lead to 
greater deformation before failure compared to 
the native ligaments, resulting in reduced stiff-
ness and loss of reduction [47]. In fact, the stiff-
ness for CC sling and CC suture anchor 
procedures were only 22% and 27%, respec-
tively, to that of the native ligaments [47]. 
Similarly, Motamedi et  al. showed that braided 
polydioxanone sutures (PDS) were as strong as 
the native CC ligaments, but not as stiff [51]. As 
a consequence, the authors were concerned about 
progressive loss of reduction of the repair, as the 
PDS suture stretches out with time. Similar to 
Harris et  al., others have shown comparable 
results with suture-sling and suture anchors for 
CC fixation, however suture anchor repair may 
be advantageous as it does not require subcora-
coid dissection, helping to limit neurovascular 
injury [87, 88].

However, there are concerns regarding the CC 
sling and its ability to control anterior-posterior 
translation and rotation [19, 33, 51, 61, 71, 72]. 
This has been theorized secondary to looped con-
structs being prone to graft slippage along the 
coracoid and failure secondary to abrasion [33, 
61, 89]. As a result, the inability to adequately 
control anterior-posterior motion, leads to ante-
rior subluxation of the clavicle and a malreduc-
tion of the AC joint [72, 90, 91]. Jari et  al. 
identified significantly increased anterior and 
posterior translation of 110% and 330%, respec-
tively, compared to the native ligaments with the 
CC suture-sling procedure. In a comparative bio-
mechanical study, Kippe et al. compared differ-
ent suture-sling combinations, namely two forms 
of clavicular fixation (looped or bone tunnels) 
and three different suture materials (FiberWire, 
braided PDS, and Mersilene tape) [19]. These 
authors reported decreased mean rotation torque 
strengths with all repair combinations compared 
to the intact state, highlighting the inabilities of 
these procedures to control rotation.

Despite limitations on horizontal and rotational 
restraint, grafts or suture placed through bone tun-

nels in the clavicle and coracoid have been found 
to be more anatomic, afford better kinematics, and 
improve biomechanical strength [19, 33, 51]. In 
particular, Yoo et  al. reported the CC sling was 
incapable of anterior restraint secondary to slip-
page along the coracoid [33]. Moreover, grafts or 
sutures placed through bone tunnels exhibit less 
abrasive patterns, compared to those looped 
around either the coracoid or clavicle, limiting 
bony and soft tissue injury during clavicular rota-
tion [19, 72]. In particular, FiberWire may show 
the most advanced abrasive pattern [19]. With the 
various CC cerclage techniques, clavicular or cor-
acoid fracture is a possible mechanism of treat-
ment failure, which can occur from loading or 
during tunnel drilling [47, 51, 92].

Newer techniques involve flip or cortical but-
tons through drill holes in the either the coracoid, 
clavicle, or both. These flip buttons can be used to 
pass biologic grafts or synthetic materials includ-
ing suture or tapes [93]. Wellmann et al. demon-
strated that subcoracoid flip button fixations can 
provide similar strengths to the native CC liga-
mentous complex, while avoiding extensive sub-
coracoid dissection and neurovascular injury [94]. 
Furthermore, Grantham et al. identified superior 
horizontal and vertical translational restraint with 
double endobutton repair compared to CC soft tis-
sue sling with tibialis anterior allograft. Moreover, 
the double endobutton repair had stronger load-
to-failure characteristics with greater stiffness, 
yield load, and ultimate load [95].

Overall, CC stabilization procedures are a het-
erogeneous group of varying techniques and 
materials. Good outcomes are associated with 
using these procedures as means of augmentation 
for other repairs until biologic healing can occur.

14.5.6  Anatomic Coracoclavicular 
Ligament Reconstruction 
(ACCR)

Historically, Bunnell first described an anatomic 
solution for CC ligament reconstruction using a 
fascial graft weave [96]. Since then, various 
authors have  proposed modified techniques for 
anatomic AC joint reconstruction, as 
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the  restoration of native AC joint kinematics is 
important to optimize patient function and com-
fort. The first biomechanical investigations date 
back to Jones and colleagues in the early 2000s 
[97]. Since then, several studies demonstrated the 
efficacy of anatomic coracoclavicular ligament 
reconstruction (ACCR) using autograft or 
allograft tendon in replicating the CC ligaments 
at their anatomic locations and in mimicking the 
properties of the native CC ligaments compared 
to ligament transfers [9, 48, 98, 99]. The ACCR 
technique is demonstrated in Fig. 14.11.

14.5.6.1  Biomechanics
The ACCR was shown to demonstrating superior 
load-to-failure characteristics when compared to 
the (modified) W-D procedure, nonanatomic 
allograft, anatomic suture, and graft-rope tech-
niques [9, 56, 99]. Peak loads equivalent to that of 
the native CC ligaments with lower stiffness may 
be expected [95, 101], with anatomic reconstruc-
tion of the CC ligaments best restoring the biome-
chanical properties of the native CC ligaments [9, 

99]. Of interest, Costic and colleagues demon-
strated that the ACCR technique using a semiten-
dinosus tendon failed to demonstrate significant 
graft elongation during cyclic loading, which is of 
clinical importance [98]. Additionally, Geaney 
et al. demonstrated that optimal tunnel placement 
in the clavicle is of high importance to achieve 
optimal strength and reduce potential risk of fail-
ures. As such, tunnel placement in the clavicle cor-
responding to the attachment of the CC ligaments 
has the highest BMD, and correlates to higher 
loads to failure [11]. More recent studies have 
investigated tunnel widening after ACCR, which 
may lead to reconstruction failure, loss of reduc-
tion, and fracture, particularly in the more lateral 
trapezoid tunnel where lower BMD exists [102].

As shown by Voss et al. and Morikawa et al., 
persistent horizontal and rotational instability of 
the AC joint following reconstruction [14, 85, 
103], may be reduced by reconstructing the AC 
capsule containing the AC ligaments and the 
deltotrapezial fascia [7, 13, 85, 95]. As dis-
cussed by Beitzel et  al., the remnant of the 
ACCR graft can be used for ACLC reconstruc-
tion [13]. Dyrna et al. reported that transection 
of only the ACLC reduced translational and 
rotational resistance to <25% and <10%, respec-
tively, compared to the native state [26]. These 
authors later compared different AC capsule 
suture configurations, namely anterior, superior, 
posterior, O-frame (Fig.  14.12), and X-frame 

Fig. 14.11 The anatomic coracoclavicular ligament 
reconstruction (ACCR) utilizing allograft tendon that is 
looped around the coracoid and fixed to the clavicle 
through two drill holes and interference screws. The 
remaining allograft tendon can be used to reconstruct the 
acromioclavicular ligamentous complex (ACLC; not 
shown). From Saccomanno et al. [100]

Fig. 14.12 The O-frame acromioclavicular suture con-
figuration. The horizontal bone tunnels through the acro-
mion (A) and clavicle (Cl) are represented by the dotted 
lines
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and identified restoration of translational stabil-
ity; however rotational stability and resistance 
torques were significantly weaker than the 
native specimens, with maximum values of 42% 
of the native state [22]. Furthermore, recent 
studies have identified the importance of the 
superior ACLC with respect to posterior transla-
tional and posterior rotational stability [30]. As 
such, these authors have shown biomechanical 
success with dermal allografts (Fig. 14.13) for 
superior ACLC reconstruction [35].

Additionally, the posterior-medial acromion 
closest to the AC joint shows the highest BMD 
with increasing density from lateral to medial; 
thus, fixation at this location should be consid-
ered [7]. Bone tunnels should be placed at the 
acromion within the “safe zone” (i.e., within the 
anterior half of the acromion) to not affect the 
load-to-failure at the acromion [104].

Unfortunately, persistent rotational and trans-
lational instability remains a concern and plays 
an important role in AC joint reconstruction fail-
ure [22, 26, 30]. Thus, shoulder surgeons should 
try to replicate native joint kinematics by consid-
ering the biomechanical properties of the AC 
joint.

14.6  Conclusion

The AC joint is an important component of the 
chain that links the upper extremity to the thorax, 
to allow upper extremity function and motion. As 
such, the native AC joint allows translational and 
rotational motion, which has been identified as 

important in shoulder abduction and forward 
flexion. Further, the ACLC and CC ligamentous 
complexes provide mechanical stability during 
upper extremity motion. Biomechanical cadav-
eric studies have had pivotal roles in understand-
ing the function of the components of the ACLC 
complex as well as the conoid and trapezoid liga-
ments, all of which have been identified as impor-
tant in providing horizontal, vertical, and rotation 
restraint. There are a vast number of techniques 
and devices that can and have been used for AC 
joint injuries, including ligament and tendon 
transfers, CC screws, hook plates, CC slings, 
double cortical buttons, etc., with biomechanical 
studies suggesting limitations on controlling 
rotation still exist. However, more recent tech-
niques, such as ACCR, have suggested that ana-
tomic replication of the native ligamentous 
restraints may lead to better outcomes and better 
biomechanical strength.
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15.1  Introduction

The elbow is a complex structure providing an 
important function as the mechanical link in the 
upper extremity between the hand, the wrist, and 
the shoulder. Its primary function is positioning 
the hand in space—the loss of which can cause 
significant impairment in activities of daily 
living.

Elbow and wrist joints associated with the 
ulna and radius bones linked with the interosse-
ous membrane constitute the anatomical and 
functional unit of the forearm. This unit provides 
the rotational movements of the forearm and it 
allows the transmission of forces from the hand 
to the elbow when the elbow joint is the stable 
fulcrum needed for powerful grasping and fine 
motions. The soft tissues are divided in passive 
and active stabilizers. The former include the lat-
eral collateral ligament, the medial collateral lig-
ament, and the capsule. The active stabilizers 
involve the muscles that provide joint compres-
sive forces and functions.

15.2  Anatomy of the Elbow

15.2.1  Bone Anatomy

The distal humerus comprises two condyles 
forming the articular surfaces of the capitellum 
laterally and the trochlea medially. The most 
prominent medial epicondyle is the region where 
the ulnar collateral ligament and the flexor- 
pronator muscles are attached. The least promi-
nent lateral epicondyle is the attachment point for 
the lateral collateral ligament and the extensor 
supinator muscles. The articular surface is angled 
approximately 30° anterior to the humerus shaft 
axis. The medial ridge of the trochlea is larger 
than the lateral ridge. This gives the articular sur-
face a slight valgus position—approximately 6° 
from the epicondylar axis [1–7]. Proximally to 
the articular surface, the coronoid fossa and the 
olecranon fossa accommodate the olecranon pro-
cess during extension and the coronoid tip during 
flexion movements [1, 4, 8]. Laterally, a small 
radial fossa accepts the contour of the radial head 
with the elbow in full flexion (Fig.  15.1). The 
proximal ulna provides elbow articulation, the 
greater sigmoid notch is the surface from the cor-
onoid process anteriorly to the tip of the olecra-
non posteriorly. The contour of the surface of the 
articular greater sigmoid notch is not a semicircle 
but rather an ellipsoid—the articular cartilage is 
usually discontinuous centrally (nonarticular 
portion) (Fig. 15.2) [3, 9, 10]. The greater  sigmoid 
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notch has an approximate 30° inferior angulation 
to match with the anterior angulation of the distal 
humerus. The distal aspect of the notch is the 
coronoid process. In the medial aspect of the cor-
onoid process, the sublime tubercle serves as the 
insertion site for the medial ulnar collateral liga-
ment. Lateral to the coronoid process is the lesser 
sigmoid notch (radial notch). With a 70-degree 
arc, it allows the articulation with the radial head 
(Fig.  15.3) [3]. Distal to the radial notch is the 
crista supinatoris, where the lateral ulnar 

collateral ligament attaches. The proximal radius 
includes the cylindrically shape radial head with 
concave disc which articulates with the capitel-
lum and with the radial sigmoid notch. The radial 
margin which it articulates is at approximately 
240°, the anterolateral third (120°) of the radial 
head is void of cartilage. The transverse cross 
section of the radial head is not circular but ellip-
tical in shape, the head and the neck form an 
approximate 15-degree angle with the long axis 
of the proximal radius opposite to the radial 
tuberosity. This serves as an insertion for the 
biceps tendon [3] (Fig. 15.4).

15.2.2  Soft Tissue Anatomy

Elbow stability results from the combination of 
articulate congruence of the ulnohumeral and of 
the radio-capitellum joints and its capsulo- 
ligamentous structures [11].

The medial collateral complex (Fig.  15.5) 
originates from the distal portion of the medial 
epicondyle. More specifically, it originates from 
the anteroinferior surface of the epicondyle and 
not from the condylar part of the trochlea [8, 12–
17]. The medial collateral ligament complex 
(MUCL) consists of the anterior bundle, the pos-
terior bundle, and the transverse ligament (liga-
ment of Cooper/oblique bundle). The anterior 
bundle (AMCL) has been established as the main 
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ligamentous stabilizer to valgus torques of the 
elbow [6–13]. The AMCL originates from the 
anterior inferior surface of the medial epicon-
dyle, just posterior to the elbow axis. The poste-
rior bundle is thin and it is inserted into the 
posteromedial margin of the greater sigmoid 
notch [8, 12, 15]—it is more posterior to the rota-
tion axis. The posterior bundle also provides sta-
bility to valgus stress as well as constraint to 
hyperflexion. The transverse ligament has been 

differently defined and it appears to have no sig-
nificant role in stabilizing the elbow.

The lateral collateral complex (Fig.  15.6) 
consists of three parts: the annular ligament, the 
radial collateral, and the ulnar collateral liga-
ments [18–22]. The lateral collateral complex 
originates on the lateral epicondyle near the axis 
of rotation of the elbow. The radial part termi-
nates along the course of the annular ligaments, 
while the ulnar part is inserted on the crista 
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supinatoris of the ulna and it has been considered 
as an important elbow stabilizer. The lateral col-
lateral ligament is almost uniformly taut during 
flexion-extension range of motion with little 
change in distance between origin and insertion 
during motion (isometric position) [23]. The 
annular ligament is inserted on the anterior and 

posterior margins of the less sigmoid notch. Its 
purpose is to maintain the radial head in contact 
with the ulna [15]. The anterior insertion 
becomes taut during supination while the poste-
rior  insertion becomes taut during pronation [16, 
22] this is because the radial head is not a pure 
circular dish.

Fig. 15.5 The medial 
collateral ligament 
complex
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The oblique ligament is a small structure com-
prising the fascia overlying the deep head of the 
supinator between the radius and the ulna. It is 
believed to have limited functional importance 
[16, 22–24]. The annular ligament along with 
the radial part of the lateral collateral ligament 
is an important stabilizer of the radial head, thus 
avoiding posterolateral subluxation. The quad-
rate ligament is a thin fibrous layer between 
the annular ligament and the ulna. It is a sta-
bilizer of the proximal radioulnar joint during 
prono-supination.

The elbow capsule is attached to the articular 
margins of the joint and its fibers are connected to 
the annular ligament [24]. Anteriorly it includes 
the coronoid and the radial fossae. Posteriorly it 
includes the olecranon fossa. Its maximum dis-
tension occurs at 70–80° elbow flexion. The con-
tribution of the capsule as a passive stabilizer has 
been matter of debate. Some studies suggested no 
change in joint laxity after complete capsulot-
omy. On the other hand, Morrey et  al. reported 
that this structure has an important function as a 
stabilizer to varus-valgus and distraction loading 
in extension but not in flexion [17]. The anterior 
capsule presents transverse and oblique bands 
that seem to provide significant stability in exten-
sion [19]. On the other hand, the posterior cap-
sule becomes taut in flexion and it may have a 
role as static stabilizer.

The muscles across the elbow can be divided 
into four main groups. Posteriorly, the triceps 
tendon crosses the elbow joint, laterally; the 
extensor and supinator muscles (brachio-radialis, 
extensor carpi radialis longus, extensor radialis 
brevis, finger extensors, extensor carpi ulnaris 
and anconeus) anteriorly and medially; the 
flexor-pronator group (pronator teres, flexor carpi 
radialis, palmaris long, flexor carpi ulnaris, and 
flexor digitorum). The majority of the muscles 
crossing the elbow work to rotate the forearm and 
to flex and extend the wrist and the fingers. Only 
a few muscles play a role in moving the elbow 
joint. The primary elbow flexor muscles are the 
brachialis, the biceps brachialis, and the brachio- 
radialis. Secondary muscles include the pronator 
teres, the extensor carpi radialis longus, and the 
flexor carpi radialis. The triceps and the anconeus 

muscles are the main extensor muscles of the 
elbow. Pronation is provided by the pronator 
teres and by the pronator quadratus. Supination is 
mainly performed by the biceps assisted by the 
supinator muscle. Muscle loading results in a 
compressive force generated across the articula-
tion of the elbow. Muscle activities may also pro-
duce a dynamic stabilization (compressing the 
articular surfaces together) and they protect static 
ligaments constraints [1, 2, 23, 25, 26].

15.3  Biomechanics of the Elbow

The elbow is one of the most congruous joints in 
the body with three articulations: the ulnohu-
meral joint, the radio-capitellum joint, and the 
proximal radioulnar joint. The ulnohumeral 
joint is a hinge (ginglymus) joint, allowing flex-
ion and extension (Fig. 15.7). The radio-capitel-
lum and radioulnar joints are trochoid joints, 
allowing axial rotation or pivoting [3]. The 
elbow has two degrees of freedom: flexion-
extension (0–140°) and prono-supination (75–
85°). Following Morrey’s study, the necessary 
arc of motion to perform most activities of daily 
living is 30–130 degrees of flexion-extension 
and 50 to 50 degrees of pronation-supination [3, 
23]. During flexion- extension arc of motion, the 
elbow rotation axis passes through the capitel-
lum in line with the bottom of the trochlea 
sulcus and it rotates  internally by approximately 

Fig. 15.7 The ulnohumeral joint is a hinge (ginglymus)
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5° to 7° with respect to the plane of the medial 
and lateral epicondyles and 4° to 8° of valgus 
with respect to the long axis of the humerus [3, 
15, 23, 27, 28] (Fig.  15.8). This is possible 
because the center of rotation of the elbow in 
flexion-extension is not a fixed single point but 
it moves with an area. The olecranon moves on 
the trochlea (like a screw) (Fig. 15.9) during the 
flexion-extension and this explains the move-
ment of the elbow from valgus in extension to 
varus in flexion. This movement produces the 
carrying angle, defined as the angle between the 
long axis of the humerus and the long axis of the 
ulna measured in the frontal plane [10, 29] 
(Fig.  15.10). This angle is generally higher in 
women than in men. In females, the average val-
gus angle ranges from 13° to 16°, whereas in 
males, it ranges from 11° to 14° [19]. Forearm 
motion is clearly influenced by the morphology 
of the radial head, the axis of rotation of the 
forearm passes proximally through the center of 
the radial head and distally through the fovea of 
the ulna at the base of the ulnar styloid [8]. 
During forearm rotation, the edge of the radial 
head maintains contact with the lesser sigmoid 
notch, the radial shaft moves away and toward 
the ulna, in the transverse plane.

15.3.1  Articular and Capsulo- 
Ligamentous Stabilizers

The structures that stabilize the elbow during 
motion can also be divided into two main groups: 
passive and active stabilizers. Their actions differ 
over the range of motion of the elbow [30–35].

The radial head is a secondary stabilizer to 
valgus stress. Morrey et al. showed that selective 
radial head resection does not influence valgus 
instability as long as the medial ulnar collateral 
ligament is intact [9, 36]. When the ulnar collat-
eral ligament is released, the radial head becomes 
the primary constraint to valgus instability [3, 9, 
36, 37]. The radial head is the main longitudinal 
stabilizer when the interosseous membrane is 
injured [38]. Biomechanical tests suggest that the 
radial head contributes for about 30% of valgus 
stability in both flexion and extension [19, 23, 
38]. Complete release of the ulnar collateral liga-
ment produces an average 18° increase of val-
gus–varus laxity reaching 36° after radial head 
excision [19]. Axis loading produces 40% stress 
distribution across the ulna and 60% distribution 
across the radius. Transmission across the radial 
head increases when elbow flexion is 0–35° and 
when it is placed in supination [19, 23].

Fig. 15.8 The axis of rotation of the elbow (A) passes 
through the capitellum in line with the bottom of the 
trochlea sulcus and it moves approximately 5° to 7° of 

internal rotation to the plane of the medial and lateral epi-
condyles (B) and in 4° to 8° of valgus with respect to the 
long axis of the humerus

A. Celli et al.
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The role of the olecranon has been analyzed 
in different biomechanical studies. An et  al. 
showed that 75% to 85% of valgus stress was 
resisted by the proximal half of the olecranon and 
that the distal half of the sigmoid notch (coro-
noid) resisted 60% of varus stress in flexion and 
67% in extension [23]. The olecranon engages 
the olecranon fossa of the humerus at 20°, at this 
point the elbow becomes more stable against 
varus-valgus laxity.

The coronoid process plays an important role 
in preventing posterior dislocation of the elbow. 
O’Driscoll et al. reported that when the collateral 
ligaments are injured and the radial head is com-

promised, a 30% resection of the coronoid pro-
duces instability [39, 40]. Fracture of the 
coronoid—even small fragments—can decrease 
the stability of the elbow, particularly when it is 
associated with ligament injuries. The coronoid 
is also essential to varus stability when the col-
lateral ligament is intact [27]. The elbow becomes 
more unstable as successive portions of the coro-
noid are damaged, the radial head resection pro-
duces an increase in instability correlated to the 
type of coronoid fracture [11].

The passive soft tissue stabilizers include the 
medial and lateral collateral ligaments complexes 
[30]. Their activities during elbow motion were 

Fig. 15.9 The olecranon moves on the trochlea as a screw
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analyzed by Morrey and An [9, 23]. At 90-degree 
flexion, the anterior band of the medial collateral 
ligament is the primary stabilizer to the valgus 
stress. In extension, instead, the medial collateral 
ligament, the anterior capsule and bony fit are 
equally resistant to valgus stress. Its posterior 
component is more important in higher degrees 
of flexion. During elbow motion, the midportion 
and the anterior band maintains tension, the pos-
terior bundle is taut at 65° to full flexion [8, 27]. 
Morrey et al. showed that the primary restraint to 
valgus stress is the medial collateral ligament and 
that the radial head is the secondary stabilizer. 
The radial head becomes the primary restraint to 
the valgus in case of medial ligaments complex 
insufficiency [3, 23]. The lateral collateral liga-
ment has been analyzed in different studies. The 
lateral collateral ligament remains taut through-
out the complete range of motion, this is because 
its origin lies close to the axis of rotation. The 
anterior portion of the annular ligament is taut 
during supination, while the posterior portion is 

taut in pronation. The function of the lateral col-
lateral ligament has been analyzed by O’Driscoll 
et al. They described it as the primary ligamen-
tous stabilizer to varus and posterolateral rotatory 
instability [39].

The active stabilizers are the muscles crossing 
the elbow joint. They can be divided into four 
compartments as previously described [31, 33]. 
The pull and contraction lines of these muscle 
create compressive forces around the humerus, 
the ulna, and the radius. These forces function as 
dynamic stabilizers of the joint, the largest force 
has been seen axially at the distal humerus near 
full extension and it decreases when the elbow 
moves in flexion [23, 25, 26, 40–43].

15.3.2  Force Transmission through 
the Elbow

An et  al. [26] found that among the muscles 
crossing the elbow joint, the brachialis and the 

Fig. 15.10 The 
carrying angle (defined 
as the angle between the 
long axis of the humerus 
and the long axis of the 
ulna measured in the 
frontal plane)
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triceps muscles have the largest work capacity 
and contractile strength. With extension and axial 
loading, stress is distributed 40% across the ulno-
humeral joint and 60% across the radiohumeral 
joint. Morrey et al. measured force transmission 
through the radial head. Forces were the greatest 
from 0° to 30° flexion and they were always 
higher in pronation [17]. An and Morrey [9] cal-
culated the force in the ulnohumeral joint and 
found that the joint force can range from one to 
three times body weight with strenuous lifting. 
Direction of the resultant joint force changes 
with flexion angle, pointing anteriorly with elbow 
extension and posteriorly with elbow flexion. 
Stress on the articular cartilage in the trochlear 
notch was evaluated by An et al. [23]. The study 
showed that contact pressure depends on the 
direction and magnitude of the compressive 
force. When force was oriented at the center of 
the articular surface, contact stress was equally 
distributed throughout the articular surface. 
When force was directed in an anterior or poste-
rior direction towards the margin of the articula-
tion, the weight-bearing surface was smaller, 
contact stresses were higher, and stress distribu-
tion was uneven [23].
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16.1  Principles of Elbow 
Anatomy: Focus on

16.1.1  Osteoarticular Anatomy

Elbow anatomy is hugely complex according to 
its twofold function of ensuring mobility and sta-
bility of the whole upper limb. Flexion-extension 
and prono-supination movements require the 
presence of an intricate joint construction able, at 
the same time, to withstand the forces which the 
upper limb is subjected [1]. Elbow joint is made 
of the ending part of three long bones: the distal 
humerus, proximal radius, and ulna intercon-
nected each other creating three different articu-
lations: the radio-humeral, the ulno-humeral, and 
radioulnar one. The elbow acts as a trocho- 
ginglymoid joint for its ability to realize the 
movements of flexion-extension and prono- 
supination, respectively, involving the ulno- 
humeral and radio-capitellar joints, and the 
proximal radioulnar joint [2].

The proximal part of the elbow involves the 
distal humerus surface, made by the trochlea and 

the capitellum. The spool-shaped trochlea is in 
line with the long axis of the humeral shaft, and its 
medial ridge is more prominent than the lateral 
one [3]. This conformation creates from 6° to 8° of 
valgus tilt with the greater sigmoid notch of the 
proximal ulna. The capitellum has a hemispheric 
shape and is localized laterally to the trochlea. It 
joins with the radial head, in correspondence of 
the lesser sigmoid notch. The radial head repre-
sents one of the leading secondary stabilizers of 
the elbow. As said back, it is not perfectly circular 
and is marked by a changeable offset from the axis 
of the neck. Its joint surface covers the humeral 
concave surface with an arc of about 280° [4]. The 
high congruency of the proximal ulna and trochlea 
surfaces is on the base of the primary constraint 
mechanisms of the elbow. The sagittal ridge of the 
greater sigmoid notch moves longitudinally, join-
ing with the apex of the trochlea. The medial and 
lateral concavities to the sagittal ridge articulate 
with the convex medial and lateral faces of the 
trochlea. The lesser sigmoid notch is joined to the 
surface of the radial head [5].

The relevance of elbow osseous stabilization 
can be demonstrated through its role in the sim-
ple elbow dislocations [6]. Once reduced, these 
appear almost stable, despite the medial ligament 
complex (MCL) and the lateral ligament complex 
(LCL) result fully broken respectively in approx-
imately all cases and most cases. Loads on the 
elbow are divided 43% over the ulno-humeral 
joint and 57% across the radio-capitellar joint. 
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Articular reaction strengths change with elbow 
position. At the level of radio-capitellar joint, 
they are highest between 0° and 30° of flexion 
and in pronation than in supination. The congru-
ency of the ulno-humeral joint contributes as 
much as 50% of the elbow stabilization. Osseous 
stability is maximum in flexion, when the coro-
noid process is locked into the coronoid fossa, 
and the radial head is in the radial fossa of the 
distal humerus. The coronoid process has a cru-
cial role in elbow stability [7]. Fractures involv-
ing more than 50% of the coronoid surface 
showed a significant increase of the varus-valgus 
laxity, even after elbow collateral ligaments 
repair. In the context of uninjured ligaments, cor-
onoid fractures that involve more than 50% of the 
coronoid cause elbow posterior dislocation more 
quickly than those with less than 50%, particu-
larly when the elbow is flexed more than 60°. The 
coronoid further plays a relevant part in postero-
lateral stability together with the radial head. The 
ulno-humeral joint, in fact, presents a higher 
degree of dislocation with 30% of the coronoid 
height removed and concomitant excision of the 
radial head. In this case, the replacement of the 
radial head alone is enough to restore the stabil-
ity. Instead, if 50% of the coronoid height is 
removed, coronoid reconstruction is necessary to 
restore previous stability [8]. The radial head is 
an essential secondary valgus stabilizer of the 
elbow. It guarantees around 30% of the valgus 
stability of the elbow joint, and its role increases 
in the setting of MCL deficiency. When the MCL 
is ruptured, replacement of the radial head can 
restore valgus stability to a level comparable to 
that of an elbow with an intact radial head. With 
the elbow extended, osseous stability is reached 
thanks to the rotation of the olecranon tip into the 
olecranon fossa. It was asserted that 80% of the 
olecranon surface could be eliminated without 
compromising elbow stability.

16.1.2  Capsuloligamentous Anatomy

Precise knowledge of elbow surrounding struc-
tures is an essential factor for understanding the 
function of this joint, especially to comprise the 

different phases of sports activities. The elbow is 
the most stable joint of the human body, not only 
for its bony components but mostly for the pres-
ence of several soft tissue stabilizers. The static 
soft tissue stabilizers are the anterior and poste-
rior joint capsule and the MCL and LCL com-
plexes [9, 10].

16.1.2.1  The Articular Capsule
The capsule surrounds the articular border of the 
elbow. The anterior capsule proximally origi-
nates on the coronoid and radial fossae, extend-
ing distally to the coronoid process and laterally 
to the annular ligament. On the other hand, the 
posterior capsule proximally inserts on the olec-
ranon fossa, while distally along the articular 
edges of the greater sigmoid notch, and laterally 
on the annular ligament. The capsule is taut ante-
riorly during elbow extension, posteriorly in flex-
ion. Joint intra-capsular pressure is lowest at 
70–80° of flexion. When wholly distended at 80° 
of flexion, elbow capacity is 25–30 mL. The cap-
sule gives most of its stabilizing effects with the 
elbow extended [11, 12].

16.1.2.2 MCL complex
The MCL complex is made of three different 
components: the anterior bundle (AMCL), the 
posterior bundle, and the transverse ligament 
(Cooper ligament). The MCL originates from the 
anteroinferior surface of the medial epicondyle. 
The anterior bundle, the most distinct structure of 
the MCL complex, inserts on the sublime tuber-
cle of the coronoid process. It is furthermore sub-
divided into an anterior and a posterior band. A 
third central band has been often described. The 
posterior bundle, which inserts on the medial sur-
face of the olecranon, should be considered as a 
thickening of the joint capsule. The transverse 
ligament, made of horizontal fibers unseparated 
from the capsule, moves among the coronoid to 
the tip of the olecranon. It doesn’t seem to con-
tribute to joint stability [13]. The AMCL is con-
sidered the primary constraint for valgus and 
posteromedial elbow stability. It is composed by 
an anterior band taut in extension and a posterior 
one taut in flexion. Subsequently, the anterior 
band results more vulnerable to valgus stress 
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during elbow extension, while the posterior band 
during elbow flexion. The anterior band is the 
main restraint to valgus stress at 30°, 60°, and 
90°, and a coprimary restraint at 120°. The poste-
rior band is a coprimary restraint at 120° and a 
secondary restraint at 30°, 60°, and 90°. A trau-
matic valgus force with the elbow flexed at 90° or 
less is more likely to damage only the anterior 
band, whereas if the elbow is flexed more than 
90° is more likely to damage the complete 
AMCL. Total rupture of the AMCL provokes val-
gus and internal rotatory instability throughout 
the full arch of flexion with maximal valgus 
instability at 70° and maximal rotational instabil-
ity at 60° [14]. The posterior bundle minimally 
contributes to valgus stability. Its main role is the 
control of the posteromedial rotatory stability. 
The complete rupture of the posterior band causes 
isolated internal rotatory laxity, maximal at 130° 
of flexion. The MCL origin is located posteriorly 
to the axis of elbow flexion, creating a cam-like 
effect: ligaments tension changes throughout 
flexion and extension of the elbow. The AMCL 
rises by 18% from 0° to 120° of flexion. In com-
parison, the middle band origin has been identi-
fied proximally to the axis of rotation of the 
ulno-humeral joint. This band has been termed 
the “guiding” band for its isometric and close 
position to the axis of rotation which makes it 
taut equally throughout the full arc of flexion. If 
it is sectioned, it produces important elbow insta-
bility. Single-strand reconstruction of the middle 
band in the MCL deficiency has been shown to 
return valgus stability, similar to the uninjured 
elbow [15].

16.1.2.3  LCL Complex
The LCL complex is made of four components. 
They include the radial collateral ligament, the 
lateral ulnar collateral ligament, the annular liga-
ment, and the accessory collateral ligament. The 
LCL complex originates from the inferior surface 
of the lateral epicondyle. The lateral ulnar col-
lateral ligament attaches on the crista supinatoris; 
the radial collateral ligament into the annular 
ligament. It is responsible for radial head stabili-
zation. The annular ligament ends on the lesser 
sigmoid notch. The accessory collateral ligament 

has attachments at the annular ligament and the 
crista supinatoris [16]. The LCL is mainly 
responsible for elbow stability in external rota-
tion and varus stress. The flexion axis of the 
elbow crosses the LCL origins. In this way, it 
results in equal tension throughout the arc of flex-
ion. The current literature widely has confirmed 
that LCL complex injury is the initial damage 
resulting from the elbow dislocation. Instability 
derived by rupture of the LCL must be consid-
ered for each complex fracture-dislocations of 
the elbow. The total failure of the LCL is associ-
ated with varus and posterolateral rotatory insta-
bility as well as posterior radial head subluxation. 
Any case, the specific role of each portion of the 
LCL complex doesn’t still understand. Recent 
studies have suggested that the LCL complex 
acts as a single operative unit rather than each 
part owning its specific role. The singular rupture 
of the annular ligament and lateral ulnar collat-
eral ligament causes only minimal laxity [17]. 
When the annular ligament is uninjured, signifi-
cant posterolateral rotatory and varus-valgus 
instability could be consequences of lateral ulnar 
collateral ligament and radial collateral ligament 
transection. The last concept is relevant for the 
planning of the lateral surgical approaches to the 
elbow for radial head fixation or replacement. If 
the annular ligament is intact, the radial collateral 
ligament or the lateral ulnar collateral ligament 
can be transected and restored without producing 
instability. When the radial head is removed in a 
condition of LCL deficiency, an increasing of 
varus and external rotatory instability occurs. 
Radial head replacement, in this case, raises pos-
terolateral instability. Complete stability, how-
ever, is not replaced until the LCL complex is 
repaired [18].

16.1.2.4  Muscles
Muscles of the elbow give dynamic stabilization 
and protect the elbow against the static forces. 
They can be categorized into four different 
groups: elbow flexors, elbow extensors, forearm 
flexor-pronators, and forearm extensors. Each of 
these muscles employs a compressive load to the 
joint during its contraction [19]. Only a few mus-
cles are mainly implicated into joint motion. The 
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biceps, brachialis, and brachioradialis flex the 
elbow. The biceps is the principal supinator of the 
forearm. The triceps is the primary elbow exten-
sor. Anconeus seems to have a minimal role in 
elbow extension, but it acts as a dynamic con-
straint to varus and posterolateral rotatory insta-
bility [20].

16.1.3  Biomechanics of the Elbow

The upper limb can be considered as a kinematic 
chain, where all the components are strictly inter-
connected to ensure its function best. Inside this 
system, the shoulder acts as a girdle, the elbow 
forms the central part, while the hand represents 
the effector. The shoulder and the elbow move 
synchronically to determine hand position in 
space, although elbow range of motion is com-
paratively constrained with compared to that of 
the shoulder. In the context of sportive activities, 
the whole upper limb, and in particular the elbow, 
require “particularly fit” to control specific move-
ments. Sportspeople, in fact, need atypical 
strength, speed, and extreme precision of the 
joint motion.

Elbow movements follow different axes of 
action.

 – Flexion-extension.
 – The flexion-extension axis of the elbow has 

been described as a loose hinge that changes 
with forearm pronation and supination as well 
as with passive and active action. It is oriented 
from 3° to 5° of internal rotation with respect 
to the plane of medial and lateral epicondyles 
and from 4° to 8° of valgus relative to the long 
axis of the humerus. Notably, the flexion- 
extension axis is identified by the long axis of 
humerus and the long axis of the ulna and 
defines a slightly valgus angle, the so-called 
carrying angle, which varies from 11° to 14° 
respectively in men and woman [21]. This 
angle changes about 6° during elbow exten-
sion while cancelling out during flexion. 
When the carrying angle is 14°, the axis of 
movement is approximately 7° from the base 
of the coronoid process and the articular sur-

face of the radial head against the anterior sur-
faces of humeral fossae. The physiological 
range of elbow motion in flexion and exten-
sion is 0–140°, even if for the most of daily 
living activities a range of 30–130° is enough 
[22].

 – Pronation-supination.
 – The radio-capitellar and proximal radioulnar 

joints are responsible for pronation and supi-
nation of the forearm. The normal range of 
forearm varies from 180° with pronation of 
80–90° and supination of about 90°. Wrist and 
fingers movements allow adding other 30° of 
rotation. Almost all daily activities can be per-
formed with 100° of forearm rotation (50° of 
pronation and 50° of supination). The physio-
logical axis of forearm prono-supination 
moves from the center of the radial head to 
that of the distal ulna. For a long time, the axis 
of rotation of the elbow has been considered 
constant and independent with respect to 
flexion- extension movements [23]. Currently, 
it has been shown a slightly ulnar and volar 
shifting of the axis during supination and 
radial and dorsal one during pronation. The 
distal ulna, in fact, follows a circumduction 
movement, characterized by ulnar abduction 
and flexion during pronation and adduction 
and flexion during supination. This happens 
thanks to the congruency of the distal humerus 
and proximal ulna surfaces, which blocks ulna 
rotation on the elbow. At the same time, dur-
ing forearm rotation, the radius runs proxi-
mally with the pronation and distally with the 
supination [24]. The elliptical shape of the 
radial head, together with the annular liga-
ment, permits the sliding of the proximal 
radioulnar articulation. This highly organized 
structure avoids the radial head subluxation 
during everyday activities which requires 
elbow flexion.

The factors that stabilize the elbow joint 
change with the position of the arm. The forearm 
rotation influences varus and valgus laxity of the 
elbow. For this reason, athletes elbow stability 
should be verified in different ranges of prono- 
supination. During elbow extension, the anterior 
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capsule contributes about 70 of soft tissue 
 constraint, while the medial collateral ligament is 
the primary agent during elbow flexion. In full 
extension, the ulno-humeral articulation, the 
anterior joint capsule, and medial collateral liga-
ment give the same contributions to valgus stabil-
ity [25]. In flexion, the medial collateral ligament 
provides for about 70% to elbow resistance. 
Principally, the resistance to varus stress is pro-
vided by the ulno-humeral joint, together with 
the anterior joint capsule. In full extension, varus 
forces are equally controlled by articular congru-
ency: olecranon in olecranon fossa and lateral 
collateral ligament. These structures provide 
approximately 50% of strains stabilization. In 
contrast, at 90° of flexion, their contribution rises 
to about 70%. The radial collateral ligament gives 
smallest varus restraint, both in flexion (9%) and 
extension (14%). In extension, the anterior cap-
sule contributes 85% to contrast distraction. In 
flexion, the medial collateral ligament produces 
almost 80% of resistance to distraction [26].

16.2  Throwing Biomechanics

Injuries to the upper limb represent approxi-
mately 25% of all sports-related injuries. Several 
elbow damage patterns are so familiar to a pre-
cise sport that related names have been employed 
to define them (tennis elbow, golfer’s elbow, or 
little leaguer’s elbow) [27]. Nowadays, it is 
widely recognized that acute elbow dislocations 
primary occur in relative extension, independent 
from the forearm position [26]. The primary 
mechanism of injury seems to involve a valgus 
moment to an extended elbow, which causes a 
needed rupture of the medial collateral ligament, 
the principal constraint to valgus force. The bio-
mechanics of elbow injury has been broadly ana-
lyzed in the context of the so-called overhead 
activities, such as the baseball pitch, the football 
pass, the tennis serve, and the javelin throw. 
Expert pitchers could throw the ball up to 1500 
times a day, and every technical detail of this 
action needs to be meticulously studied, to avoid 
elbow injury. All technical mistakes during the 
sport could have disastrous consequences on 

joint function, and precise knowledge of the 
elbow biomechanics in sport is essential for the 
understanding of elbow diseases [28].

16.2.1  Baseball

The baseball pitch is usually divided into five 
main phases, widely studied [29]. Phase I 
(windup) includes initial preparation to the 
throwing with the elbow flexes, and the forearm 
slightly pronated. Phase II (early cocking) starts 
when the ball leaves the hand and terminates 
when the forward foot contacts the ground. 
During this phase, shoulder abduction and exter-
nal rotation begin. Phase III (late cocking) is 
marked by complete shoulder abduction and 
maximal external rotation, together with the 
elbow flexion among 90° and 120° and the fore-
arm pronation to 90°. Phase IV (rapid accelera-
tion) creates an extensive forward-directed force 
on the extremity, followed by a quick elbow 
extension. It ends with ball release. During the 
throwing cycle, the elbow extends over 2300°/s. 
This kind of movement creates a medial shear 
force of about 300 N and a lateral compressive 
force of approximately 900  N.  Highest valgus 
force on the elbow is produced during the phases 
of late cocking and acceleration when the elbow, 
flexed to 95°, is subjected to valgus strengths up 
to 64 N. When the ball is released, the lateral side 
of the elbow is exposed to forces greater than 
500 N [30]. The presence of these extreme forces 
on the medial and lateral elbow compartments is 
responsible for producing dramatical injuries that 
could wholly jeopardize the career of the ath-
letes. Enormous valgus stress is created over the 
medial side of the elbow during the acceleration 
phase, and the ulnar collateral ligament primarily 
supports it [31]. The secondary stabilizing struc-
tures of the medial elbow, in particular the flexor- 
pronator musculature, contrast the remaining part 
of this force. Phase V (follow-through) is charac-
terized by the dissipation of all excess kinetic 
energies, while the elbow resumes full extension 
and ends the arch of motion. These excessive 
forces produced on the elbow by the overhead 
athlete make the elbow extremely susceptible to 
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damage. The characteristic pattern of injury 
 supported is due to both repetitive microtrauma 
or chronic stress overload [26].

16.2.2  Football

The throwing movement of football is very simi-
lar to throwing a baseball. During arm cocking, 
the elbow flexion of a quarterback is higher than 
that of pitchers, with an average of 113°. Then, 
during arm cocking, a maximum medial force of 
280 N and a maximum varus strength of 54 N are 
generated around the elbow joint. In the arm 
acceleration phase, the elbow shows a maximum 
extension velocity of 1760°/s. The following 
deceleration involves the generation of a flexion 
torque of 41  nm, with an accompanying com-
pressive force of 620 N. The slower elbow mech-
anism of extension can justify for fewer elbow 
damages in quarterbacks than pitchers [26].

16.2.3  Tennis

Elbow joint provides 15% of the strength neces-
sary during a tennis serve, in which tennis ball 
can reach a speed of 4650 km/h. Considering the 
end of the racquet, in a backhand position, with a 
wrist diameter of about 9 cm, and a distance from 
the center of the grip to the ball of 45  cm, the 
energy produced is comparable to an effort of 
lifting 25 kg for the elbow. These concepts repre-
sent the base of understanding why the extensor 
mechanism is responsible for “tennis elbow” 
condition. As with the overhand throw, the tennis 
serve produces significant angular velocity. 
During elbow extension, it can reach 982°/s, 
while during pronation 347°/s [32, 33].

16.3  Summary

Elbow pain in the overhead-throwing athlete has 
become more usual in the last years. Appropriate 
knowledge of the skeletal, ligamentous, nervous, 
and musculotendinous structures of the elbow 
joint, together with an accurate understanding of 

elbow biomechanics in sport, are required to 
comprehend the pathogenic mechanism of elbow 
injuries, providing to prevent them.
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Elbow Tendon Injury and Repair: 
Triceps and Biceps Tendons

Andrea Celli, Cheli Andrea, Bartoli Matteo, 
and Luigi Adriano Pederzini

17.1  Triceps Tendon

17.1.1  Introduction

Triceps tendon injuries are probably among the 
rarest tendon injuries in the human body. 
Evidence shows male predominance (3:1, male 
to female) with wide age variance at occurrence 
[1]. The most common rupture site is at tendon 
insertion into the olecranon and more rarely at 
the myotendinous junction or intramuscularly [2, 
3, 4]. Anzel et al. reviewed more than 1000 ten-
don injuries. They reported approximately 0.8% 
triceps injuries, half of which were associated 
with open lacerations in the posterior aspect of 
the upper extremity [5]. Mair et al. described 21 
cases of triceps tendon rupture observed over a 
6-year period with contact athletes (e.g., profes-
sional football players). [6]. Kibuule et  al. 
reported that triceps injuries can also occur in 
adolescents with incompletely fused physis and 
avulsions of the olecranon apophysis [7]. Several 
triceps tendon injuries risk factors have been 
reported. The main injury mechanism is falling 

on an outstretched hand [8, 9]. Other conditions 
that can increase risk of triceps ruptures are: sport 
activities (such as contact activities or body build-
ing) [10], use of anabolic steroid drugs or local 
steroid injection, olecranon bursitis [11]. 
Alternatively, risk of triceps ruptures can arise 
secondary to surgical exposure (such as following 
total elbow replacement) or secondary to release 
for stiff elbow [12, 13]. The lesions can also occur 
following direct penetrating trauma in the poste-
rior aspect of the elbow. It is not rare to observe 
associated injuries, such as fractured radial heads 
or complex fractures of the distal humerus.

17.1.2  Anatomy

Triceps brachii muscle has three heads:

• The long head arises from the infraglenoid 
tubercle of the scapula.

• The lateral head has a linear attachment from 
the upper margin of the radial grove of the 
humerus.

• The medial head originates below the lateral 
margin of the radial groove that contains the 
radial nerve. Its insertion covers the entire rear 
surface of the lower part of the humerus.

In the distal third of the posterior aspect of the 
arm, the lateral head joins with the long head 
from the superficial tendinous part of the  insertion 
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on the posterior surface of the olecranon. The 
medial head (deep part of the triceps) inserts 
through muscular and tendinous fibers directly 
onto the olecranon. There are anatomical differ-
ences between the lateral and medial side of the 
superficial tendon and between the superficial 
and deep tendon anatomy (Fig.  17.1). As it 
approaches its insertion area, the superficial ten-
don forms two components:

• A lateral part which is more expansive and 
relatively thinner in continuity with the anco-
neus muscle and fascia.

• A medial part which is thicker than the lateral 
aspect like a proper triceps tendon. This inserts 
directly onto the olecranon.

All three heads of the triceps contribute to 
forming the triceps olecranon dome-shaped foot-
print [5] (Figs. 17.2 and 17.3).

17.1.3  Olecranon Footprint  
(Figs. 17.2 and 17.3).

The mean medial to lateral width of the insertion 
area is about 20 mm and the mean proximal to 
distal length is about 13 mm [14]. The mean dis-
tance from the olecranon tip to the most proximal 
aspect of the medial head insertion ranges 
between 14.8 [14] and 16  mm [15]. The mean 
width (medial to lateral distance) of the medial 
head footprint is 16 mm and the mean thickness 

Fig. 17.1 Distal triceps tendon insertion (superficial and 
deep components): The lateral part is more expansive and 
relatively thinner in continuity with anconeus muscle and 
fascia. The medial part is thicker than the lateral aspect like 
a proper triceps tendon and inserts directly onto olecranon

Fig. 17.2 Magnetic resonance imaging describes a bipar-
tite insertion between the deep (a) and superficial (b) com-
ponents of the triceps tendon into the olecranon

A. Celli et al.



213

is 4 mm. The mean width of the common superfi-
cial tendon footprint is 19  mm and the mean 
thickness is 8 mm. [15].

17.1.4  Pathogenesis

In healthy tendons, traumatic lesions are the most 
common mechanisms of triceps distal tendon 
ruptures. In most cases, tendon ruptures more 
frequently occur with intrinsic pathological dis-
orders such as overuse injuries or previous surgi-
cal treatment decreasing tendon tensile strength.

A simplified classification categorizes triceps 
tendon ruptures in four groups:

 – Traumatic lesion.
 – Spontaneous rupture.

 – Overuse injuries.
 – Following total elbow arthroplasty.

17.1.4.1  Traumatic Lesions
Acute triceps tendon ruptures most commonly 
occur when a patient falls and a forced load is 
applied to the contracted triceps on an out-
stretched hand with elbow in flexion. 
Alternatively, the injury mechanism may be a 
direct trauma to the posterior aspect of the arm. 
With flexed elbow, if at the same time the triceps 
is contracted, the injury is more severe.

Traumatic tears can occur at several different 
anatomical regions but, at the musculotendinous 
junction, they are extremely rare just like those 
that occur within the muscle belly [16, 17, 18]. In 
general, tears are most commonly observed at 
tendon insertion like an olecranon avulsion.

Traumatic distal tendon lesions can be partial 
or total [17, 19] and they are often isolated. 
Associated lesions were described at the radial 
head [20, 21], at the medial collateral ligament 
(MCL) [7], and at the capitellum [22].

Partial traumatic tendo-osseous avulsions with 
one small fragment proximal to the olecranon 
(flake sign) often occur (Fig. 17.4). They are asso-
ciated with radial head fractures [21]. Radial head 
fractures or coronal fractures of the capitellum 
result as a consequence of direct axial forces being 
transmitted on the lateral elbow compartment 
when the lateral elbow is in a valgus and semi-
flexed position while the forearm is pronated. 
Disruption of the MCL increases triceps medial 
head eccentric contraction which may induce 
avulsion “flake” fractures from the olecranon lead-
ing to radial head or capitellum fractures.

Triceps avulsion, radial head fractures, and 
MCL rupture were reported in combination by 
Yoon as triad injuries [22].

17.1.4.2  Spontaneous Ruptures
Triceps injury can occur spontaneously due to 
attrition if tendon integrity is compromised. 
Several risk factors have been studied for triceps 
muscle and tendon pathological disorders. These 
include rheumatoid arthritis, chronic renal fail-
ure, endocrine disorders, metabolic bone dis-
eases, as well as steroid use.

Fig. 17.3 Mean width (medial to lateral distance) (a) of the 
medial head footprint is about 16 mm and the mean thick-
ness 4 mm. Mean width of the common superficial tendon 
footprint is 19 mm and the mean thickness is 8 mm (b)

17 Elbow Tendon Injury and Repair: Triceps and Biceps Tendons



214

Use of local or systemic corticosteroid or ana-
bolic steroids may also predispose to tendon rup-
ture by decreasing tendon tensile strength. It is 
widely accepted that the biosynthesis of collagen 
is inhibited by glucocorticoids [23].

17.1.4.3  Overuse Injuries
Differently from traumatic acute lesion injuries, 
sport-related injuries are frequently ascribed to 
repetitive motions that result in pain and inability 
to take part in sport activities.

Cumulative submaximal loading of the tissue 
is referred to as “overuse injuries.” Complete rup-
ture often occurs through abnormal tendon with 
intrinsic pathological disorders.

Triceps tendinosis during sport activities is 
not infrequent. In cases of chronic tendon pain, 

the pathological lesion is typical of a degenera-
tive process with areas of marked degeneration 
and lack of local vascular supply [24].

17.1.4.4  Following Total Elbow 
Arthroplasty

Failure of triceps reattachment can be seen fol-
lowing surgical treatment in which triceps take-
down is performed.

At Mayo Clinic, with over 887 total elbow 
arthroplasties, this complication was observed in 
16 elbows—about 2% of all procedures [12].

Predisposing factors include inflammatory 
arthropathy with poor tissue quality. Surgical ele-
vation of fragile triceps tendon risks becoming 
damaged when performing reinsertion into the 
olecranon. Also, triceps weakness is to be expected.

Fig. 17.4 Lateral elbow X-rays are useful in confirming the diagnosis if a small extra-articular avulsion fracture of the 
olecranon (flake sign) is present

A. Celli et al.
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17.1.5  Physical Findings

Acute triceps tendon ruptures most commonly 
occur, but chronic lesions have been reported 
[25].

Post-traumatic presenting signs and symp-
toms are correlated to:

 – Type of lesions (tendinous, tendon avulsion or 
within muscle belly),

 – Degree (partial or total),
 – Time (acute or chronic).

In general, triceps lesions are characterized 
by:

 – Spontaneous and evocate pain on palpation at 
indicated site of lesion. Tenderness and pal-
pable defect in the tendon proximally to the 
olecranon are usually observed.

 – Swelling, ecchymosis, and body habitus often 
impede tendon defect to be palpable in its 
acute stage. Once swelling subsides, most 
patients show a palpable gap in the tendon.

 – Active extension is typically diminished or 
absent depending on whether a complete or 
partial tear is there [26, 27].

Partial ruptures of the medial head are fre-
quently undiagnosed. Diagnosis is difficult, but 
care should be taken when radiographs assess 

presence of flake signs. Fragment avulsions from 
the olecranon are also associated with radial head 
fractures which is frequently reported along with 
medial collateral ligament (MCL) injury. 
However, when radial head fractures are present 
and patients present pain and swelling in the 
medial compartment of the elbow, the MCL and 
triceps tendon integrity should always be assessed.

A universal physical finding with triceps rup-
tures is inability to extend the arm against grav-
ity. (Fig. 17.5).

Discerning between partial or complete rup-
tures can be a diagnostic challenge. Partial ten-
don lesions manifest themselves as weakness but 
ability to actively extend the elbow against grav-
ity—not against resistance. These findings are 
likely secondary to intact lateral expansion or 
compensating anconeus muscle.

Total tendon tear manifests itself as loss of 
extension strength also against gravity and inabil-
ity to extend the elbow. Triceps extension tests 
can also be performed by observing the patients’ 
ability to extend the elbow over their head against 
gravity.

17.1.6  Diagnostic Tests

Viegas [28] described a provocative test similar 
to Thompson’s test (used to help in diagnosing 
Achilles tendon ruptures) that can be employed 
in triceps tendon rupture diagnosis. In prone 

Fig. 17.5 Tendon tear is manifested by loss of extension 
strength also against gravity and impossibility of elbow 
extension. Triceps extension tests can also be performed 

observing the ability of the patient to extend the elbow 
over his/her head against gravity

17 Elbow Tendon Injury and Repair: Triceps and Biceps Tendons
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position, the patient lets their relaxed forearm 
hang over the table while the physician squeezes 
the triceps muscle belly. When the tendon lesion 
is partial, this should produce a slight elbow 
extension. Conversely, no motion will occur in 
case of complete rupture.

Celli et al. [29] defined a test called “fall down 
triceps test” for triceps insertion tendon rupture. 
This test assesses inability of patients to keep 
their forearm in maximum extension against 
gravity. While standing with their shoulder at 90° 
abduction and internal rotation, the patient’s fore-
arm is kept in full passive extension by the exam-
iner placed behind the subject. Upon dropping 
the forearm, if the triceps tendon presents a com-
plete rupture, the patient will not be able to main-
tain the initial position and their elbow will drop 
down to 90° flexion. Conversely, in case of par-
tial rupture the patient’s forearm will only slightly 
drop down given the patient’s effort to maintain 
limited elbow extension. (Fig. 17.6).

17.1.7  Imaging Studies

Imaging studies help to identify the level of 
lesion (olecranon insertion, myotendinous junc-
tion, or intramuscular), to discriminate between 
partial and complete tear, to estimate the amount 
of tendon retraction, and to exclude associated 
osseous injuries.

Lateral elbow X-rays are useful in confirming 
diagnosis when small extra-articular avulsion 
fracture of the olecranon (flake sign) is present. 
The bony fragment is usually small and easy to 
ignore, but its presence is pathognomonic of dis-
tal triceps avulsion (Fig. 17.4).

X-rays (AP and lateral) and Computer tomog-
raphy (CT) are also helpful in aiding diagnosis 
of injuries associated with triceps rupture, such 
as ipsilateral radial head and capitellum 
fractures.

Ultrasonography may be used, although it 
provides limited anatomical detail. Nonetheless, 

Fig. 17.6 Fall down triceps test. The forearm falls down 
when the examiner leaves the maximum extension and the 
patient is not able to maintain this position, if the triceps 
tendon presents a complete rupture the elbow drops down 

to 90 ° of flexion. In case of partial ruptures, the forearm 
drops down only partially given effort of the patient to 
maintain limited extension of the elbow

A. Celli et al.
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it may be useful immediately after the injury [30] 
when the diagnosis is doubtful.

MRI is the best technique to assess tendon 
lesions [31, 32] because it provides more 
details to distinguish between (Fig. 17.2):

 – Sides of the injury,
 – Partial and complete lesions,
 – Degrees of tendon retraction,
 – Muscular atrophies.

MRIs on the sagittal planes demonstrated the 
integrity of the triceps tendon: partial tears most 
commonly occur distal at the olecranon insertion 
and become visible in the form of a small fluid- 
filled gap within the ruptured distal triceps tendon 
[33].

Complete rupture is characterized by a large 
fluid-filled gap between the retracted triceps ten-
don stump and the olecranon process.

In overuse degenerative tendinosis MR imag-
ing is characterized by thickening and signal 
alteration of the distal tendon fibers.

17.1.8  Nonoperative Management

Conservative management plays a role in partial 
triceps injuries involving the muscle belly or 
musculotendinous junction, or in partial ruptures 
of the distal tendon insertion when there is no 
significant extension power loss against gravity 
and no resistance according to the patient’s age 
and lifestyle.

This nonoperative group can include non- 
dominant arm injuries, sedentary lifestyles, and 
elderly patients with high complications rates for 
surgical managements.

17.1.9  Surgical Management

Several surgical techniques and different 
approaches offer variable options for the surgical 
management of acute complete or chronic tears. 
Different surgical methods can be used to restore 
the extensor mechanism.

The choice depends on tissue quality and on the 
entity of muscle retraction. Chronic lesions older 
than 6 weeks can influence the surgical choice.

Quality of the olecranon has to be considered, 
particularly following total elbow arthroplasty, 
because it is a condition that can influence the 
surgical choice.

Tendon repair has to be performed between 
90° and 70° elbow extension without tension at 
the tendon-bone reinsertion. Direct repair under 
tension is related to risk of secondary rupture and 
stiffness in flexion.

Surgical options include:

• Direct olecranon repair.
• Augmentation with auto- or allograft.
• Anconeus rotation flap.
• Achilles tendon allograft with or without cal-

caneus bone.

17.1.9.1  Direct Reattachment 
to the Olecranon

• The partial lesion reattachment.

The triceps tendon usually retracts no more 
than 3 to 5 cm. Preserved lateral continuity to the 
anconeus triceps aponeurotic fascia avoids sig-
nificant proximal migration of the tendon. 
Proximal stump of partial or complete lesion is 
identified and debrided recovering the normal 
tendon which allows its direct reinsertion into the 
olecranon. Without bony fragments, in acute 
lesions the partial lesion is reinserted directly 
into the olecranon bone. (Fig. 17.7).

In chronic cases, with bony fragments attached 
to the tendon, it is debrided and reinserted with 
tendon-bone sutures.

• complete lesion reattachment.

Tendon and muscle belly are extracted and 
heavy nonabsorbable sutures no.5 performing 
(locking fashion technique) as Bunnell or 
Krakow-type suture repair are passed through 
the tendon pulling it down to the olecranon with-
out losing passive flexion (Fig.  17.8). This is 
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possible when the tendon is reinserted with 90° 
elbow flexion. An additional fixation is obtained 
using a proximal suture anchor (double row 
repair) to improve fixation of the anatomical 
footprint of the tendon. Before reattaching the 

tendon to the olecranon footprint, the bone is 
decorticated with a burr. Two transverse holes 
are drilled (2.5 mm drill hole) starting at the tri-
ceps insertion and exiting at the dorsal side of 
the olecranon.

a b c

Fig. 17.7 The proximal stump of the partial lesion is identified (a) and debrided recovering the normal tendon (b) that 
allows its direct reinsertion into the olecranon (c)

a b

Fig. 17.8 The proximal stump of the complete lesion 
is identified (a). Heavy nonabsorbable sutures no.5 
performing locking fashion technique are passed 
through the tendon pulling it down to the olecranon 

and reinsertion is performed using suture anchors and 
bony tunnels (b). Direct reattachment to the olecranon 
is possible when the tendon is reinserted with 90° of 
elbow flexion
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17.1.9.2  Tendon Augmentation
In chronic lesions or following total elbow arthro-
plasty, when direct triceps tendon to bone reat-
tachment is possible only at 50–60 degrees of 
elbow flexion, tendon augmentation is advised. 
After excising the scarring tissue, the proximal 
portion of the tendon and muscle belly is mobi-
lized and advanced distally to be reinserted on the 
posterior olecranon. In case of a degenerative ten-
don and retraction of the triceps, to avoid elbow 
stiffness and to reduce risk of tendon re- rupture, 
tendon to olecranon continuity can be recovered 
using different auto- or allograft augmentations.

Small size of the defect can be recovered using 
the palmaris longus, plantaris tendon autograft, 
or flexor carpi radialis allograft. Rotation forearm 
fascia can be used to reinforce tendon augmenta-
tion. Alternatively, for larger defects, an Achilles 
tendon allograft is useful.

17.1.9.3  Anconeus Rotational Flap
Anconeus rotational flap described by Morrey 
[34, 35, 36] is a useful procedure when direct 
reattachment is impossible for degenerative and 
fragile triceps tendons. This procedure is indi-
cated when the triceps defect is small and the lat-
eral triceps fascia and anconeus are preserved, or 
for triceps lateral dislocation in continuity with 
the anconeus muscle.

17.1.9.4  Achilles Tendon Allograft
When chronic ruptures have significant muscle 
retraction and there is tendon tissue deficiency, 
Achilles allograft reconstruction is indicated 
(Figs.  17.9). Achilles tendon allograft with a 
small piece of calcaneus can be used to recon-
struct the continuity of the triceps tendon and 
also as an osseous graft to the olecranon if this is 
deficient [34, 35, 36].

Figs. 17.9 Achilles allograft reconstruction is indicated 
in case of chronic rupture with significant muscle retrac-
tion and tendon tissue deficiency. Allograft with calcaneal 
bone provides an ideal reconstructive unit especially if the 

olecranon is deficient. The proximal expansion of the 
allograft is used to wrap the remaining triceps muscle as 
well as the remaining tendon using nonabsorbable sutures
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• Two reconstructive techniques may be used:
 – Attaching the allograft tendon directly onto 

the olecranon through drill holes.
 – Fixing the calcaneal portion of the allograft 

to the remaining olecranon with a screw or 
a tension-band wire. The allograft with cal-
caneal bone provides an ideal reconstruc-
tive unit especially if the olecranon is 
deficient [12, 13].

17.2  Distal Biceps Tendon

17.2.1  Introduction

Distal biceps tendon injuries are relatively 
uncommon, accounting for about 3% of all ten-
don ruptures [37, 38]. However, a demographic 
study suggests that incidence of these injuries 
may be closer to 10% [39]. Rupture can be acute 
or chronic, complete or partial. The average 
patient is 50  years old. The dominant arm is 
affected in 86% of patients [38, 40]. Most of 
them are men (93%) [38, 41].

The pathogenesis of distal biceps rupture is 
unclear. A variety of local causes including 
mechanical compression, attrition, impingement, 
hypovascularity, and avascularity have been 
implicated. Hypertrophic radial tuberosity (RT), 
similar to a subacromial spur, may erode the ten-
don during forearm rotation due to the narrowing 
of the space between radius and ulna. Anabolic 

steroids have been implicated in degenerative 
changes affecting the distal biceps tendon [42]. 
Tendon rupture may result from a combination of 
some or all of these factors.

17.2.2  Anatomy

Anatomical studies [43, 44] demonstrated that 
the short and long head of the biceps muscle pos-
sess two distinct tendons with distinct radial 
tuberosity insertions [45] (Fig.  17.10). The two 
ribbon-like bicipital tendons and the short tendon 
that remains on the ulnar side of the long head 
insert distally in the footprint, whereas the inser-
tion of the long head occupies most of the proxi-
mal RT.

In a cadaveric study, Mazzocca et al. [46] dem-
onstrated that the RT has a rough posterior ridge 
that varies in size (large, medium, small) and that 
it can even be absent in some individuals. 
Morphologically, the footprint is oval in the prox-
imal portion and ribbon-shaped in the distal por-
tion. Its average length and width range between 
22–24 mm and 15–19 mm, respectively [43].

Proximally, at the musculotendinous junction, 
the two heads lie side by side on the brachialis 
muscle, the short head being medial to the long 
head. When the tendons cross the bicipital tunnel, 
the short tendon makes a 90° bend; as a result, its 
course begins medially and ends distal to the long 
head on the radial footprint [43, 47, 48].

a b

Fig. 17.10 The short and long head of the biceps muscle (a) possess two distinct tendons with distinct radial tuberosity 
insertions (b)
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The two tendons are surrounded by the bicipi-
tal aponeurosis, which begins muscle-tendon 
junction level. The distal biceps tendon is stabi-
lized by the aponeurosis, which merges distally 
with the flexor muscle mass through strong fas-
cial adhesions.

17.2.3  Pathogenesis

Distal biceps tendon ruptures are partial or com-
plete. Complete ruptures are divided into acute 
and chronic, depending on whether patients come 
to attention more or less than 6 weeks after the 
rupture. In turn, chronic lesions are distinguished 
between those where the bicipital aponeurosis is 
intact and those where it is injured. Patients with 
complete rupture (tendon and lacertus) present a 
palpable defect in the antecubital fossa.

17.2.4  Physical Findings

Typical patients are men in their fifth or sixth 
decade. Injury mechanisms involve sudden, 
forceful, eccentric contractions of the biceps.

Patients with acute ruptures often report severe 
pain with tearing sensation at the front of the elbow 
and an audible pop or snap accompanied by imme-
diate loss of elbow strength in flexion and supina-
tion. After the trauma, physical examination 
discloses an ecchymosis around the antecubital 
fossa that may extend proximally and distally. In 
patients with complete rupture, there often is a pal-
pable absence of biceps tendon compared to the 
contralateral arm. When the bicipital aponeurosis is 
torn, the biceps muscle is usually retracted by more 
than 8 cm and its anatomical contour changes to a 
“reversed Popeye deformity.” (Fig. 17.11).

Diagnosing partial tendon ruptures or sub-
acute injuries is more difficult, due to absence of 
deformity and proximal migration of the biceps 
muscle-tendon unit; the course of the tendon is 
frequently palpable but painful [49]. In patients 
with partial tears elbow flexion and supination 
strength are slightly reduced compared to the 
contralateral limb, but forearm supination power 
is usually markedly reduced.

Pain in the forearm and in the antecubital 
fossa associated with intact bicipital aponeurosis 
and a palpable tendon indicate a partial rupture. 
This is typical in men and in manual workers 
with a history of forced eccentric contracture. 
Anterior elbow pain is exacerbated by resisted 
forearm supination and by full elbow extension 
and pronation.

After 6 weeks, tear is considered chronic. When 
the bicipital aponeurosis is intact, and the tendon is 
injured at bone interface, retraction is minimal; in 
such cases the tendon is loosely curled in the ante-
cubital fossa and shows good elasticity. In patients 
with chronic rupture, torn bicipital aponeurosis, 
and muscle retraction, the tendon is coiled inside 
the muscle belly and cannot be reduced, requiring 
elongation with an autograft or an allograft. 
Patients with chronic complete rupture typically 
feel little pain, but report persistent weakness in 
flexion and supination; the biceps tendon cannot 
be palpated in the antecubital fossa and the muscle 
belly shows proximal retraction compared to the 
contralateral limb.

17.2.5  Diagnostic Tests

The hook test described by O’Driscoll et al. [50] 
can be used to assess biceps tendon integrity and 
it is considered as a specific and sensitive method 
to detect complete rupture.

Fig. 17.11 When the bicipital aponeurosis is torn, the 
biceps muscle is usually retracted and its anatomical con-
tour changes to a “reversed Popeye deformity”
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With the patient’s elbow flexed at 90° and the 
forearm supinated, the examiner tries to insert 
his/her index finger under the biceps tendon from 
lateral to medial and hook it. If the tendon is 
intact, the fingertip will make some headway 
under the tendon before meeting with resistance, 
while inability to hook it reflects complete rup-
ture (Fig. 17.12).

In the biceps squeeze test [51], the examiner 
squeezes the biceps muscle belly. An intact ten-
don induces forearm supination just like in 
Thompson’s test for Achilles tendon rupture. The 
test is positive if squeezing does not result in 
supination.

Fatigue in forearm supination and inability to 
turn a screwdriver can be considered as a func-
tional test of biceps rupture. In partial tears, supi-
nation against resistance is associated with pain 
or weakness.

17.2.6  Imaging Studies

Routine X-rays seldom depict abnormalities, 
except some soft tissue swelling, and they may 
show some calcific changes in the RT associated 
with bone irregularity and enlargement. However, 
they are not particularly helpful in diagnosing 
distal biceps tendon rupture [52].

Ultrasound can depict tendon ruptures, but it 
is less reliable than MRI.

An MRI scan shows the tendon in the antecu-
bital fossa as far as its RT insertion [53]. In the 
case of biceps tendons, longitudinal views—gen-
erally employed to examine tendons—are less 
informative, due to the oblique course of the 
biceps tendon in the elbow and proximal forearm. 
Partial tears may manifest themselves with subtle 
clinical signs; in such cases, FABS view (flexion 
of the elbow, abduction of the shoulder, supina-
tion of the forearm: the patient lies prone with the 
affected arm above their head, shoulder abducted 
at 80°, elbow flexed at 90°, and forearm supinated 
with their thumb pointing upwards) described by 
Giuffre and Moss [54] provides full-length images 
of the biceps tendon from the muscle-tendon 
junction to its RT insertion (Fig. 17.13).

Distal biceps tendon endoscopy involves 
introducing the arthroscope directly into the 
bicipital bursa through a skin incision over the 
distal biceps tendon. Eames and Bain [55] used 
this technique to assess partial tears or biceps 
bursitis, which can be managed by endoscopic 
debridement.

17.2.7  NONOPERATIVE Management

Conservative treatment is usually associated with 
fatigue and weakness in elbow flexion and fore-
arm supination. Clinical studies [38, 56] demon-
strated a 21–30% loss of elbow flexion strength 

Figs. 17.12 Hook test (the examiner tries to insert his/her index finger under the biceps tendon from lateral to medial 
and hook it)
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and a 27–40% reduction in supination strength 
compared to the contralateral arm.

17.2.8  Surgical Management

The aim of distal biceps rupture surgical repair in 
healthy, active patients is restoring elbow flexion 
strength and, above all, forearm supination 
strength and endurance.

Current surgical indications and techniques 
for functional recovery are primary surgical 
repair or secondary tendon reconstruction with 
anatomical reinsertion of the ruptured tendon 
into the RT.

Surgical approach and reconstruction tech-
nique depend on rupture site and on time elapsed 
since rupture (acute or chronic). In relation to 
aponeurosis, distal biceps tendon injuries are 
divided [55] into: pre-aponeurosis (muscle- 
tendon junction); aponeurosis, post-aponeurosis 

(tendon-bone interface)—the most common 
lesion.

17.2.8.1  Partial Rupture
Partial rupture of the distal biceps tendon involves 
an incomplete tear with or without cubital bursi-
tis, i.e., inflammation of the bursa which lies 
between the tendon and the RT which can be 
managed by operative and nonoperative 
approaches.

According to the literature, tendon detach-
ment, debridement, and reattachment provide 
results which are comparable to acute complete 
ruptures repairs [57, 58]. Anatomical reattach-
ment has been reported to reduce pain and to 
enable patients to return to their customary activ-
ities [57, 59].

Kelly and O’Driscoll described an approach 
involving a single posterior incision to repair par-
tial tears of the distal biceps tendon [60, 61]. It is 
a simple technique entailing low risk of intraop-

Fig. 17.13 MRI using FABS view (flexion of the elbow, abduction of the shoulder, supination of the forearm) provides 
full-length images of the biceps tendon from the muscle-tendon junction to its radial tuberosity insertion
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erative complications but moderate risk of radio-
ulnar synostosis or posterior interosseous nerve 
(PIN) injury, which, however, can be avoided by 
careful procedure execution.

17.2.8.2  Acute Complete Rupture
Boyd and Anderson [62] and Morrey [63] pro-
posed a two-incision technique, where the RT is 
exposed through a posterior incision near the 
ulna. However, the approach is still associated 
with complications, especially proximal radioul-
nar synostosis [64] and PIN palsy [65]. 
Subsequently, a further modification—a muscle- 
splitting approach—has been introduced to mini-
mize incidence of radioulnar synostosis secondary 
to periosteal injury [64, 66]. (Figs. 17.14A–F).

In recent years, advanced instrumentation 
enabling tendon reinsertion with anchors or with 
an endobutton has been providing significantly 
shorter anterior incision and consequent reduc-
tion of dissection.

Two approaches have been devised to mini-
mize risk of complications related to RT expo-
sure for tendon reinsertion:

• A single anterior incision [67–73],
• A two-incision technique [62–64, 66].

Respective advantages and disadvantages 
have extensively been discussed, particularly 
which of the two approaches enables anatomical 
reattachment to restore normal forearm supina-
tion, strength, and endurance.

The main tendon fixation techniques are:

• Transosseous suture.
• Suture anchor.
• Intraosseous screw.
• Suspensory cortical button [74–76].
• Tension-slide technique with a bicortical 

endobutton and a tenodesis screw.

17.2.8.3  Chronic Complete Rupture
It often results from missed diagnosis or assess-
ment that conservative treatment is the first best 
option after injury.

Chronic tears pose additional problems com-
pared to acute ruptures, since tissue retraction, 
atrophy of the muscle-tendon unit, and loss of 
elasticity hamper or prevent direct tendon reat-
tachment to the RT.

Retraction prevents tendon to bone reattach-
ment with acceptable flexion, which may involve 
reduced postoperative elbow extension. 
Retraction largely depends on whether the bicipi-
tal aponeurosis is torn or intact.

Surgical treatment is indicated in case of per-
sistent weakness and dysfunction in activities 
involving repetitive elbow movements, particu-
larly in patients with high functional demand in 
forearm supination and in those where persistent 
weakness interferes with daily living activities.

The traditional treatment, reattachment to the 
brachialis, has been described as a salvage option 
[77, 78], but it does not restore supination 
strength and it appears to provide limited 
improvement in flexion strength compared to 
anatomical repair [77, 78].

An option to manage chronic complete rup-
ture of the distal biceps tendon with retraction 
and intact bicipital aponeurosis involves tendon 
mobilization and reinsertion into the RT.

Some chronic ruptures are amenable to pri-
mary reattachment, which can be performed 
through a single anterior incision or by means of 
the two-incision technique. However, while these 
measures may achieve some effect, tendon 
 mobilization for anatomical repair is usually not 
feasible long after rupture (e.g., 2 months), and 
augmentation procedure is required.

When the biceps stump cannot be reapproxi-
mated to the RT, which requires flexing the elbow 
to >45°, augmentation procedure with a tendon 
autograft or allograft is recommended. Various 
types of grafts have been described:

• Fascia lata [78, 79],
• Semitendinosus tendon [80, 81],
• Flexor carpi radialis (FCR) tendon [82],
• Achilles tendon allograft [71, 72, 83–85].

When tendon augmentation is required, the 
authors prefer an Achilles tendon allograft with 
or without a fleck of calcaneal bone. Achilles ten-
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a

c d

b

e f

Figs. 17.14 (a-f) Two-incision surgical technique 
(Morrey’s technique): skin incisions (a), distal biceps ten-
don prepared with double nonabsorbable sutures (b, c), 

exposure of the radial tuberosity thought the lateral skin 
incision and muscle split (d), radial tuberosity preparation 
(e), the distal biceps tendon is inserted into the tuberosity (f)
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don has a large surface area for attachment to the 
native biceps muscle and tendon, and its length 
allows secure suturing to the biceps muscle and 
the RT. (Fig. 17.15).
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18.1  Anatomy

18.1.1  Bony Anatomy

The acetabulum is composed of the triradiate car-
tilage and the acetabular cartilage complex 
formed by the fusion of the ilium, ischium, and 
pubis [1]. The triradiate cartilage will form the 
non-articular medial wall, and the acetabular car-
tilage complex, composed mainly of hyaline car-
tilage, will form the articular portion of the 
acetabulum [1]. Physeal growth occurs through 
the triradiate cartilage with appropriate height 
and depth of the socket developing in response to 
the presence of the femoral head [2]. Acetabular 
maturation continues until the fusion of the trira-
diate cartilage, usually from 16 to 18 years of age 
[2]. The normal acetabulum is anteverted 15–20° 
with a mean depth and diameter of 29.49 ± 4.2 
millimeters (mm) and 54.29 ± 3.8 mm, respec-
tively [3]. A deep acetabulum (profunda or pro-
trusio) may result in pincer type impingement, 
while failure of the secondary ossification centers 
to develop will result in a shallow socket known 
as hip dysplasia [2, 4, 5].

The femoral head develops simultaneously 
with the acetabulum with growth occurring 
through the longitudinal (between the femoral 

head and the neck), trochanteric (between the 
femoral neck and the greater trochanter), and 
femoral neck isthmus physes [1, 2]. The neck 
shaft angle is the angle measured between the 
axis of the femoral neck and the femoral shaft. 
The angle is highest at birth, but decreases to an 
average adult value of 125 ± 5° [1, 6]. Femoral 
neck version is the angle between the femoral 
neck and the axis that crosses the distal femur 
epicondyles with the normal amount of adult 
anteversion ranging from 12 to 14° for a mean of 
15.4° [1, 3, 7, 8]. The mechanical advantage of 
the gluteus maximus muscle increases while the 
hip abductor mechanical advantage decreases 
with increasing proximal femur anteversion [9].

The femoral head-neck junction is normally 
shaped with the femoral neck narrower than its 
head. The head-neck junction morphology can be 
quantified by the anterior offset or the alpha angle 
[10–13]. The offset is measured as the ratio 
between the femoral head and neck radii, or as an 
absolute distance, which is normally about 
10 mm [11, 14]. The alpha angle is a method to 
quantify the concavity at femoral head-neck 
junction with normal alpha angle values less than 
50 or 55°. The two bony prominences on the 
superior-lateral and posterior-medial aspects of 
the proximal femur are named the greater and 
lesser trochanters, respectively, and serve as the 
insertion sites for a variety of muscles that con-
tribute to hip motion.K. R. Sochacki · M. R. Safran (*) 

Stanford University, Redwood City, CA, USA
e-mail: msafran@stanford.edu

18

https://doi.org/10.1007/978-3-030-81549-3_18#DOI
mailto:msafran@stanford.edu


232

18.1.2  The Hip Joint Capsule

The hip joint is surrounded by a thick fibrous 
capsule that extends from the acetabular rim to 
the proximal femur attaching anteriorly to the 
intertrochanteric line, superiorly to the base of 
the femoral neck, superomedially to the intertro-
chanteric crest, and inferiorly to the femoral neck 
near the lesser trochanter [15, 16]. Three rein-
forcing ligaments are confluent with the hip cap-
sule that help to provide hip stability. These 
include the iliofemoral ligament (Y ligament of 
Bigelow), pubofemoral ligament, and ischiofe-
moral ligament (Fig. 18.1). The ligaments serve 
as the primary hip rotational restraints depending 
on the position and rotation of the hip during spe-
cific motions [17, 18]. The iliofemoral ligament 
originates from the anterior inferior iliac spine 
(AIIS) and splits distally into two distinct arms 
with the lateral arm inserting on the anterior 
prominence of the greater trochanteric crest and 
the medial arm inserting on a subtle angulated 
prominence of the anterior-inferior femur at the 
level of the lesser trochanter. This acts to restrict 
external rotation in all hip positions and both 
internal and external rotation with the hip in 
extension. The medial arm was most dominant in 
hip neutral flexion or extension while the lateral 
arm dominated in all other hip positions [17, 19, 
20]. The pubofemoral ligament attaches to the 
superior pubic ramus proximally and then blends 
with the ischiofemoral and iliofemoral ligaments 
distally as it lacks a true bony femoral attachment 
[15]. It was previously believed to control exter-
nal rotation in extension; however, a recent study 
by Martin et al. demonstrated the key function of 
the pubofemoral ligament as limiting internal 
rotation with increasing hip flexion [20, 21]. The 
ischiofemoral ligament extends from the ischium 
to the femoral neck-trochanteric junction acting 
as a primary restrictor of internal rotation in both 
high and low hip flexion [17, 20]. The iliofemoral 
ligament is the strongest of these ligaments while 
the posterior ischiofemoral ligament is the thin-
nest and weakest [22]. Several studies have dem-
onstrated the important role of the hip capsule in 
providing stability to the joint synergistically 
with other static soft tissue stabilizers such as the 

acetabular labrum and transverse acetabular liga-
ment throughout physiologic and supra- 
physiologic range of motion [23–26].

18.1.3  Intra-Articular Structures

The acetabular labrum is a horseshoe shaped 
structure attached to the acetabular rim that lies 
just deep to the hip capsule. The capsular side of 
the labrum is composed of mainly type I and III 
collagen, while the articular side is composed of 
fibrocartilage [27]. The labrum functions to 
deepen the acetabulum with labral size inversely 
proportional to the depth of the bony acetabular 
socket. It also acts to increase hip stability by 
increasing the acetabular surface area and vol-
ume while creating a suction seal that opposes 
the flow of synovial fluid in and out of the central 
compartment [28, 29]. Weight bearing activities 
with a functioning labral seal leads to an increase 
in intra-articular pressure that reduces intra- 
articular friction by improving joint lubrication 
[30, 31]. Additionally, Safran et al. demonstrated 
that the labrum has strain at rest, which can 
increase and decrease in different locations of the 
labrum depending on hip position [32].

The ligamentum teres is composed of well- 
organized collagen bundles that attaches the fem-
oral head to the acetabulum. The biomechanical 
role of the ligamentum teres has been a widely 
debated topic with proposed functions including 
hip stabilizer, fluid and force distributor of the 
acetabulum, and embryonic remnant without a 
specific function in adults [33–36]. However, 
recent studies have shown the ligamentum teres 
to be taut in flexion, adduction, and external rota-
tion, leading some authors to believe that it does 
provide some degree of hip stability, resisting 
dislocation, and micro-instability [33, 37–39].

Hip articular cartilage has been shown to be 
highly inhomogeneous in thickness distribution 
on both the acetabular and femoral sides. A study 
by Von Eisenhart et al. demonstrated that maxi-
mum cartilage thickness was found ventro- 
superiorly in the acetabulum and in the femoral 
head with a maximal thickness that ranged from 
2.6 to 4.3 mm in the acetabulum and from 2.4 to 
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Fig. 18.1 Ligamentous relationships of the hip capsule. 
Computer model (a) demonstrating the relationship of the 
distal lateral iliofemoral ligament (ILFL) and the distal 
ischiofemoral ligament (ISFL), viewed from a superior 
position looking down the femoral shaft. Computer model 
showing (b) the posterior blend of the pubofemoral liga-
ment (PFL) and ISFL, and (c) the anterior blend of the 
PFL and ILFL. Fig. (d) demonstrates the relationships of 
all three ligaments as viewed from an inferior position 

looking upwards at the inferior aspect of the femoral head. 
Figure used with permission from the senior author. 
(ASIS, anterior superior ischial spine; AIIS, anterior infe-
rior ischial spine; IR, ischial ramus). Reprinted from 
DeLee Drez and Miller’s Orthopaedic Sports Medicine, 
Fifth Edition, Mark D.  Miller, MD and Stephen 
R.  Thompson, MD, MEd, FRCSC, Hip Anatomy and 
Biomechanics, 907–924, 2020, with permission from 
Elsevier
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5.3 mm in the femoral head [40]. This location of 
maximum thickness corresponded with location 
of maximum pressure recorded during the walk-
ing cycle.

18.1.4  Muscles around the Hip Joint

There are more than 20 muscles that cross the hip 
joint and contribute to hip motion (Table 18.1). 
These muscles can be grouped according to their 

main function and innervation. The hip abductors 
and internal rotators (gluteus medius, gluteus 
minimus, and tensor fascia lata) are innervated by 
the superior gluteal nerve [6]. The iliopsoas, rec-
tus femoris, sartorius, and pectineus are respon-
sible for hip flexion and are innervated by the 
femoral nerve [6]. Adduction of the hip occurs 
through action of the adductor magnus, adductor 
longus, adductor brevis, and gracilis through 
innervation by the obturator nerve. The gluteus 
maximus and hamstrings (biceps femoris, semi-

Table 18.1 Muscles around the hip joint sorted by function

Hip abductors and internal rotators
Muscle Origin Insertion Innervation Spinal 

Level
Additional 
Function

Notes

Gluteus Medius Ilium (between 
posterior-anterior 
gluteal lines)

Greater trochanter Superior 
gluteal

L4-S1

Gluteus Minimus Ilium (between 
Anterior/Inferior 
Gluteal Lines)

Greater trochanter Superior 
gluteal

L4-S1

Tensor fasciae 
Latae

Anterior iliac 
crest

Iliotibial band 
(Gerdy’s tubercle)

Superior 
gluteal

L4-S1

Hip flexors
Muscle Origin Insertion Innervation Spinal 

level
Additional 
function

Notes

Iliopsoas Iliac Fossa 
(iliacus)
Transverse 
process L1-L5 
(psoas)

Lesser trochanter Femoral L2–4 External 
rotation

Strongest hip 
flexor

Pectineus Pectineal line of 
pubis bone

Pectineal line of 
femur

Femoral L2–4 Adduction

Rectus Femoris AIIS (straight 
head)
Anterior 
acetabular rim 
(reflected head)

Patella Femoral L2–4 Biarthrodial 
muscle

Sartorius ASIS Proximal medial 
tibia

Femoral L2–4 External 
rotation

Biarthrodial 
muscle

Hip external rotators
Muscle Origin Insertion Innervation Spinal 

level
Additional 
function

Notes

Gluteus Maximus Ilium along crest 
posterior to 
posterior gluteal 
line

Iliotibial band/
posterior femur

Inferior gluteal L5-S2 Extension

Piriformis Anterior sacrum, 
through sciatic 
notch

Proximal greater 
trochanter 
(piriformis Fossa)

Piriformis S1-S2
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Table 18.1 (continued)

Obturator externus Ischiopubic rami 
and external 
surface of the 
obturator 
membrane

Medial greater 
trochanter

Obturator 
(posterior 
branch)

L2–4 Adduction

Obturator internus Ischiopubic rami/
obturator 
membrane

Medial greater 
trochanter

Obturator 
internus

L5-S2

Superior Gemellus Ischial spine Medial greater 
trochanter

Obturator 
internus

L5-S2

Inferior Gemellus Ischial tuberosity Medial greater 
trochanter

Quadratus 
Femoris

L4-S1

Quadratus Femoris Ischial tuberosity Quadrate line of 
femur

Quadratus 
Femoris

L4-S1

Hip extensors
Muscle Origin Insertion Innervation Spinal 

level
Additional 
function

Notes

Gluteus Maximus Ilium along crest 
posterior to 
posterior gluteal 
line

IT band/posterior 
femur

Inferior gluteal L5-S2 External 
rotation

Long head of 
biceps Femoris

Medial ischial 
tuberosity

Fibular head/lateral 
tibia

Tibial L5-S2 Biarthrodial 
muscle, also 
flex the knee

Semitendinosus Distal medial 
ischial tuberosity

Anterior Tibial 
Crest

Tibial L5-S2 Biarthrodial 
muscle, also 
flex the knee

Semimembranosus Proximal lateral 
ischial tuberosity

Posterior/medial 
tibia, posterior 
capsule, medial 
meniscus, 
popliteus, popliteal 
ligament

Tibial L5-S2 Biarthrodial 
muscle, also 
flex the knee

Hip adductors
Muscle Origin Insertion Nerve supply Spinal 

level
Additional 
function

Notes

Adductor Magnus Inferior pubic 
ramus/ischial 
tuberosity

Linea Aspera/
adductor tubercle

Obturator 
(posterior 
branch) sciatic 
(Tibial)

L2–4 Flexion
External 
rotation
Extension

Adductor brevis Inferior pubic 
ramus

Linea Aspera/
pectineal line

Obturator 
(posterior 
branch)

L2–4 Flexion
External 
rotation

Adductor longus Anterior pubic 
ramus

Linea Aspera Obturator 
(anterior 
branch)

L2–4 Flexion
Internal 
rotation

Gracilis Inferior 
symphysis/pubic 
arch

Proximal medial 
tibia

Obturator 
(anterior 
branch)

L2–4 Flexion
Internal 
rotation

Biarthrodial 
muscle, also 
flex the knee
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membranosus, and semitendinosus) function as 
the hip extensors with innervation by the inferior 
gluteal nerve and tibial branch of the sciatic 
nerve, respectively [6].

18.2  Hip Motion

Although the femoral head moves relative to the 
acetabulum, the hip functions as a ball-in-socket 
joint [41, 42]. The acetabulum acts as the socket 
with the femoral head serving as the ball. As 
such, it has six degrees of freedom with three 
planes of motion (flexion-extension, abduction- 
adduction, and internal-external rotation) and 
three of translation (anterior-posterior, medial- 
lateral, and proximal-distal).

Hip range of motion is generally greatest in 
the sagittal plane. However, this may be affected 
by the bony morphology and/or laxity of liga-
ments and muscles around the hip. Knee position 
can also have a significant impact on hip motion 
as several muscles are biarthrodial, crossing both 
the hip and knee joints. As such, hip flexion 
ranges from 120° to 140° with the knee flexed 
and 90° with the knee fully extended due to 
increased tension across the hamstring muscles 
[9, 43]. Normal hip extension ranges from 10° to 
30°, but is limited by the iliofemoral ligament, 
anterior capsule, and hip flexors [9, 43]. Normal 
hip abduction and adduction is at least 50° and 
30°, respectively. Internal and external rotation of 
the hip is dependent upon the degree of hip 
motion in the sagittal plane (flexion or extension) 
with considerably less internal and external rota-
tion possible with the hip extended due to 
increased soft tissue tension. Internal rotation is 
limited by the short external rotator muscles 
(obturator internus and externus, superior and 
inferior gemelli, quadratus femoris, and pirifor-
mis) and the ischiofemoral ligament [44]. 
External rotation is limited by the lateral band of 
the iliofemoral ligament, the pubofemoral liga-
ment, the internal rotator muscles, and the degree 
of femoral neck anteversion [45]. During hip 
flexion, hip internal rotation ranges from 0° to 
70° and external rotation can range from 0° to 
90° [46].

Abnormalities of the proximal femur or ace-
tabular morphology in conditions such as femo-
roacetabular impingement can also lead to 
reductions in hip range of motion. It is often 
limited because of abnormal bony contact 
between the proximal femur and acetabulum at 
the extremes [47]. However, surgical correction 
of these bony abnormalities has been shown to 
reduce this impingement and lead to improved 
hip range of motion similar to normal values 
[48, 49].

It is important to note that hip motions are the 
result of combined hip joint, pelvic, and lumbar 
spine motion with increased contribution from 
the pelvis and lumbar spine when there is bony 
impingement at the hip [50]. A previous study by 
Dewberry et al. determined that 26–39% of hip 
flexion comes from lumbopelvic rotation depend-
ing on whether the knees were flexed or extended, 
respectively [43]. Pelvic rotation has also been 
found to contribute 18% of hip flexion during 
weight-bearing [51]. Additionally, lumbar spine 
motion significantly contributes to hip flexion 
with the majority of the contribution occurring 
early in the forward bending process [52]. This 
intimate connection between the hip, pelvis, and 
spine may lead to “hip-spine syndrome” as stress 
can be transferred from the hip to the spine and 
vice versa when there is abnormal sagittal bal-
ance, bony morphology, or irregular gait [53].

18.3  Gait Cycle

The human bipedal gait cycle consists of the 
stance and swing phases as measured from heel 
strike to heel strike. The stance phase is defined 
by the period of time that the foot is on the 
ground. During walking, the stance phase 
accounts for about 60% of the gait cycle with 
both feet on the ground (double-support) occur-
ring for approximately 20% of the time [54]. This 
double-support phase defines walking. It is elimi-
nated with running and replaced by the addition 
of the float phase, in which both legs are in the air 
at the same time [54–56]. As the velocity of run-
ning increases, the stance phase shortens to less 
than 22% of the cycle at maximum velocity [54].
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Hip motion during gait is dependent upon the 
different phases of the gait cycle with the main 
motion of the hip occurring in the sagittal plane 
(flexion and extension). The extent to which the hip 
flexes and extends is dependent upon the rate of 
ambulation as it increases from walking to jogging 
to running. The hip is extended, adducted, and inter-
nally rotated in the stance phase while it is flexed, 
abducted, and externally rotated in the swing phase 
of the gait cycle [44, 45, 56]. During normal walk-
ing, the hip flexes to about 30° and extends to 
around 10° [44, 45]. Hip flexion increases with run-
ning and sprinting to approximately 50° and 65°, 
respectively [54]. Extension of the hip has also been 
found to increase with running but paradoxically 
decreases with sprinting [54, 57].

The amount of hip abduction and adduction 
also differs between walking, jogging, and run-
ning with maximum values of both occurring 
with running. Hip adduction is 5–10° while walk-
ing and increases to 15–20° during running just 
before heel strike [44, 45]. Maximum abduction, 
on the other hand, occurs after toe-off during the 
swing phase of running.

The muscles around the hip joint work in con-
junction with each other during the gait cycle. 
Hip flexors are most active during the swing 
phase, while extensors increase activity during 
the stance phase. In terminal swing, however, the 
gluteus maximus and the hamstrings also func-
tion to decelerate the swinging thigh [54, 58]. 
Hip adductor muscles are active throughout all 
phases while running, but only activate from the 
swing phase to mid-stance when walking [56]. 
The gluteus medius and tensor fascia lata also 
help to stabilize the pelvis in normal gait. During 
running, they are active in the swing and early 
stance phases. However, while walking, they are 
mainly active during the stance phase only [58].

18.4  Forces around the hip

The human hip is biomechanically complicated 
with several forces contributing to the joint reac-
tion forces across the hip. Direct measurement 
can be difficult. As such, free body diagrams 
have been developed to estimate these forces 

based on several assumptions regarding the soft 
tissue structures around the hip and their individ-
ual contributions (Fig. 18.2) [44]. The most com-
monly used free body diagram makes estimates 
using single limb stance [46, 59, 60]. Under static 
conditions, the gravitational force, force from the 
abductor muscles (A), and force exerted by the 
femoral head on the acetabulum (F, joint reaction 
force) act on the hip to keep the hip level [60]. 
The gravitational force is the weight of the body 
(W) minus the weight of the contralateral lower 
limb (1/6 W) or 5/6 W. It is possible to determine 
the joint reaction force (F) after the force from 
the abductor muscles (A) is calculated. This can 
be calculated with knowledge of a person’s 
weight, moment arm of the gravitational force 
(d), and moment arm of the abductor muscles (l) 
using the following equation [46]:
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Fig. 18.2 Forces acting on the hip joint during single leg 
stance under conditions of equilibrium. Gravitational 
force W, abductor muscle force A, hip joint reaction force 
F, abductor muscle moment arm l, and force of gravity 
moment arm d. Reprinted from DeLee Drez and Miller’s 
Orthopaedic Sports Medicine, Fifth Edition, Mark 
D.  Miller, MD and Stephen R.  Thompson, MD, MEd, 
FRCSC, Hip Anatomy and Biomechanics, 907–924, 
2020, with permission from Elsevier
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At equilibrium, according to Newton’s first 
law of motion, the joint reaction force (F) is equal 
to the sum of the gravitational force and force 
from the abductors. As such, F is calculated to be 
2.7 times the body weight during the single leg 
stance phase of walking with the pelvis parallel 
to the floor [46].

These principles can also be applied to esti-
mate the forces exhibited on a hip joint in motion, 
which may be more applicable and of greater 
interest in the treatment of athletes. Previous 
studies using kinetic and kinematic data have 
estimated that the hip is loaded up to 4 times 
body weight while slow walking [61]. The forces 
seen by the hip increase as the speed of gait 
increases with forces 7–8 times body weight 
transmitted to the hip during running [61]. 
Unfortunately, these estimates are based on 
straight line motion. As such, sports with cutting, 
pivoting, and twisting motions would be expected 
to have even higher forces across the hip. This 
has been demonstrated in mogul skiers with as 
much as 12.4 times body weight seen by the hip 
joint [62].

Direct measurements of these activities can be 
difficult in athletes due to the requirement for 
surgical implantation of a force transducer. In 
order to account for this, Bergmann et  al. was 
able to determine the forces acting on the hip dur-
ing several activities after total hip arthroplasty 
by implanting pressure transducers at the time of 
surgery [63]. The results of the study confirmed 
previous estimates with increasing hip joint 
forces as gait speed increases. The forces trans-
mitted to the hip were 300% body weight during 
slow walking, 350% to 400% with quick walk-
ing, and up to 500% during jogging [63]. This 
in vivo measurement has the advantage of includ-
ing all the forces acting on the hip during activi-
ties, but is likely dependent upon hip implant 
position to a certain degree [64].

18.5  Hip Joint Surface Pressure

Focal increases in hip articular cartilage pressure 
has been thought to contribute to the develop-
ment of hip osteoarthritis. As such, understand-

ing of this mechanism and the pathology that 
contributes is paramount for the sports medicine 
surgeon and hip preservation specialist. Joint 
pressure (P) can be estimated based on the joint 
reaction force (F) and surface area (A) over 
which this force is distributed using the following 
equation [60]:

 P F A= / .  

Based on the above calculations, the average 
pressure seen by the hip joint is 75 N/cm2 assum-
ing a body mass of 60 kilograms, femoral head 
diameter of 5 centimeters (cm), and joint reaction 
force of 1500 Newtons (N) [60, 65].

However, the pressure distribution across the 
hip articular cartilage is not uniform due to the 
bearing surface lacking perfect sphericity. In a 
native hip, the femoral head is slightly out-of- 
round and the acetabulum is a horseshoe shaped, 
nonuniform hemisphere. This leads to low pres-
sures at the most constrained aspects of the hip 
and increasing pressures on the articular cartilage 
near the uncovered rim of the acetabulum [60]. 
This principle has been further reinforced by 
Greenwald and Brinckmann. Decreased acetabu-
lar coverage, as in hip dysplasia, leads to signifi-
cantly greater and more laterally (along the 
acetabular rim) based pressure on the articular 
cartilage compared to normal hips [60, 66].

In addition to the acetabular bony morphol-
ogy, cartilage and soft tissue structural integrity 
have been shown to contribute to hip joint pres-
sure. Day et al. have shown up to 5 times normal 
pressure in areas with thin fibrocartilage, located 
mainly at the top of the acetabulum [67]. Another 
study by Song et al. measured the resistance to 
rotation, which reflects articular cartilage fric-
tion, in an intact hip and after focal and complete 
labrectomy. Resistance to rotation, and likely 
resultant joint pressure, was significantly 
increased by up to 20% following focal and com-
plete labrectomy indicating the importance of the 
labrum in maintaining joint homeostasis and nor-
mal hip joint biomechanics [30].

Hip position can also affect hip pressure dis-
tribution by decreasing the surface area between 
the femoral head and acetabulum [68]. Deep hip 
flexion, as seen in sitting with subsequent rising 
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from a chair as well as stair climbing produces 
the highest joint pressure predominantly in the 
posterior acetabulum [68, 69]. This is in contrast 
to normal walking where the hip joint pressure is 
the lowest of all full weight bearing activities and 
is maximally focused on the superior aspect of 
the acetabulum [69].

18.6  Summary

Several studies of basic hip joint anatomy and 
biomechanics have been published over the 
years. These mostly involve straight line motion, 
and therefore likely underestimate the complex 
movements and resultant interactions between 
the bony anatomy, capsule, labrum, ligaments, 
and muscles of this joint in high level athletes. As 
such, future research and biomechanical studies 
should focus on abnormalities of these structures 
and how injury may affect changes to the biome-
chanics of the athletic hip.
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Biomechanics of 
Femoroacetabular Impingement

Seper Ekhtiari, Luc Rubinger, Aaron Gazendam, 
and Olufemi R. Ayeni

19.1  Overview of FAI

Femoroacetabular impingement (FAI) is a condi-
tion of the hip with a complex presentation of irreg-
ular anatomic morphology, symptomatology, and 
clinical signs [1]. FAI has typically been defined as 
an “abutment” between the femoral head-neck 
junction and the acetabular rim secondary to these 
morphologic irregularities [2]. This repetitive abut-
ment occurs mainly during activities involving 
range of motion including flexion and internal rota-
tion, which can lead to secondary pathologies such 
as lesions of the acetabular labrum and the adjacent 
cartilage [2]. Two types of FAI have been classi-
cally described: a cam type (lesion of the proximal 
femur) and a pincer type (lesion of the acetabular 
rim). Most cases of FAI are now recognized as 
mixed cam- pincer impingement [3].

There is a wide and variable clinical presenta-
tion of patients with FAI. However, most patients 
will present with deep, intermittent, activity or 
rotationally related hip or groin pain. The onset 
of the pain is usually insidious, but in the context 

of secondary pathologies such as labral tears, 
some patients may report a specific injury or an 
acute precipitating event [4]. There are a multi-
tude of physical exam maneuvers that have been 
documented for the screening and diagnosis of 
FAI.  While an in-depth description of these 
maneuvers is beyond the scope of this chapter, 
the principles are to move the affected hip into a 
position of possible impingement (whether it be 
anterior, lateral, or posterior) to reproduce pain.

Imaging studies are an important component 
in the workup for suspected FAI. A standard plain 
radiographic series for the preliminary evaluation 
of a patient with potential FAI would include a 
well-centered anteroposterior (AP) view to assess 
both hips, a 90° Dunn lateral, and a false-profile 
view. These radiographic views permit an initial 
assessment of the cam and/or pincer lesions asso-
ciated with impingement, while also evaluating 
for potential secondary pathologies. Anterior ace-
tabular overcoverage, or anterior pincer type 
impingement, is evaluated by the presence of the 
crossover sign, posterior wall sign, and the promi-
nent ischial spine sign. Lateral overcoverage can 
be assessed with the lateral center-edge angle 
(LCEA), with values greater than 40° indicative 
of lateral pincer type morphology (Fig.  19.1). 
Alpha angles can be calculated on the Dunn views 
to assess for cam type morphology (Fig.  19.2). 
Cam type FAI can be diagnosed with an alpha 
angle greater than 55° and reduced femoral head 
and neck offset [5]. Magnetic resonance imaging 
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(MRI) is useful in the assessment of pincer and 
cam type morphologies, as well as the aforemen-
tioned secondary pathologies, and compensatory 
soft tissue injuries. MRI is also useful in alpha 
angle measurement and quantification of the cam 
type deformity (Fig. 19.2).

19.2  Biomechanics of Cam Type 
Impingement

19.2.1  Development of Cam Type 
Morphology

A cam is a rotating part in a machine that trans-
lates rotational movement into linear motion 
through an eccentrically shaped sphere, or cylin-
der. Thus, cam type morphology of the femoral 
head-neck junction is characterized by an aspher-
ical femoral head moving inside the spherical 
acetabulum causing impingement and levering 
against the acetabular rim, thereby impacting on 
the acetabular labrum, and subsequently damag-
ing the underlying articular cartilage (Fig. 19.3) 
[6, 7]. The cam type morphological change can 
be conceptualized as a bony prominence typi-
cally at the femoral head-neck junction or alter-
natively as a reduced offset between the femoral 
head and neck [7, 8]. Some also use the term 
“pistol grip deformity” to describe the cam type 
morphology, because of the appearance of the 
proximal femur on an AP radiograph (Fig. 19.4).

There are several hypothesized etiologies of 
the cam type morphology in the literature. The 

Fig. 19.1 AP radiograph is shown for a patient with 
mixed type FAI and increased lateral overcoverage of the 
acetabulum. The LCEA is measured with the vertex of the 
angle at the center of the femoral head, the vertical limb 
perpendicular to the horizontal and the second limb tan-
gent to the lateral-most aspect of the acetabular rim

a b

Fig. 19.2 (a) Dunn lateral radiograph is shown for the 
same patient with mixed type FAI with the alpha angle 
drawn. A circle is outlined over the femoral head, using 
the posterior aspect of the head as the reference to place 
the circle. The angle is drawn with the vertex at the center 

of the circle and one line down the center of femoral neck. 
The other line bisects the femoral head-neck junction as it 
exits the contour of the circle. (b) Measurement of alpha 
angle on T2 mid-axial MRI view of the same patient
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development of the cam lesion may be due to 
eccentric premature closure of the capital femo-
ral physis, ultimately resulting in an aspherical 
femoral head [9]. A cohort study of pediatric 
patients, followed with MRI both before and 
after capital physeal closure, showed that the cam 

type morphology was present exclusively in the 
scans completed after the physis had closed [10]. 
This finding implied that the cam lesion devel-
oped during physeal closure, and it was also 
hypothesized that increased physical activity dur-
ing this period was associated with cam lesion 
development [10–12].

A variant of cam type morphology is also a 
long-term sequela of a slipped capital femoral 
epiphysis, Legg–Calvé–Perthes disease, and 
epiphyseal dysplasias, and can be secondary to 
malunited femoral neck fractures [13–16].

19.2.2  Altered Biomechanics: Cam 
Type Morphology

There is a wide range of incidence of cam type 
morphology reported in the athletic population 
(60–90%); however, not all those affected 
develop, or will develop symptoms [11, 17–19]. 
Elevated alpha angles, low femoral neck-shaft 
angles, and increased pelvic range of motion 
have all been associated with symptom develop-
ment [20]. FAI is a condition inherently linked to 
movement, and end range of motion, thus biome-
chanical impairments associated with the cam 
type morphology are likely to play some role in 
symptom development and persistence.

Pincer

Cam

Fig. 19.3 The bony deformity at the head-neck junction 
present in the cam type morphology enters the acetabulum 
in hip flexion and can cause cartilage degeneration over 
time. The acetabular overcoverage present in the pincer 
type morphology leads to an impaction type injury and 
can lead to labral pathologies. Reprinted with permission 
from Smith and Nephew Commons:Free Art License 1.3 -  
Wikimedia Commons

a b

Fig. 19.4 AP radiographs of the left hip, showing normal morphology (a) and a cam type morphology or “pistol grip 
deformity” (b)
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In the context of a squat movement, Bagwell 
et al. compared a control group to patients with 
isolated unilateral symptomatic cam type mor-
phology. They demonstrated decreased peak hip 
internal rotation and decreased mean hip exten-
sor moments [21]. In addition, the cam type FAI 
group demonstrated decreased posterior pelvis 
tilt during squat descent compared to the control 
group, resulting in a more anteriorly tilted pelvis 
at the time of peak hip flexion. Lamontagne et al. 
compared patients diagnosed with cam type FAI 
and matched control participants when perform-
ing unloaded squats while collecting 3-D motion 
analysis [22]. Patients with FAI had no differ-
ences in hip motion during squatting but had 
decreased sagittal pelvic range of motion com-
pared to the control group. Further, the FAI group 
also could not squat as low, as a percentage of leg 
length, compared to the control group.

With regard to gait mechanics, Kennedy et al. 
used 3D kinematics, and 3D kinetics during gait 
to compare a control group to those with isolated 
unilateral symptomatic cam type morphology 
group. The cam type group had significantly 
lower peak hip abduction, frontal range of 
motion, and a lower sagittal ROM [23]. 
Rutherford et al. compared symptomatic isolated 
unilateral cam type morphology patients to a 
control group, but also compared affected and 
unaffected limbs [24]. No differences in muscle 
strength were found between the symptomatic 
and contralateral legs in the FAI group. However, 
there were greater amplitudes of gluteus maxi-
mus activation in the FAI symptomatic leg com-
pared with the asymptomatic group.

19.2.3  Biomechanics After Surgical 
Correction: Cam Type 
Morphology

The current standard of care for addressing symp-
tomatic cam type impingement is hip arthroscopy 
with bony resection of the cam lesion. 
Postoperatively, in a study by Lamontagne et al., 
patients squatted to a greater mean maximal 
depth with greater knee flexion and ankle dorsi-
flexion angles maximal depth compared to pre- 

operative values [25]. The squat performance 
improved postoperatively, was postulated to be 
secondary to the combined effects of increased 
knee and ankle angles as well as a greater acetab-
ular opening and thus reduced anterior femoral 
head coverage, allowing increased posterior pel-
vic pitch during the descent phase of the squat. 
Rylander et  al. [26] compared hip and pelvic 
kinematics in cam type FAI patients pre- 
operatively to postoperative values and controls. 
Postoperatively, gait kinematics returned to nor-
mal values. However, improved but below- 
normal hip internal rotation and hip sagittal plane 
range of motion remained. These studies point to 
the benefit of quality operative management in 
improving hip and lower extremity biomechanics 
associated with cam type morphology; however, 
the lack of complete normalization of functional 
movements leaves much more to be elucidated 
through larger and more detailed biomechanical 
studies.

19.3  Biomechanics of Pincer Type 
Impingement

19.3.1  Development of Pincer Type 
Morphology

The term “pincer” evokes the imagery of a lob-
ster or crab’s claw, which is reminiscent of how 
pincer type impingement usually appears on an 
AP radiograph. Three-dimensionally, however, 
this morphology is considerably more complex. 
Pincer type impingement refers to acetabular 
overcoverage of the femoral head (Fig.  19.3) 
[27]. This overcoverage leads to repetitive con-
tact between the acetabulum and the femoral 
neck, which can lead to a number of pathologies, 
including most commonly damage to the acetab-
ular chondrolabral junction (Fig. 19.3), usually at 
the anterosuperior portion of the acetabulum 
where the overcoverage is most pronounced [28].

Given that pincer type impingement is rooted 
in a pathological interaction between the proxi-
mal femur and the acetabulum, there are myriad 
combinations in femoral and acetabular morphol-
ogy which can lead to this type of FAI. Genetic 
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factors have been hypothesized as one potential 
etiology for the development of pincer type 
FAI.  Specifically, Sekimoto et  al. reported that 
HOX9 single nucleotide polymorphisms (SNPs) 
had a significant association with acetabular 
overcoverage in Japanese individuals [29]. 
Furthermore, familial associations between sib-
lings and parents of individuals with pincer type 
morphology have been demonstrated, though it is 
unclear whether this is an exclusively genetic 
relationship or associated with environmental 
factors such as types of athletic activity and life-
style [30]. Post-traumatic pincer type impinge-
ment can also occur from malunion or secondary 
changes following pelvic and/or femoral neck 
and shaft fractures. Overcorrection of hip dyspla-
sia, particularly anterolateral coverage and ace-
tabular retroversion can also result in iatrogenic 
pincer type FAI [31]. Ultimately, all of the above 
etiologies lead to some combination of acetabu-
lar malorientation and femoral neck/shaft tor-
sion, leading to relative overcoverage [28].

19.3.2  Altered Biomechanics: Pincer 
Type Morphology

There are three main considerations when con-
ceptualizing the biomechanics of pincer type 
impingement: depth, coverage, and orientation 
[32]. In various combinations, these three charac-
teristics can combine to lead to one of three “sub-
types” of pincer type impingement: focal anterior 
overcoverage, relative anterior overcoverage, and 
global overcoverage. Focal anterior overcoverage 
is primarily an issue of coverage, with mostly 
normal depth and orientation. Relative anterior 
overcoverage is a combination of altered cover-
age (excess anterior overcoverage and posterior 
undercoverage), orientation (acetabular retrover-
sion), sometimes with minor changes in depth 
(coxa profunda). Finally, global overcoverage, 
which is less common, is often primarily a depth 
issue, with profound coxa profunda or acetabular 
protrusio.

The acetabular overcoverage seen in pincer 
type morphology often leads to focal chondral 
damage, particularly at the chondrolabral junc-

tion of the anterosuperior acetabulum. 
Arthroscopically, this manifests as the “wave 
sign” [28]. Given that isolated pincer type mor-
phology is relatively rare, the majority of biome-
chanical FAI research has focused on cam type 
FAI or mixed FAI. Typical activities which cause 
symptoms in patients with pincer type impinge-
ment involve cutting, pivoting, and torsional 
activities, and pain is often intermittent and 
activity- related, likely related to episodic contact 
between the femoral neck and the acetabular rim. 
In contrast to cam impingement, there is typically 
minimal mechanical block to range of motion in 
pincer type FAI. Another biomechanical conse-
quence of pincer type impingement is subtle pos-
terior subluxation of the femoral head, leading to 
posterior acetabular chondromalacia [33].

Biomechanics After Surgical Correction: 
Pincer Type Morphology.

Given that pincer type FAI is a disease of 
repeated abutment of the acetabular rim on the 
femoral neck, any joint preserving surgical pro-
cedure must include techniques which prevent 
future recurrence. Given the complexity of pincer 
type pathology as described above, the corrective 
techniques must be carefully considered and 
aimed at the underlying pathomechanics. For 
example, if the primary issue is acetabular retro-
version (i.e., relative anterior overcoverage), it is 
unlikely that arthroscopic osteochondroplasty 
alone will achieve a stable and impingement-free 
hip.

When focal overcoverage is the primary issue, 
arthroscopic osteochondroplasty can be under-
taken. With adequate resection, the contact 
between the femoral neck and the acetabular rim 
is eliminated. Furthermore, osteochondroplasty 
reduces the loading surface of the acetabulum 
against the femoral head [28]. Thus, while under- 
resection is among the most common reasons for 
revision surgery [34], over-resection can lead to 
micro- or gross instability [28].

In cases requiring periacetabular osteotomy 
(PAO), the goal is ultimately to improve cover-
age of the femoral head by adjusting the center 
of hemipelvic rotation, while preserving the 
posterior column [35]. Following successful 
PAO, there is an increase in the size of the con-
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tact area between the femoral head and the ace-
tabulum (~30%), a decrease in peak contact 
pressures (~50% decrease), and an increase in 
center-edge angle (~120% increase) [36]. Given 
that range of motion limitations are often mini-
mal or absent in pure pincer type FAI, surgical 
correction does not usually result in a noticeable 
change in range of motion, except by removing 
pain as a limiting factor.

19.3.3  Associated Kinematics

The spinal column is inextricably linked with 
pelvic and hip anatomy and kinematics; thus, it is 
not surprising that there are associated findings 
with respect to pelvic and spinal alignment in 
patients with FAI. In a prospective study of 548 
participants, Mascarenhas et al. compared symp-
tomatic patients awaiting hip surgery with 
asymptomatic volunteers [37]. In addition to 
larger cam deformities and smaller acetabular 
coverage, they also reported that symptomatic 
patients had significantly larger pelvic incidence 
(the axis of spinopelvic sagittal balance) and 
sacral slope (an angle between a horizontal line 
and a line parallel to the superior sacral endplate 
on a sagittal view) [37]. Grammatopoulos et al. 
reported similar findings of increased pelvic inci-
dence in patients with cam type FAI [38]. As with 
any hip pathology, it is always important to assess 
and consider potential spinal causes as part of the 
diagnostic workup.

19.4  Consequences of Altered 
Biomechanics in FAI

19.4.1  Osteoarthritis

The relationship between FAI and development 
of osteoarthritis was hypothesized by Ganz et al. 
in 2003 [6]. Since, there has been a growing body 
of literature demonstrating a link between FAI, 
specifically cam deformities, and the develop-
ment of osteoarthritis [39]. Prospective cohort 
data has demonstrated a link between cam defor-
mities and the development of hip osteoarthritis 

(OA) [40–42]. The Cohort Hip and Cohort Knee 
(CHECK) study was a Dutch nationwide pro-
spective cohort study of 1002 individuals with 
early symptomatic osteoarthritis. Moderate and 
severe cam deformities, defined as an α angle 
>60° and >83°, resulted in an adjusted odds ratio 
(OR) of 3.67 and 9.66, respectively, for develop-
ment of end stage osteoarthritis.

The same relationship has not been found with 
pincer type deformities [43]. The CHECK cohort 
demonstrated no associated risk for development 
of osteoarthritis in patients with a pincer type 
deformity, defined as an LCEA >40°. These find-
ings have been corroborated by other prospective 
cohorts across other populations [41, 44].

The biomechanical abnormalities differ 
between cam and pincer type deformities. Cam 
impingement is thought of as an inclusion-type 
injury as the aspherical head found in cam defor-
mities enters and engages in the spherical acetab-
ulum (Fig.  19.3) [6, 13]. This occurs most 
commonly in hip flexion or with deep flexion and 
internal rotation given that cam deformities most 
commonly arise on the anterior and anterolateral 
junction of the femoral head and neck. The cam 
lesion pushes the acetabular cartilage centrally 
and creates a tensile load at the chondrolabral 
junction [45]. Repeated impingement can result 
in disruption at the chondrolabral junction, a 
chondral flap and progress to cartilage delamina-
tion and degeneration [45–47]. The literature has 
consistently demonstrated that acetabular dam-
age occurs consistently in the anterior and super-
olateral aspects of the rim [45, 48, 49].

Much of our understanding of the biomechan-
ical differences and abnormal stresses secondary 
to cam deformities come from finite element 
analyses [50–53]. A systematic review of finite 
element analyses demonstrated that a cam mor-
phology elevated the shear stress on the bone and 
elevated contact pressure at the acetabular carti-
lage [54].

What is still lacking in the literature is an 
understanding of how, why, and when this patient 
population transitions from cam FAI develop-
ment through to end stage osteoarthritis. A deeper 
understanding of this natural history would help 
guide timing and strategy of interventions.
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19.4.2  Labral Tears

Labral tears are a common associated finding in 
patients with FAI, in particular in patients with a 
pincer type morphology [55–57]. In patients with 
pincer type FAI, there is repetitive abutment of the 
normal femoral head-neck junction onto the 
abnormal acetabular rim. The labrum is crushed 
between the acetabular rim and the femoral neck 
and can lead to intrasubstance tearing and can 
progress to labral ossification and worsening of the 
acetabular overcoverage [58]. Similarly, patients 
with cam type impingement can develop a junc-
tional pattern chondrolabral injury, at the meeting 
point between the acetabular cartilage and labrum 
[59, 60]. Labral damage in the setting of the pincer 
type morphology occurs most commonly antero-
superiorly secondary to the linear impact occur-
ring between the acetabulum and femur. This 
anatomical zone is predisposed to shearing stresses 
and injury given its collagen fiber orientation [61].

There has been a growing interest in the role 
of the labrum on the biomechanical function of 
the hip joint. The intact labrum provides a seal 
around the joint, creating a pressurized layer of 
intra-articular fluid that distributes compressive 
loads [62–64]. The intact labrum also increases 
the total contact area of the hip joint resulting in 
lower cartilage contact pressure [65]. 
Chondrolabral tears have been shown to compro-
mise the sealing capacity of the labrum in cadav-
eric studies [66]. Microinstability is increasingly 
becoming a recognized pathology and cause of 
pain and dysfunction, even in patients without 
bony deficiency [67]. Given the stabilizing role 
the labrum plays on the hip joint, labral tears are 
suggested to be a contributor to hip instability 
[67, 68]. These findings have correlated to clini-
cal outcomes as labral repair or reconstruction 
have shown improved outcomes when compared 
to debridement or resection [69–74].

19.4.3  Chondral Injury

Chondral damage in pincer type FAI is less sig-
nificant and is limited to the peripheral acetabular 
rim. However, there is a subset of patients who 

develop a contrecoup pattern of cartilage loss on 
both the acetabulum and femoral head with con-
tinued impingement [16, 58, 75]. This is thought 
to result from flexion of the hip past the engage-
ment of the rim lesion which leads to levering of 
the femoral head on the posterior chondral sur-
face [16].

With respect to cam type FAI, Kumar et  al. 
[76] undertook a cumbersome study and com-
pared peak kinematic and kinetic variables during 
walking, deep-squat, and drop-landing tasks 
between patients with FAI, FAI, and MRI con-
firmed cartilage lesions, and control subjects. 
Subjects who had cartilage lesions in the presence 
of a cam lesion demonstrated greater adduction, 
greater internal rotation moment, and lower trans-
verse plane range of motion during the deep- squat 
task; and greater adduction and lower internal 
rotation during the drop-landing task compared 
with FAI subjects who did not have cartilage 
lesions. Ultimately, patients with FAI associated 
cartilaginous lesions have amplified abnormal 
movement patterns during functional tasks.

19.5  Conclusions

An understanding of the biomechanical conse-
quences secondary to FAI allows for a greater 
understanding of the commonly associated intra- 
articular pathologies. Clinicians should be aware of 
these associated pathologies and should investigate 
on clinical examination, imaging and intraopera-
tively. Diagnosis and appropriate management of 
associated pathologies provides an opportunity to 
improve treatment and outcomes in patients pre-
senting with symptomatic FAI.
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Biomechanics of Soft Tissue 
Injuries about the Hip

Ran Atzmon and Marc R. Safran

20.1  Introduction

The hip is an intrinsically stable joint due its 
bony congruence and spheroidal morphology, 
through the architecture of the femoral head and 
acetabulum. This congruency is further enhanced 
by an optimized skeletal design including ade-
quate acetabular and femoral offset, version, 
inclination, and coverage [1–6]. Soft tissue con-
tributions to hip stability include static structures, 
such as the capsuloligamentous structures and 
the labrum, as well as dynamic contributions pro-
vided by the concavity-compression effect pro-
duced by the bony anatomy in concert with the 
peri-articular muscles, the negative intra-articular 
pressure that exists in all joints, as well as adhe-
sion–cohesion provided by the joint fluid and 
smooth articulating surfaces.

Together, the hip joint, comprised of bony and 
soft tissue elements which are obligated to work 
together in synchronization, create smooth and 
stable kinesis throughout the functional range of 
motion and under various loads. Damage to any 
one of these components might interfere with this 
synchronization and put the hip joint at risk for 
developing abnormal movement which can result 

in further joint damage, and may manifest as 
pain, instability (or microinstability), and disabil-
ity [7].

While there is another chapter on the normal 
anatomy and biomechanics of the hip, this chap-
ter explores the biomechanical consequences of 
soft tissue damage about the hip. This chapter 
will focus on what is known in this recently 
growing body of literature about the biomechani-
cal effects of damage to the primary soft tissue 
elements about the hip, mainly the labrum and 
capsuloligamentous structures with a significant 
focus on hip microinstability. Hip microinstabil-
ity is an evolving concept which is becoming the 
focus of interest in recent years, and has been 
gaining recognition for being a prevalent source 
of pain and disability among people participating 
in sports activities.

20.2  Functional Anatomy, 
Kinematics, and General 
Biomechanics

As was previously described, the hip joint serves 
to balance the upper body while standing or 
walking, as well as strenuous activities such as 
running and jumping, due to its unique ball and 
socket like design which allows it to become a 
multiaxial joint. In order to achieve that balance, 
the joint has to be stable at any position. This 
unique stability is achieved through a delicate 
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interplay between a high degree of bony articular 
congruency of the femoral head within the bony 
acetabulum, the acetabular labrum, the capsule 
(with its ligamentous contributions), ligamentum 
teres, and the encompassing soft tissue elements, 
being mainly the muscles [6, 8, 9]. However, in 
reality, the hip is a gimbal joint, where there is 
also translation and rotation of the femoral head 
relative to the acetabulum, resulting in a moving 
center of motion of the femoral head relative to 
the acetabulum through range of motion [6, 10, 
11]. Damage to any one of these elements can 
lead to interruption of this delicate balance, 
increasing femoral head motion relative to the 
acetabulum, and may jeopardize normal hip func-
tion. Familiarity with the underlying factors pre-
disposing to hip instability (and microinstability), 
and the general principles of hip biomechanics, 
should be considered with respect to the normal 
hip, and in regard to a pathological hip (Fig. 20.1).

20.3  The Labrum

The labrum has many functions, but two key 
functions are contributions to (1) joint stability 
and (2) pressure distribution within the femoro-
acetabular articulation. Thus, damage to the 

labrum, either the result of injury or iatrogeni-
cally through surgical debridement or excision, 
can disrupt labral function.

The labrum aids in hip stability through a cou-
ple of mechanisms. First, the labrum deepens the 
acetabular socket, serving as a barrier to exces-
sive translation, like a car tire at the curb on a 
street. The femoral head has to translate further to 
get beyond the labrum to dislocate. Second, the 
labrum helps seal the joint, maintaining the nega-
tive intra-articular pressure. This negative pres-
sure effect helps resist distraction of the femoral 
head from the acetabulum. Like a suction cup, 
the more the hip is distracted, the greater the neg-
ative pressure to resist that translation, when the 
labrum is intact and the seal is maintained. 
However, when a labral tear occurs, and the seal 
is breached, there is an increased femoral head 
motion relative to the acetabulum and the forces 
to distract the hip diminish [12, 13]. Crawford 
et al. [14] explored the effect of labral tears on 
hip kinematics at the extremes of joint motion. 
The authors showed that following joint venting 
(thus eliminating the negative intra-articular 
pressure), the force necessary for hip distraction 
diminished compared to the unvented state, and 
that a labral tear also decreased the force required 
to distract the hip, with an increase in hip rotation 
and displacement. Signorelli and colleagues [13, 
15] studied the effect of hip pivoting movement 
and distraction on the hip joint center on eight 
cadaveric hips with five different labral condi-
tions. The labrum of each hip was tested in its 
intact state, labral-chondral separation, vertical 
mattress suture repair, cerclage (simple) suture 
repair (around the labrum), and partial labrec-
tomy. The authors found a significantly greater 
displacement of the femoral head with respect to 
the hip joint center after partial labrectomy when 
compared with labral repair and the intact labrum, 
and a significantly less force was required to dis-
tract the femur after cerclage repair (25%), verti-
cal mattress repair (22%), and labrectomy (40%).

Of note, the joint resistance to distraction 
between the intact and vented cases is not linear, 
with the highest distraction occurring in a rela-
tively small joint displacement of 1–3 mm [14, 
16]. When examining the femoral head 

Fig. 20.1 Labrum. Photograph of cadaver hip dislocated, 
with an elevator underneath a degenerated labral tear, lat-
erally, while the head is pulled inferiorly with ligamentum 
teres attached. Note the acetabulum is not entirely a 
sphere, with the inferior most aspect being the transverse 
acetabular ligament, which connects the anterior–inferior 
aspect of the labrum with the posterior inferior aspect
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 subluxation relative to the center of the acetabu-
lum, venting of the joint produced a 1 mm shift 
during hip internal rotation, and 0.5  mm shift 
with hip abduction, whereas a labral tear did not 
have any additional impact with these maneuvers 
[14]. Additionally, a full thickness labral tear did 
cause excessive external rotation and abduction 
under constant torque conditions [14]. Other 
studies [17, 18] have also shown that venting the 
central compartment with a needle through the 
capsule breaks the sealing effect and significantly 
reduces the required force needed for hip distrac-
tion. Of note, solely venting the capsule by plac-
ing the needle in the peripheral compartment did 
not achieve similar results, thus showing the 
importance of the labrum in maintaining hip sta-
bility, and the consequences of labral tear.

Ito et  al. [16] dissected seven cadaveric hip 
specimens and reached similar conclusions. The 
authors noticed that after a complete removal of 
the capsule, the required distraction load for the 
hip was further reduced after labral tear or resec-
tion was performed, and concluded that the iso-
lated acetabular labrum contributes to hip stability 
when the joint is distracted in smaller distances (1 
and 3  mm). However, no significant difference 
was found at 5-mm displacement. When compar-
ing distraction forces after the capsule was par-
tially resected with a completely resected capsule, 
the reduction of the force for distraction was great-
est at 1, 3, and 5 mm. The authors attributed phe-
nomenon to the effect of the zona orbicularis 
which was found to be a fundamental structure for 
hip stability in distraction, and will be discussed in 
more detail below. Another fundamental study, by 
Nepple et  al. [19], evaluated the suction seal in 
eight cadaveric hips. These investigators measured 
the labral sealing effect in different conditions: an 
intact capsule, intact labrum, minor labral tear, 
complete labral resection, and labral reconstruc-
tion with iliotibial band graft. In each of these con-
ditions, the hip sealing ability was measured by the 
negative pressure produced though the force 
required to distract the femoral head. The results 
showed that the relative contribution of the labrum 
to distractive stability with an intact capsule was 
the greatest at the first 1 and 2  mm, where it 
accounted for up to 77% of the total distractive sta-

bility. The capsule contribution to distractive sta-
bility increased with the progression of the femoral 
head displacement, mainly from the first 3 mm to 
5 mm. The contribution of the labrum to distrac-
tive stability was significantly greater than the cap-
sule in the first 1 and 2 mm (p < 0.05), with no 
significant difference at 3 mm to 5 mm. Further 
results showed that partial and complete labral 
resection resulted in a significant decrease in the 
distractive resistance, whereas labral repair and 
reconstruction clearly improved the force to dis-
tract the hip, with the latter also being significant. 
The labrum continued to resist the distraction 
force until greater than 6 mm of distraction, after 
which the capsule became the primary stabilizer. 
This study demonstrates that the labrum is the 
most important limiting factor against distraction, 
by preserving the suction effect, especially at 
small displacements (1–2  mm). Further, labral 
repair or reconstruction improves the distractive 
stability of the hip suction seal. Moreover, the con-
tribution of other factors apart from the capsule or 
the labrum was less than 5% at all the measured 
conditions [19]. This excessive femoral head 
motion may result in further damage to the labrum, 
stretching of the capsuloligamentous structures 
resulting in pain, and greater femoral head motion 
which leads to more damage. A paradigm for this 
pathway of damage is represented in Fig. 20.2 and 
explained in more detail below.

Another critical function of the labrum is uni-
fied distribution of forces within the femoroace-
tabular articulation. The labrum contributes to 
this distribution through a couple of different 
mechanisms as well. First, the labrum helps seal 
the joint to resist extravasation of synovial fluid 
from inside the central compartment articulation. 
This allows a thin layer of synovial fluid to be 
maintained between the ball and the socket dur-
ing weight bearing. This enhances the joint lubri-
cation and transfers part of the load to the synovial 
fluid through pressurization effect, and hence 
reduces the load on the articular cartilage [12]. 
Soltz et al. [20] also found the fluid pressuriza-
tion reduces the joint friction between the two 
surfaces significantly, and shields the cartilage 
matrix from as much as 90% of the applied load 
and this is reduced with labral tear. Cadet et al. 
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[21] compared an intact labrum state to four other 
labral pathologies, examining the fluid seal prop-
erties of each pathology. The authors found that 
labral repair surpassed partial labral resection 
and reconstruction in preserving the joint fluid 
seal; however, labral repair did not restore the 
fluid seal characteristics as effectively as in intact 
labral condition. This phenomenon of maintain-
ing the fluid layer contributes to the joint gliding 
surface by making it smoother, more efficient and 
equally distributing the forces throughout the 
joint. Song et  al. [22] looked at the acetabular 
labrum’s sealing effect in maintaining a low fric-
tion environment at the hip joint. The authors 
hypothesized that the hip resistance to rotation 
represents the amount of friction at the articular 
cartilage surface. Five cadaveric hips with a nor-
mal osseous anatomy were tested under different 
body weight cycles, and after partial and com-
plete labrectomy. The results demonstrated that 
the hip resistance to rotation in an intact hip was 
significantly increased following partial labrec-
tomy and complete labrectomy. The authors felt 
the sealing effect, which prevents fluid exuda-
tion, also maintains a low friction environment at 
the joint articular surface, and that even focal 

labrectomy may result in increased joint friction 
and ultimately to osteoarthritis.

The labrum also helps reduce strain within the 
articular cartilage through another mechanism. 
Fluid flow within articular cartilage occurs with 
joint loading. The labrum is more impervious to 
fluid than articular cartilage. Thus, in the normal 
hip, the labrum resists or limits fluid extravasa-
tion from within the acetabular articular cartilage 
with joint loading, such as weight bearing. This 
allows for a uniform distribution of compressive 
forces over the articular surface [4, 5, 12, 18, 23, 
24]. However, when the labrum is damaged or 
missing, the intra-chondral fluid can more easily 
be displaced and extravasate from the articular 
cartilage. Hence, during joint loading, the fluid 
within the articular cartilage may extrude outside 
and cause the cartilage to deform as a result [4, 
12, 23, 24]. Greaves et al. [25] also proved that a 
repaired labral tear significantly decreased the 
chondral stress on the femoral head when com-
pared with chondral stresses when a torn labrum 
is present. Further, they showed that labral repair 
significantly reduces the mean and maximum 
chondral stresses compared with labral resection. 
Thus, labral tears may lead to increased articular 

Femoral head motion
within the Acetabulum
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Loss of joint compression
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Fig. 20.2 Paradigm 
demonstrating how 
repeated femoral head 
translation may result in 
increasing stress to the 
labrum and capsule, 
resulting in injury to 
these structures, which, 
while producing pain 
and possible 
dysfunction, also 
increases the femoral 
head translations, that 
result in further labral 
and capsular damage
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cartilage friction, deformation, and strain, which 
subsequently may lead to osteoarthritis (OA) [4, 
5, 23, 24].

20.4  Labral Pathologies

Acetabular labral tears are quite common and 
may not necessarily cause symptoms. The labrum 
may be torn via many different reported mecha-
nisms. Dy et al. [26] investigated the exact mech-
anism leading to labral injuries on 7 human 
cadaver specimens, and found that external rota-
tion and abduction with moderate hip extension 
or flexion can produce considerable tensile 
strains in the anterior part of the acetabular 
labrum due to an anterior translation of the femo-
ral head, causing labral separation and tear from 
its articular margin [18, 26]. Safran and col-
leagues [27] studied twelve cadaveric hips which 
were dissected free of soft tissues, except the cap-
suloligamentous structures and the labrum. Each 
hip was tested in 36 different positions and moni-
tored for strain across the intact labrum. The 
authors found that the most considerable change 
in strain was measured in the posterior labrum, 
whereas the majority of labral tears occurred at 
the anterior or anterolateral region. The results 
matched the clinical impingement tests for tears 
in this location [28]. Thus, taking the hip through 
extremes of motion may result in strain injury to 
the labrum. Additionally, femoroacetabular 
impingement (FAI) may result in unique patterns 
of labral damage, based on the type of impinge-
ment. In cam impingement, the non-spherical 
femoral head is jammed into the anterosuperior 
acetabulum area, creating shear and compression 
forces at the junction between the labrum and the 
cartilage and at the subchondral tidemark, result-
ing in initially sparing the labrum as the injury is 
to the labral-chondral junction and tends to occur 
in the anterolateral area of the joint [29–32]. In 
pincer type impingement, the acetabular overcov-
erage limits the hip’s range of motion and results 
in crushing of the labral tissue between the femo-
ral head neck junction and acetabular rim and 
tends to be more diffuse, around the acetabulum 

[29–32]. Additionally, with continued motion, 
the femoral neck may lever against the acetabu-
lum, and the femoral head may subluxate pos-
teroinferiorly, which can lead to posteroinferior 
cartilage abrasion and development of contre-
coup lesion in approximately one third of pincer 
cases [30, 31].

And lastly, in dysplasia, where the acetabular 
bony coverage is insufficient, there is usually 
associated labral hypertrophy. However due to 
the lack of bony support, more force generally is 
imparted on the labrum, as it contributes more to 
the acetabular volume and shares a greater 
amount of joint loading forces. The forces on the 
labrum are even greater, particularly when the 
muscles about the hip are weak, affecting con-
cavity compression, resulting in increased femo-
ral head motion relative to the acetabulum, which 
in turn increases the load on the labrum. This 
femoral head motion may occur anteriorly or lat-
erally, resulting in shear forces and labral- 
chondral separation [32]. Additionally, hip 
microinstability with normal acetabular depth 
may have similar mechanisms to that of dyspla-
sia, resulting in anterior or lateral labral-chondral 
separation, initially [33]. Traumatic labral tears 
are often more localized and confined to a par-
ticular region of the labrum, in relation to the 
force vector acting on the joint, with the most 
prevalent cause for acute labral tear occurring 
with external rotation and hyperextension move-
ment and can be intra-substance (particularly 
when degenerative) or at the labral-chondral 
junction. One pathomechanism of labral tears is 
that extreme range of motion puts the entire joint 
under substantial load, and in this extreme posi-
tion, the labrum takes on a weight-bearing role 
[34, 35]. Finally, a number of studies [36, 37] 
have found that the majority of patients with 
labral tears have an underlying anatomical defor-
mity of the femur or acetabulum which predis-
posed their hips to labral tears. As discussed 
above, the underlying causes may include hip 
dysplasia and FAI, but also Legg–Calve–Perthes 
disease and coxa valga. Athletes may have a 
repetitive microtraumatic, traumatic or underly-
ing bony dysmorphology as the cause.
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20.5  Consequence of Labral Tears

Labral injuries might trigger a cascade which 
ultimately leads to hip osteoarthritis by affecting 
the joint congruency and the femoral head trans-
lation within the acetabulum, which induces 
shear forces to the articular cartilage and influ-
ences joint stability. Deficient labra may alter the 
hip biomechanics and shift the contact area from 
being global to a more focal area at the acetabular 
lateral margin, thus increasing the contact stress 
on the cartilage by as much as 92% [5, 6, 14]. As 
a result, the articular cartilage hypertrophies and 
becomes more condensed and consolidates by up 
to 40%. Furthermore, the labral damage signifi-
cantly reduces the joint surface’s resistance to 
distraction, increases the friction to initiate 
motion, and likewise increases the femoral head 
translational within the joint [5, 6, 14, 22]. 
Further, as previously discussed, labral tear may 
increase cartilage consolidation due to extravasa-
tion of intra-chondral fluid from the articular car-
tilage after the labral seal is broken, thus 
increasing chondral strain and cartilage deforma-
tion [4, 5, 23, 24].

20.6  The Capsule

Recent research has increasingly demonstrated 
the importance of the capsuloligamentous struc-
tures about the hip. The dynamic stability of the 
hip which stems from the joint congruency and 
the surrounding labrum is further amplified by 
the enclosing capsule and ligaments. The joint 
capsule provides stabilization by restricting 
excessive translation and rotation of the femoral 
head. Traditionally it has been thought that the 
stabilization effect was passive; however, some 
recent research has suggested that the capsulo-
ligamentous structures may function dynami-
cally as well [1, 38–40]. The fibrotic capsule 
consists of 3 main confluence ligaments that pro-
vide static constraint to the joint throughout the 
range of physiological motions [1, 2]. Additional 
capsular reinforcement derives from the zona 
orbicularis, which is found at the distal part of the 
capsule, horizontal to the femoral head, coils and 

tightens around the femoral neck with the hip 
range of motion [16]. Moreover, the capsule 
transmits proprioceptive and pain sensations 
which aid the body to protect the joint, and fortify 
the labral sealing effect, in order to preserve the 
extravasation of synovial fluid. The integrity of 
the hip capsule is imperative in cases of soft tis-
sue laxity, instability, and hip dysplasia [41].

Van Arkel and colleagues [42] have shown 
that each ligament within the capsuloligamentous 
structure about the hip provides stability and 
resistance to certain motions. The authors partic-
ularly noted in their in vitro study of 9 cadaveric 
hip joints, that the capsular ligaments provide the 
primary restraint to internal rotation and external 
rotation. Cutting or stretching these ligaments 
results in increased femoral head motion, transla-
tion, hip range of motion, and joint stability [42]. 
Particularly, the iliofemoral ligament restricts 
external rotation in flexion and extension, as well 
as internal rotation in extension, and further still 
limits hip extension. As the strongest ligament in 
the body, and its position anteriorly, it resists 
anterior hip microinstability. Thus, damage to 
this ligament, such as may occur with an “inter-
portal” capsulotomy for hip arthroscopy, 
increases hip external rotation, extension, and 
anterior translation of the femoral head. The 
ischiofemoral ligament limits internal rotation 
and adduction of the hip when in flexion. This 
ligament is injured in posterior hip dislocation [6, 
7, 42–44]. The pubofemoral ligament resists 
hyperabduction, and to some degree, external 
rotation [39, 45]. The zona orbicularis, as noted 
above, resists distraction of the femoral head 
from the acetabulum [16].

Recent work by Tsutsumi and colleagues [46] 
suggests that the iliofemoral ligament may also 
act as a dynamic stabilizer. The authors dissected 
fourteen hips and examined the relationships 
between the anterosuperior region of the joint 
capsule and the iliofemoral ligament, and the 
deep aponeurosis of the gluteus minimus and 
iliopsoas tendon. Parts of the specimens were 
also macroscopically and histologically 
analyzed.

The authors found a connection between the 
gluteus minimus tendon and the joint capsule and 
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an osseous connection at the intertrochanteric 
line. Further, the deep aponeurosis of the ilio-
psoas was also connected to the joint capsule, as 
was observed by capsular thickening at these 
connection sites. The gluteus minimus and ilio-
psoas fibers were also arranged according to 
these connections. The authors concluded that 
based on these findings the iliofemoral ligament 
could be viewed as a dynamic stabilizer with the 
ability to transmit the muscular power to the joint 
via the capsular complex [46]. Other cadaveric 
studies also demonstrate a distinct capsular thick-
ening near the acetabular origin, especially at the 
posterosuperior and superior hemi-quadrants, 
with a maximum thickness reaching up to 15 mm. 
This thickened area corresponds with the loca-
tion of the iliofemoral ligament and connected 
the capsule to other surrounding structures such 
as the iliocapsularis, indirect head of the rectus 
femoris and the conjoint tendons, the obturator 
externus, and the gluteus minimus tendons [47, 
48]. Thus, while the capsuloligamentous struc-
tures are generally thought to be static stabilizers, 
they may, in fact, also provide dynamic stability. 
Hence, injury to the capsule or the connected 
muscles may result in excessive femoral head 
translation relative to the acetabulum. This may 
result in shear forces to the articular cartilage, as 
well as increased stress to the labrum and cap-
sule, resulting in labral tears, capsular stretching, 
and further increased motion resulting in hip 
microinstability.

In addition, the senior author of this chapter 
has noted during his dissections about the hip that 
the capsuloligamentous structures are quite thick-
ened near its acetabular origin. This particularly 
thick and unforgiving tissue may function to aug-
ment or protect the labrum from a sudden increase 
in the load, such as femoral head translation due 
to external rotation or hyperextension. Failure of 
this tissue may result in greater femoral head 
motion, labral tearing and capsular stretching…
more hip microinstability.

While adequate bony support is important for 
stability of the hip, it has also been shown that 
capsular laxity can be a major cause for atrau-
matic hip microinstability, particularly from 
repeated stretching events in extension and exter-

nal rotation. This theory has been supported by 
Jackson et al. [49] who created a cadaveric model 
of hip capsule laxity by stretching the capsule in 
extension using six different capsular conditions: 
intact, vented, instability, capsulotomy, side-to- 
side repair, and capsular shift. Their results dem-
onstrated greater total range of motion in external 
rotation and extension when compared with the 
intact condition. Similarly, Han et al. [50] exam-
ined hip capsular laxity under tension through 
various hip positions by creating numerous inci-
sions (“pie crusting”) in the capsule. They also 
concluded that capsular laxity leads to microin-
stability of the hip, as was indicated by the sig-
nificantly increased joint rotations and femoral 
head translations relative to the femoral head 
center. Although these models exhibit a clear 
relationship between static capsular stretching 
and capsular laxity leading to microinstability, 
the investigators failed to reproduce the dynamic 
pathologic laxity state. Hence, Johannsen et  al. 
[51] developed a model that simulates the 
pathomechanism of microinstability in the young 
hip. To that end, the authors devised a protocol 
consisting of controlled dynamic cyclic stretch-
ing of the anterior hip capsule in 7 dissected hip 
specimens with intact, vented and stretched cap-
sular states, in otherwise normal hips. They 
showed that cyclic stretching of the anterior hip 
capsule results in capsular insufficiency and a 
significant increase in hip rotation and femoral 
head displacement relative to the vented state in 
all six planes. In a subsequent study the same 
group, Johannsen and colleagues [52], dissected 
6 cadaveric pelvii leaving only the hip capsule 
and labrum. The twelve dissected hips were then 
stretched in extension and external rotation with 
simultaneous rotation at the hip mechanical axis, 
creating a capsular laxity state. The investigators 
then produced labral and capsular tears laterally. 
When comparing the intact state to labral vented 
state, and to labral and capsular tear, a noticeable 
increase in hip instability in rotation and transla-
tion were noted, respectively. The authors con-
cluded that the labrum has a minor, but significant 
role in controlling the arc of rotation when the 
capsule is intact, but when there is a capsular 
injury, the status of the labrum is critical in 
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impacting femoral head motion and translation. 
Myers et al. [7] also studied the relationships and 
contribution of the iliofemoral ligament and the 
acetabular labrum for hip stability. The authors 
dissected fifteen fresh-frozen cadaveric hips using 
a biplane fluoroscopy in order to measure the hip 
translations and rotation with an intact and patho-
logic iliofemoral ligament and acetabular labrum. 
They found that the iliofemoral ligament had a 
significant role in limiting external rotation and 
anterior translation of the femoral head of 
12.9° ± 5.2° and 1.4 ± 0.5 mm respectively, com-
pared with the acetabular labrum which provided 
only a secondary stabilizing role for these 
motions. Further biomechanical analysis have 
proven the iliofemoral ligament to be the stron-
gest ligament of the all three ligaments, capable of 
resisting anterior translation and substantial forces 
prior to failing [6, 44].

Hence, the capsule can be considered the pri-
mary soft tissue stabilizer of the hip, whereas the 
labrum acts as a secondary stabilizer. Of note, 
most significant changes in femoral head arc of 
rotation and translation were in the mediolateral 
plane in the combined capsular laxity and labral 
insufficiency state, which is in accordance with 
previous studies [11].

Many surgeons utilize a capsulotomy to obtain 
an atraumatic entry into the joint and facilitate 
instrument maneuverability within the hip joint 
capsule for arthroscopic surgical procedures. 
Several capsular incisions have been described in 
the literature, with the most common being either 
an interportal (IP) capsulotomy or a 
T-capsulotomy. The incision for the interportal 
capsulotomy is often made in the anterior aspect 
of the joint in order to connect the anterolateral 
and mid-anterior main portals, between 
12-o’clock and 3-o’clock position (right hip), 
parallel to the acetabular rim [1, 53]. Anatomically, 
this capsulotomy cuts the entire proximal extent 
of the iliofemoral ligament [40]. The benefit of 
the IP capsulotomy is that it lessens the need for 
hip distraction and improved visualization and 
maneuverability of instruments within the hip 
joint. The T-capsulotomy utilizes the interportal 
capsulotomy proximally, and then from the mid- 
extent of the IP capsulotomy, an incision is made 

perpendicularly, distally, forming a “T” shape. 
This capsulotomy allows a wider arthroscopic 
view, making peripheral compartment surgery 
easier, but may also incise the zona orbicularis 
ligament, when the T-capsulotomy is taken more 
distally. Several studies have shown that IP- and 
T-capsulotomies may produce increased hip 
range of motion and reduce the required force hip 
distraction, but also increased femoral head 
translation and hip instability [8, 43, 54–56].

Martin et al. [39] conducted a cadaveric study, 
examining the stabilizing roles of the hip capsu-
lar ligaments. The authors concluded that the lat-
eral arm of the iliofemoral ligament has dual 
control of external rotation in flexion and both 
internal and external rotation in extension, and 
that releasing of both the medial and lateral limbs 
of the iliofemoral ligament produced the greatest 
increase in motion for external rotation. Abrams 
et al. [53] tested the effect of different types of 
capsulotomies on hip rotational biomechanical 
characteristics on 7 cadaveric hip specimens. 
Each hip was examined under neutral flexion and 
40 degrees of flexion in various capsular states. A 
significant increase in hip external rotation was 
shown with T-capsulotomy compared with the 
intact and interportal capsulotomy states in both 
flexion positions. The repaired T-capsulotomy 
restored the rotational profile back to the native 
state. Likewise, Philippon et al. [55] found that 
capsulotomy procedures can result in increases in 
external, internal, abduction, and adduction rota-
tions throughout a full range of hip flexion. 
Whereas, repaired or reconstructed capsule suc-
ceeded in partially reducing the increased rota-
tional range of motion. Wuerz and colleagues 
[57] studied the effect of capsulotomy size on hip 
stability in various position in eight cadaveric 
hips. Each hip was tested under torsional loads in 
four different conditions which included intact 
capsule, a 4 cm and a 6 cm capsulotomy, and a 
repaired capsule. Measures indicating joint kine-
matics such as hysteresis area, range of motion, 
and neutral zone were also obtained for each con-
dition. The authors showed that capsulotomy led 
to a significantly increase in all three measures of 
joint mobility range of motion, and that a 
 subsequent capsular repair effectively restored 

R. Atzmon and M. R. Safran



261

these measures to the intact capsular state at time 
zero. Clinically, Frank et al. [58] demonstrated an 
improved clinical outcome in patients who under-
went hip arthroscopy and had a complete capsu-
lar repair at the end of the surgery as compared 
with those that only underwent a partial repair 
(closing the distal limb) after T-capsulotomy.

As a result of these biomechanics changes with 
capsulotomy, iatrogenic pain or instability (includ-
ing microinstability) during certain hip movements 
may occur, especially in patients with generalized 
ligamentous laxity or osseous dysplasia. Due to the 
growing evidence indicating the capsule’s major 
contribution to hip stability, various capsular clo-
sure procedures have been developed. Options for 
closure include complete repair or partial repair. In 
patients with microinstability and/or laxity, capsu-
lar plication and thermal shrinkage have also been 
advocated [43, 59]. Studies have shown that capsu-
lar plication improved the patient’s outcomes 
scores with symptomatic microinstability [52, 60, 
61]. Moreover, capsular plication reduces the joint 
intra-articular volume, thus increasing hip stability, 
especially in hypermobility state or redundant cap-
sule [43].

Though it can be inferred from the aforemen-
tioned discussion that capsular closure proce-
dures are significantly superior to capsular 
release, a recently published meta-analysis [59] 
which evaluated the effect of different capsular 
management strategies on post-surgical out-
comes following hip arthroscopies, found no 
consensus in the literature regarding the superior-
ity of capsular closure procedures over capsular 
release. However, the authors did find a consis-
tent tendency toward superior outcomes in the 
capsular repair cohorts, and concluded that fur-
ther randomized controlled studies are needed. 
Economopoulos et al. [62] recently published a 
randomized clinical trial comparing 
T-capsulotomy and interportal capsulotomy 
without closure, and interportal capsulotomy 
with closure. The authors used common clinical 
outcomes scores and revision surgeries in order 
to assess the surgical outcome. The results 
showed improved patient-reported and surgical 
outcomes in the capsular repaired group in a two- 
year follow-up period.

In light of these findings, evidence continues 
to demonstrate that iatrogenic hip microinstabil-
ity may occur as a result of increased femoral 
head translation after arthroscopic capsulotomy. 
As a result, many surgeons have evolved their 
techniques to repairing the capsule. However, the 
cadaveric studies only demonstrate that time zero 
mechanics are restored [8, 43, 53–56, 58]. 
Further, many questions remain, such as whether 
the capsular repairs heal, whether the kinematics 
of the hip joint are normal/restored after healing 
of the repaired ligaments, and the optimal method 
of capsular repair (Fig. 20.3).

20.7  Supplementary Key 
Ligaments about the Hip

Two hip ligaments that are not discussed as fre-
quently as the capsular ligaments (i.e., the iliofem-
oral, ischiofemoral, and pubofemoral ligaments) 
are the zona orbicularis and the ligamentum teres. 
The zona orbicularis is discussed above.

Femoral
Shaft

Lesser
Trochanter

ISFL

IR

PFL

AIIS

ILFL

Fig. 20.3 Capsular ligaments of the hip. Computer 
reconstruction from an anatomical dissection demonstrat-
ing the 3 main capsular ligaments about the hip. The 
reconstruction is looking from the inferior aspect of the 
hip. The blue ligament anteriorly is the iliofemoral liga-
ment, the purple ligament is the pubofemoral ligament, 
and the green ligament is the ischiofemoral ligament
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The ligamentum teres (LT), which was 
viewed in the past as a redundant structure with 
no contribution to hip biomechanics or function, 
has a substantial role in hip biomechanics than 
was previously thought [63–65]. Martin et  al. 
[66] studied 12 cadaveric hips in order to assess 
the function and contribution of the LT in limit-
ing hip rotation in 18 distinct hip positions. The 
authors found that when the LT was arthroscopi-
cally cut, hip instability was produced, especially 
hip rotation movement, and particularly at greater 
than 90° of hip flexion. LT movement is synchro-
nized with femoral head range of motion, pre-
venting the femoral head from subluxating by 
coiling around the femoral head like a sling, and 
becoming taut with hip flexion and external or 
internal rotation, thus creating a “ball and string” 
effect [63, 65, 67]. Moreover, the coiling effect 
also pulls the femoral head into the acetabulum 
and increases the end range motion of the hip. 
This model is further accentuated in hip patho-
logical conditions such as hip dysplasia or capsu-
lar laxity when the osseous and other primary 
soft tissue restrains are deficient [63–65, 68]. 
Long-term follow-up of patients with LT transec-
tion during open hip preservation surgery demon-
strates mild hip instability with symptoms of 
giving way in about a quarter of patients. Van 
Arkel et al. [42] found the LT acts as a secondary 
restraint in external rotation during high flexion 
movement above 60°, with neutral or full adduc-
tion. Hence it can be concluded that the LT 
assumes a secondary stabilizing role in the pres-
ence of intact capsular ligaments, but its impor-
tance in hip stability (and thus femoral head 
translation and its effects noted above) is even 
more important when these capsular ligaments 
are injured, stretched, cut, or lax [42, 68].

20.8  Additional Soft Tissue 
Elements about the Hip 
and Associated Pathologies

The majority of the extra-capsular elements sur-
rounding the hip serve as dynamic hip stabilizers 
and are neuromuscular in nature. The muscles 
react to the different forces acting on the hip 

joint, thus preserving normal joint kinematics 
and force-coupled compression that further aug-
ment hip stability [1, 8, 69]. Some muscles such 
as the iliocapsularis originate or insert on to the 
joint osseous surface, while others such as the 
rectus femoris merely cross the joint to insert 
more distally. In addition to a bulk effect of the 
thick soft tissue envelop about the hip reducing 
excessive translations of the femoral head, mus-
cular co-contractions about the hip help provide 
stability through the concavity-compression 
mechanism [11]. Additionally, as noted above, 
some muscles such as the iliocapsularis and the 
gluteus medius muscle tendon units attach to the 
capsuloligamentous structures resulting in 
dynamic tensioning of the ligaments, also provid-
ing stability. And lastly, some muscles are ana-
tomically positioned to prevent femoral head 
translations/subluxations, such as the iliopsoas 
muscle anteriorly and the gluteus medius and 
minimus laterally. Thus weakness or injury to 
these peri-articular muscles may result in abnor-
mal femoral head translations, resulting in injury 
to the labrum and/or capsuloligamentous struc-
tures, resulting in hip microinstability [70, 71]. 
Further, due to the required synchronization of 
the different structure surrounding the hip, every 
injury may affect the joint stability and cause a 
“domino effect” influencing other structures.

Excessive femoral head motion, as seen with 
microinstability may also be associated with ilio-
psoas tendinitis and/or internal snapping hip syn-
drome (coxa saltans). The iliopsoas is positioned 
as a key dynamic anterior stabilizer of the hip. In 
hip microinstability, with anterior translation of 
the femoral head, the iliopsoas may become 
overused trying to maintain femoral head posi-
tion within the acetabulum. Fatigue and overuse 
of the iliopsoas may result in iliopsoas bursitis, 
tendinitis, and potentially internal snapping hip 
[6, 70, 72, 73]. In the presence of hip dysplasia, 
the gluteus medius and minimus work harder to 
help stabilize the hip, either through its contribu-
tions to the iliofemoral ligament and/or attempt-
ing to stabilize the hip from lateral subluxation or 
translation. As a result, the gluteus muscles may 
become overused, fatigued and weakened, lead-
ing to greater trochanteric pain syndrome—par-
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ticularly gluteus medius syndrome, gluteus 
medius tendinitis, and often associated trochan-
teric bursitis [6, 70, 72–75]. Further, in the pres-
ence of hip dysplasia, the iliopsoas may impinge 
on the femoral head, acting as a secondary 
dynamic stabilizer during range of motion, lead-
ing to pain, inflammation, and overload [76].

20.9  Hip Instability Leading 
to Osteoarthritis

As noted above, the hip was previously thought 
to be an inherently stable joint due to the innate 
bony anatomy; however, recent research has 
shown that hip joint stability exists as a result of 
a delicate harmony and synchronization between 
the static and dynamic stabilizers of the hip. Hip 
microinstability is a term used to describe as ext-
raphysiologic hip motion which is manifested as 
pathological femoral head motion without an 
obvious hip dislocation, accompanied by hip pain 
[52, 61]. Hip laxity is defined as excessive motion 
between the femoral head and acetabulum with-
out concomitant symptoms [53]. When the 
demanded range of motion exceeds the physio-
logically allowed motion of the hip joint, symp-
toms may arise. This extreme range of motion 
can result in anterior impingement followed by 
posterior instability, or anterior or lateral hip sub-
luxation without impingement.

Symptomatic hip microinstability is a rela-
tively new and evolving concept which was dis-
missed in the past as a cause for hip pain, and 
only recently was acknowledged as a significant 
cause of pain and disability in young patients 
and athletes [8, 61, 69, 76]. The two prevalent 
hypotheses and suggested pathomechanics of 
hip microinstability are: (1) that subtle anatomic 
abnormalities in the presence of repetitive rota-
tional motion and stretching, along with axial 
loading, may lead to microinstability. This range 
of motion may be seen in various fields of sports 
such as football, soccer, gymnastics, golf, mar-
tial arts, ballet, and many more. The second 
hypothesis (2) advocates that soft tissue abnor-
malities such as capsular and innate ligamentous 
laxity, or muscle weakness, may lead to exces-

sive femoral head motion relative to the acetabu-
lar center, resulting in soft tissue breakdown, 
culminating in microinstability. These two 
hypotheses are not mutually exclusive, and there 
may be overlap in some patients, where both 
mechanisms contribute to result in microinsta-
bility. Other causes, such as iatrogenic microin-
stability caused by arthroscopic capsulotomies, 
as described above, is an increasing concern. As 
demonstrated in Fig. 20.2, there is a self-perpet-
uating downward spiral of femoral head motion 
that can result in increasing soft tissue injury, 
leading to pain and increasing femoral motion 
and microinstability. As the femoral head motion 
is increased relative to the acetabulum, there is 
increased stress on the labrum and capsule which 
may result in tears of the labrum and stretching 
of the capsule. In turn, these tears may result in 
further femoral head motion that may result in 
greater tears of the labrum and stretching of the 
capsule. Additionally, this may affect the articu-
lar cartilage through edge loading, as well as loss 
of the labral protection of the articular cartilage 
strains. The microinstability that results may 
result in pain and affect activities of daily living, 
sports, and quality of life [50, 61, 77, 78]. A sug-
gested classification [9, 78] for hip microinsta-
bility based on the predisposing known factors 
was recently suggested. It divides the patients 
into six distinct categories which include: con-
nective tissue disorders, athletics activities or 
microtrauma, iatrogenic causes, significant bony 
abnormalities or developmental dysplasia of the 
hip, posttraumatic processes, and idiopathic 
causes. Patients suffering from hip microinsta-
bility often experience vague anterior hip pain 
which exacerbate with hip extension and exter-
nal rotation activities [15, 78]. Risk factors pre-
disposing to capsular laxity are congenital 
generalized ligamentous laxity and joint hyper-
mobility, traumatic capsular injury, repetitive 
forceful stretching due to sports, iatrogenic lax-
ity following arthroscopic capsulotomy or addi-
tional procedures. Other studies tried to appraise 
the iliofemoral ligament’s function in restraining 
the femoral head motion, and concluded that 
capsular laxity further increases the femoral 
head motion [50, 52].
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Sports that involve repetitive twisting and 
pivoting of the hip often lead to hip microinsta-
bility due to combination of anterior labral tears 
and elongation of the iliofemoral ligament [7, 
79]. One theory claims that this combination by 
itself is not enough, and requires an underlying 
abnormal bony anatomy in order to initiate this 
pathological process. Alternatively, initial 
stretching of the iliofemoral ligament caused by 
the twisting motions might lead to increased ten-
sile forces and possible tears of the anterior 
labrum. As suggested by Myers et  al. [7] and 
Johannsen et al. [52], femoral head translation is 
increased when the iliofemoral ligament is 
stretched or cut, and increased further after sub-
sequent labral tear.

20.10  Conclusion

While it has been classically taught that the hip is 
a ball in socket joint and its kinematics are based 
entirely on bony morphology, recent research has 
proven otherwise. Injury to the labrum results in 
increased femoral head translation relative to the 
acetabulum, as well as increased stresses and 
friction to the articular cartilage. Injury to the 
capsuloligamentous structures about the hip can 
also result in increased femoral head translations 
relative to the acetabulum. The increased femoral 
head translations may place increasing stress of 
the stabilizing labral and capsuloligamentous 
structures, causing more damage to these struc-
tures which, in turn, results even more increased 
femoral head motion, and thus more damage to 
these structures. The contact stresses as well as 
the focal chondral strains that result may result in 
clinical hip microinstability, and ultimately hip 
osteoarthritis. Additionally, patients with micro-
instability may develop tendinitis due to overload 
of the dynamic stabilizers of the hip, such as the 
iliopsoas and gluteus minimus and medius 
(Fig. 20.2).

Though hip microinstability is a well-known 
and established entity, clear diagnostic criteria 
for atraumatic instability based on physical 
examination or advanced imaging have yet to be 
widely recognized.
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Biomechanics of the Knee

Farid Amirouche and Jason Koh

21.1  Introduction

Accurate knowledge of knee kinematics is criti-
cal to evaluate the knee joint and how it relates to 
changes in cartilage, ligament injuries, recon-
struction or repairs and function. The knee is 
characterized by its geometry, forms and shapes 
of femoral condyles and their articulation on the 
tibia plateau, cartilage role in lubrication and 
support, and the balancing act of ligaments and 
muscle forces to accommodate different surface 
conditions during walking, and finally how the 
stability of the knee is maintained during flexion- 
extension under different loading conditions.

Clinical interest in the knee joint remains an 
interesting topic of research as biologics, nanotech-
nology, stem cells regenerative medicine is changing 
the fundamental role each of the knee substructure 
work and the ability to potentially being able to have 
them regenerated [32, 38, 20, 76].

The kinematics of the knee and its relation to 
different pathologies has been the subject of 
numerous research with different perspectives 
in light of the experiments conducted, models 
proposed, and outcome measures related to gait 
motion tracking analysis [43, 65, 50, 72, 53, 71, 
45, 89]. To extract kinematic information in a 
single and dual plane, several researchers used 
fluoroscopy imaging techniques to analyze a 
quasi-static situation where a knee flexion is 
performed through a range of motion incremen-
tally and radiographs were taken [100, 2, 27, 
102]. Moreover, mobile fluoroscopic systems 
emerged and analysis of the knee during full 
dynamic flexion movements were examined 
during gait [42, 34].

The different joint rotations of the knee have 
been described from data collected by 3D camera 
and markers posted along the lower and upper 
part of the leg during gait. Most studies describe 
the knee flexion with a peak value observed after 
toe-off and the internal tibia rotation yielding its 
max at heel strike [44, 56, 34, 63, 64]. The tibia is 
shown to rotate externally through mid-stance, 
before rotating internally once again prior to toe- 
off [56, 54, 10, 81].
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The tibiofemoral joint is still at the center 
stage of knee kinematic research and importantly, 
we still see different methods being used in 
describing the condylar anterior posterior transla-
tion following either the contact path, the condy-
lar geometric center or other points on the 
condylar axis [88, 57, 73, 85, 91, 48].

The kinematics of a healthy knee or a knee 
with different pathologies or reconstruction 
depend great deal on the connective tissues 
around the knee in balancing and maintaining a 
stable and well-performing knee. The variation in 
knee analysis is also affected by other factors 
such as gender, anatomy, and articular surface 
behaviors which are all contributing factors to 
knee kinematics and kinetics.

Additional studies have investigated the tibia 
femoral joint contact surfaces during flexion- 
extension to investigate the cartilage effect on 
knee kinematics using both in vitro and in vivo 
experimental studies [35].

In silico 3D knee joint models were developed 
[37, 87], along with in  vivo imaging measure-
ments to provide a reliable validation of the 
results [13, 18, 92, 94, 61, 46]. These techniques 
have opened the door to advancing our under-
standing of modeling limitations, assumptions 
that clinically are relevant and acceptable versus 
additional knowledge needed to build better com-
putational models on knee joint biomechanics.

The articular surface geometry as stated above 
at the contact area is also an important variable 
that affects the articular contact behaviors, such 
as contact stress and knee joint stability. Any 
changes to the cartilage contact area trigger a 
change in kinematics. Osteoarthritis (OA) of the 
knee is also a contributing factor to knee loading 
unbalance of forces and moments. The modula-
tion of the knee joint results in large knee adduc-
tion moment and higher joint dynamic load 
during gait causally related to the severity of tib-
iofemoral OA [6, 52].

The complexity of the knee can also be seen in 
the role muscles in lower limb play in the knee 
joint stability and locomotion. To assess the con-
tribution of different muscles to the knee, one 
needs to rely on 3D modeling techniques to eval-

uate contact pressure and forces generated from 
supporting structures at the knee using Opensim, 
life modeler among others [79, 84, 29]. Popular 
methods in gait analysis rely on knee joint flexion 
moment and knee joint power which are the pre-
dictors of load distribution across the tibiofemo-
ral joint reflecting a special time point during gait 
stance phase.

The knee biomechanics teach us that optimi-
zation and coordination of the tibia femoral 
bones, patella-femoral articulating surface and 
muscles, ligament, and tendons interaction work 
together to achieve the desired joint movement. 
The complex interaction of these structures 
allows the knee to withstand tremendous forces 
during various normal movements.

Knee kinematics and its connective tissues 
was studied by Masouros, Parker, Hill, Amis, & 
Bull [67] and they pointed out its importance to 
diagnosis and treatments. Modeling and simula-
tion methods used in the simulation of the knee 
during different walking conditions are studied 
by several researchers including to name a few 
[4, 106, 3, 1].

This chapter discusses the importance of the 
knee anatomy in joint biomechanics, provides a 
description of the knee joint kinematics and dif-
ferent methods used to assess knee performance 
and discusses the importance of the biomechan-
ics of the knee, the current state of FE modeling 
and its clinical benefits. Understanding the knee 
biomechanics is an essential tool in designing 
prosthesis, provides guidance to rehabilitation 
exercises programs that will assist the patient 
knee stability, mobility and regain his or her knee 
normal function. A comprehensive understand-
ing of the knee joint kinematics could signifi-
cantly improve the future of patient’s knee 
injuries and treatment outcomes.

21.2  Basic Knee Anatomy

The knee joint consists of two basic articulations 
coordinated in a fashion to provide the knee mus-
cles and ligaments the ability to power and drive 
its desired movements and function. The knee 
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articulations are between the distal femur, proxi-
mal tibia, and patella riding on femoral groove. 
The geometry of the femoral condyles is asym-
metric, with the medial condyle projecting more 
distal than the lateral femoral condyle. The medial 
condyle is also larger and wider and conforms to 
the tibia plateau condyle where it articulates, on 
the other hand, the lateral condyle projects more 
anteriorly. The condyles join through a femoral 
groove anteriorly and the femoral notch at their 
distal aspect to allow for the patella to slide, glide, 
and rotate to maintain the direction of the quadri-
ceps and patella tendon forces. The lateral con-
dyle can be identified by its terminal sulcus and 
groove of the popliteus insertion [26, 33].

The femoral condyles articulate on a tibia pla-
teau that is also divided in two conforming sur-
faces: the medial tibial plateau is concave, 
whereas the lateral plateau has an anteroposterior 
convexity. This topography accounts for the so- 
called screw-home mechanism, or internal rota-
tion, of the femur on the fixed tibia as the knee 
approaches extension [55, 104]. Load bearing on 
the tibia cartilage is usually due to excess stress 
on the knee which might lead to arthritis [23, 16, 
47]. The distribution of the load on the tibia pla-
teau is asymmetric, and occurs depending on the 
loading conditions not only centrally on the 
medial and lateral sides but also on the sloping 
edges on the medial and lateral part of the tibial 
eminences [83].

On each side of the tibia plateau, medial and 
lateral menisci help maintain conformity of the 
condyles during the knee flexion-extension and 
eliminate the high impact forces at the edges of 
the tibia plateau when subjected to high loads. 
Further description of the menisci shows that the 
anterior horn geometrical shape of the medial 
meniscus, the anterior cruciate ligament (ACL), 
and the anterior part of the lateral meniscus attach 
anterior to the tibial spine. The posterior cruciate 
ligament (PCL) and the posterior part of the 
medial and lateral menisci attach posterior to the 
tibial spine [33].

The patella consists of medial and lateral fac-
ets, separated by a vertical ridge to allow it to 
move within the prescribed femoral groove. The 

patella is totally embedded within the tendon. 
The front face of the patella is convex in shape 
and is divided up into 3 parts. The top surface is 
where the patella and the quadriceps tendon 
intersect and this lightly covers the anterior sur-
face of the patella and forms a deep fascia, which 
acts as a protector to the bone [77]. The patella 
tendons and femoral contact reaction forces need 
to be balanced during knee motion to maintain 
knee stability. The patella contact stress makes it 
vulnerable to wear and potential injury [7, 70, 
103].

21.3  Knee Joint Axis of Rotation

The primary knee joint motion is easily explained 
in the sagittal plane during flexion-extension. A 
joint used for such description is referred to as a 
hinge joint (see Fig.  21.1). In mechanical term 
describing such a joint with the context of refer-
ence Cartesian frame the knee is also a revolute 
joint as used in a few multibody dynamics mod-
eling of locomotion where the angle of rotation is 
defined as the tibia rotation relative to the femur. 
The knee has six degrees of freedom and can 
rotate along three different planes as shown in 
Fig. 21.2. The complex three-dimensional motion 
also allows for translation along each of the axis 
of rotation. The ligaments act as supporting struc-
ture and constraint the knee joint motion by keep-
ing it stable and limiting its range of motion.

Full extension is usually defined when the 
tibia is extended to become fully aligned with the 
femur in the sagittal plane. Active knee flexion is 
possible primarily through hamstring contraction 
and usually reaches 130°, whereas passive flex-
ion can reach 160°.

To better understand the kinematics of the 
knee researchers used gait analysis to describe 
both human locomotion, and its relation to joint 
forces used to control such a movement. The 
position of the body upper part has always been 
an indicator of body posture in relation the body 
center of gravity. During gait ankle, knee and hip 
joint are actuators driven by muscles and hence 
generate torque necessary to move the body for-
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ward. Knee motion is dictated by the consider-
ation of energy that requires the body center of 
gravity to move forward with ease.

During the swing phase of gait, the knee 
flexes to roughly 60° so the toe of the swinging 
leg does not be dragged on the ground. Also, 
during gait, as the swinging leg passes the stand-
ing leg and just before heel strike, the quadriceps 
muscle contracts which brings the knee to full 
extension and the foot forward. Flexion is not the 
only rotation that takes place during the gait 
cycle, as the knee extends 30° to 0°, the tibia 
externally rotates up to 30° before heel strike. 
The term used to describe this is “screw-home 
mechanism.” This mechanism occurs to tighten 
the soft tissue structures as well as locking the 
knee geometry before the impact load of weight 
bearing [66, 67].

21.4  Functional Role of Ligaments

The ACL is the main restraint to anterior tibial 
movement. The viscoelastic properties of the liga-
ments allow it to act against hyperextension to 
prevent injury, and act as a secondary restraint to 
prevent internal and valgus rotation when the 
knee is at full extension. The ACL essentially con-
trols the “screw-home motion” of the knee joint 
[66]. The primary function of the ACL is to pre-
vent anterior translation of the tibia and provide 
further knee stability. In full extension, the ACL 
absorbs 75% of the anterior translation load, and 
85% between 30° and 90° of flexion [74, 59].

Fig. 21.1 Knee hinge joint model
Fig. 21.2 The definition of knee joint angles and translation 
along 3 axes. Both tibia and femur translation are explained 
by the compression-distraction and each of the axis as shown. 
Internal-external, flexion-extension, and Abduction-
adduction are the possible rotations at the knee joint
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Knee injury can result into an ACL tear which 
lead to anterior knee instability and decrease in 
knee performance. ACL under load to failure 
testing reaches the ultimate stress at approxi-
mately 15% strain, and complete failure occurs 
between 15% and 30% strain, with a stretch close 
to 1 cm [60, 33]. The ACL has been reported to 
have an average maximal tensile stress to failure 
of 2100 N to 2500 N, but this is less under cyclic 
loading, creep, and age [93, 82, 19, 5].

The posterior tibia translation is controlled by 
the posterior cruciate ligament (PCL) and is most 
effective in mid to deep flexion. As stated by [66] 
the ACL and PCL together control the anterior 
posterior rolling and sliding kinematics of the TF 
joint during flexion and extension.

The PCL has an average tensile strength of 
6.1 N at 0°, and a tensile strength of 112.3 N at 
90°. [82]. The orientation of the PCL which 
inserts onto the lateral part of the medial femoral 
condyle allows for adequate tensioning of the 
PCL during the rolling of the lateral femoral con-
dyle posteriorly in early flexion.

The interplay between the ACL and PCL is 
often referred to as the “four-bar cruciate 
linkage system” [39]. The intersection of the 
ACL and PCL shows that the center of joint 
rotation moves posterior with knee flexion. 
This allows both sliding and rolling movements 
of the femur during flexion and prevents the 
femur from rolling off the tibial plateau at 
extremes of flexion [11].

The axes of rotation of the knee are fundamen-
tal to kinematic models. The hinge model is not 
necessarily used for the current knee motion 
analysis as it is contradicted by the geometrical 
shape of the femoral condyles and the fact that 
the knee center of rotation is not fixed. The con-
cept of “instant center of motion” has been 
linked to 4-bar mechanism where the ACL and 
PCL are viewed as rigid bars linking the tibia and 
femoral part the knee (see Fig. 21.3). The four- 
bar linkage theory can then be used to describe 
the knee motion and defines the instantaneous 
center of rotation associated with such mecha-
nism. Assuming that the four bars are obliquely 
planar we can refer to such a system as a planar 
4-bar linkage. The ligaments tension and stiff-
ness alter the bars length and orientation in space 
which makes the 4-bar linkage not a reliable 
model for the knee. The cruciate ligaments can be 
assumed inextensible fibers and the IC can be 
tracked in relation to the tibia femoral joint as the 
knee flexes.

Different aspects of knee rotations and contact 
in both sagittal and coronal planes can be 
described assuming a center of rotation for the 
femoral component and tibia during the flexion- 
extension of the knee as shown in Fig. 21.4. The 
contact area is highlighted by the intersection of 
the tibial and femoral curvature radiuses. If the 
circles are tangent, we have a point contact other-
wise there are two points of intersection defining 
a line contact. A surface contact is more realistic 

PCL ACL PCL ACL PCL

ACL

Fig. 21.3 Four-bar linkage system interplay of the ACL and PCL at 0°, 45°, and 90° degrees of flexion
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as both the line and point contacts are simply a 
representation of the contact area.

The role of the medial and lateral collateral 
ligaments can be described as follows: medial 
collateral ligament (MCL) is the restraint force to 
valgus angulation and internal tibial rotation and 
is a secondary restraint to external tibial rotation. 
It is also a secondary restraint to anterior tibial 
translations when the tibia is externally rotated. 
The lateral collateral ligament (LCL) on the hand 
is the restraint to varus angulation. It also assists 
in restraining the posterior translation, and 
becomes a restraining element with the PCL to 
external tibial rotation [66].

21.5  Function of the Menisci

The menisci wedge shape aids in providing con-
formity to the femoral and tibial articular surfaces. 
The primary functions of the menisci are to bear 
loads, to distribute the load of the knee joint medi-
ally and laterally passing the tibia–femur joint 

[105]. It also plays the role of a damper absorbing 
and damping energy during impact. This is done 
by the menisci inherent structure to deform under 
compressive loads by increasing the contact area 
[25]. The tensile stiffness and strength of the 
menisci are approximately 10 times greater than 
those of articular cartilage [101]. This allows the 
menisci to withstand the large hoop stresses gen-
erated by the knee joint [41, 68]. The menisci may 
also function as a secondary restraint to anterior 
translation in an ACL-deficient knee.

21.6  Gait Analysis of the Knee 
Joint

Gait analysis has gained popularity in the last 
decade due in part to better mathematical tech-
niques and graphics display of the human muscu-
loskeletal system with reliable solvers for inverse 
dynamics. Clinically gait analysis provides an 
insight into the motion limitations of the knee 
under different conditions, which when com-

Lateral
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Fig. 21.4 Description of the medial and lateral contact points between the femoral and tibial in the sagittal and coronal 
planes
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bined with imaging helps the physician develop a 
comprehensive idea on motion effects on patient 
problems. Hence, biomechanical gait analysis 
objective is the evaluation of the knee joint move-
ment for a better understanding and diagnosis of 
knee joint injuries and pathologies. Several stud-
ies of OA have recognized the importance of bio-
mechanical gait analysis in the pathogenesis of 
the knee joint and its supporting soft tissue 
structure.

Gait analysis combines both kinematical data 
of the lower and upper limbs collected through 
vision cameras and markers and uses mathemati-
cal models based on multibody dynamics to com-
pute the inverse dynamics problem where it 
provides an estimation of the joint forces and 
moments. For this reason, biomechanical assess-
ment has become important for knee joint prob-
lem diagnosis; it provides quantitative 
information about the structure and motion of the 
knee joint to complement the common orthope-
dic physical evaluation exam for more accurate 
diagnosis. Moreover, the experiments can be tai-
lored such that gait phases can become indicators 
for sports and rehabilitation.

Walking, running, and stair climbing are 
activities that have been investigated by several 
researchers using gait analysis. While the main 

function of the knee joint is complex, gait simpli-
fied models can evaluate the joints forces and 
moments in relation to the body weight (BW) and 
walking speed. This of course is done for both the 
stance and swing phase of a gait cycle. The peak 
load at the knee joint varies from person to per-
son and is estimated at 2–3 BW during walking, 
4–6 BW during stair climbing, and 7–12 BW 
during running [23, 86, 40, 69].

The walking gait is characterized by two 
phases stance phase and swing phase as shown in 
Fig. 21.5. A full gait cycle is denoted by 100% 
and starts from the time foot heel strikes the 
ground and going through the swing phase to the 
time it strikes the ground again. The stance is the 
initial 65% of the gait cycle and the swing phase 
is the rest 35% of the cycle [49]. The stance phase 
consists of three sub-phases: initial (heel strike to 
foot flat), middle (foot flat to opposite heel strike), 
and terminal stance (opposite heel strike to toe- 
off) [22, 30, 49].

21.7  FEA Modeling of the Knee

Finite Element (FE) methods are widely used in 
orthopedics implant and prosthesis design. FEA 
is becoming a clinical tool for simulation of com-

Heel Strike
(HS)

Heel Strike
(HS)

Heel Off
(HO)

Stance Phase Swing Phase

Toe Off
(TO)

Mid Swing
(MS)

Fig. 21.5 Gait stance and swing phases defined as a per-
centage of 100% full gait cycle (Y.  Qi, C.  B. Soh, 
E. Gunawan, K. Low and R. Thomas, IEEE Transactions 

on Neural Systems and Rehabilitation Engineering, vol. 
24, no. 1, pp. 88–97, Jan. 2016)
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plex cases where new concepts or design are 
tested virtually before implementation. FE com-
bined with imaging have provided considerable 
insight into understanding knee joint biomechan-
ics, including ligament function, ligament recon-
struction technique, and implant design. FEA is a 
mathematical tool that uses the law of mechanics 
to provide solutions to clinical problems in terms 
of stress-strains, force-deformations, work- 
energy, and other parameters used to describe the 
problem at hand. Due to inherent challenges 
associated with experiments (in vivo and ex vivo), 
FEA has long been recognized and trusted by 
researchers and government agencies such as the 
FDA as a reliable alternative method to the study 
of human joints-implant testing and validation.

Subject-specific FE modeling based on mod-
els obtained from CT-MRI data of that specific 
patient is useful in the study of OA as it can 
investigate the true interaction between multiple 
tissues and how changes in one can lead to impli-
cations in an adjacent tissue, which may lead to 
disease initiation or progression [17, 75]. 
Specifically, this FEA can investigate through 
different iterations of the same model by chang-
ing the material properties, the boundary condi-
tions, and loading conditions (walk versus run) to 
assess such change on the model function. 
Sensitivity of design parameters associated with 

prostheses is studied without the burden of exper-
iments cost [8, 14, 95].

FEA relies great deal on building realistic 
models and making the right assumptions to 
build high fidelity into the solutions provided by 
the FEA simulation studies (see Fig. 21.6). In the 
context of joint biomechanics, modeling of soft 
tissues such as ligaments becomes crucial to 
understanding how, to design corrective thera-
peutics and restore joint function [90, 21, 36].

FEA is still being developed to address multi-
tude of questions and whether current models can 
be used to investigate a multiscale of substructure 
elements simultaneously while performing 
flexion- extension of the knee. Since multiple 
measurements are difficult and most experiments 
are designed for a specific purpose, additional 
techniques must be developed for validation pur-
poses where both rigid, deformations and fluid- 
structure interaction are possible.

21.8  FEA Modeling of Knee 
Ligaments

Ligaments are complex viscoelastic structures that 
generate the necessary forces to maintain knee sta-
bility and smooth articulations within the kinemat-
ical range of motion they can sustain within 

Fig. 21.6 FE modeling steps using CT/MRI scans (images), CAD model generated using MIMICS, and mesh and 
assembled model with connective tissues using ANSYS
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injuries. How are these supporting structures- 
ligaments modeled in FEA. Models must be real-
istic, simple and capture the essential information 
for the task explored and analyzed. Early FE stud-
ies of the knee joint used uniaxial discrete line ele-
ments which can be viewed as springs with 
assigned material properties such as young modu-
lus of elasticity found through testing and cadav-
eric experiments [9]. These models limitations can 
be overcome by high resolution imaging (MRI), 
and close look into the fibers alignments and 
mechanical testing to build a 3D ligament model 
that can be incorporated into the 3D FEA of the 
knee [9, 24]. A combination of accurate geometry, 
isotropic and transverse hyperelastic constitutive 
material models [51, 80] were developed in the 
study of the knee [97, 28, 12, 99]. The three liga-
ments models stated above are shown in Fig. 21.7.

The knee mathematical modeling seems to rely 
great deal on the understanding of the anatomy of 
ligaments, menisci, tendons, and patellofemoral 
and tibia articulations. While FEA and other 
dynamic tools have advanced the state of the art of 
modeling, the problem has become obviously 
important that additional computational tools are 

needed to appropriately diagnose and treat pathol-
ogies at early stage of their development.

21.9  Knee Biomechanics 
and Joint Acoustic 
Assessments

An area that needs further studies in knee biome-
chanics is acoustic and vibration. Knee joint 
sounds provide unique characteristics of how bio-
material structures respond to load. During the 
joint motion, the knee ligaments, tendons, carti-
lage and menisci inherent natural frequencies 
associated with their healthy geometry can be 
altered in the presence of injuries. Acoustic emis-
sions are part of the knee biomechanics and their 
properties can be used as indicators when examin-
ing the knee (See Fig. 21.8). Vibration methods, 
such as acoustic and modal analysis, have been 
used in other industries with a lot of success to 
diagnose structural faults such as rattling effects, 
stress risers, and structural designs. Better under-
standing of the vibroacoustic characteristics of the 
knee must be developed. This work can pave the 

2D1D 3D

LCL

Fig. 21.7 CAD 
modeling and FEA of 
different LCL models 
(1D, 2D, and 3D)
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way for future studies aimed at employing acous-
tic emission and modal analysis approaches for 
knee health monitoring outside of clinical set-
tings, such as for field-deployable diagnostics 
[15]. Other imaging techniques used to diagnose 
knee lesions expose the patient to potential radia-
tion and are not suitable for outside clinical set-
tings, such as on the sports field. Another example, 
the meniscus has shown to be an important factor 
impacting knee acoustic emissions, by influenc-
ing the width of joint space and, thus, the contact 
pressure of the tibiofemoral joint [98, 62].

This acoustic tool is still a new research tool in 
knee biomechanics but it is a well-developed 
method in other industries. Possible predictors to 
the signal at the knee are still unknown due to the 
complexity of anatomy and how other elements 
can be elicited during the knee motion. Only 
when most of the contributing factors to the 
sound signal are identifiable and become known, 
proper diagnosis of the knee can be performed.

21.10  Advances, Challenges, 
and Future Directions 
in Knee Biomechanics

Today surgeons are regularly performing major 
complex reconstructive knee surgery, with highly 
encouraging results. Navigation and robotics are 

leading the way along with new operating scopes 
and devices assisting the surgeon achieve the 
most desirable outcome. Virtual reality and aug-
mented reality are both being tested in the educa-
tion and preparedness of surgeons in a world of 
complexity never seen before. Interactive surgery 
and access to vital information in real time is key 
to future advances.

Some of the knee challenges tend to be related 
to soft tissue repairs and regenerative cartilage. A 
simple ligament or menisci tear tends to raise 
questions on what procedure is most suitable.

The menisci can cause pain, clicking, giving 
way, locking, and swelling in the knee. If a 
meniscal tear is symptomatic, then it is likely to 
need surgery, and unfortunately only a minority 
of meniscal tears are repairable. The literature 
suggests that maybe only about 15 per cent of 
tears are repairable [58, 78, 31, 96]. The alter-
native of waiting then having knee replacement 
needs to be revisited. The idea of replacing the 
torn menisci with a new one is what is done by 
surgeons who perform menisci transplantation. 
This complex procedure allograft must be sized 
correctly and match the side of the knee. The 
meniscus itself is made of collagen, and every-
one’s collagen is the same so there is no rejection. 
This area of research is improving, and each knee 
component plays an important role in the biome-
chanics of the knee.

Fig. 21.8 Knee sound recording, Knee acoustic emis-
sions were recorded using two high-performance, top port 
silicon acoustic sensors (size: 3 cm in diameter and 1 cm 
in depth, SPU0414HR5H-SB, Knowles Electronics, 
LLC.  Itasca, IL, USA). One microphone was placed on 

the medial tibial plateau and one in the center of the 
patella. The sound signals were digitized with a sampling 
rate of 16,000 Hz. (Kalo et al. Journal of Biomechanics 
109, 2020)
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The future of knee repair and surgery lies in 
advances in biological reconstruction, with 
allografts, with 3D printed biological scaffolds, 
with tissue engineering, growth factors and stem 
cells, augmented reality and artificial intelligence 
and simulation assisted surgeries. Knee biome-
chanics will play an important role in the future 
of knee repair and surgery which is set to be inno-
vative and different from current practice.

Finite element methods together with other 
advance techniques in multibody dynamics, mul-
tiphysics will advance the state of simulation of 
the mechanical response of the complete knee 
under different loading and pathological condi-
tions. FEA have benefited and will continue to 
benefit from increased computational power. 
However, the computer power never seems to be 
sufficient for real-time simulation of the load 
response of a knee joint. Improved numerical 
procedures or brand-new techniques are still nec-
essary for better and faster understanding of sur-
face contact solutions. The challenge to verify 
and validate a knee joint model is still work in 
progress.

Integrating FEA into gait analysis is required 
to determine the contact pressures in the knee in 
order to understand an abnormal gait. An FE 
knee model with a single-phase incompressible 
material law may be sufficient for the analysis of 
gait cycles but will not provide any information 
on the nutrient transport in articular cartilage that 
is performed by fluid flow in the tissue. A better 
FEA model will be needed to help understand the 
load share between the solid matrix and fluid 
pressurization, and the stress in the collagen.

Biomechanics in general is becoming a field 
of multi-disciplinary sciences and physics and 
mechanics working together to build anatomical 
realistic models to help us simulate conditions 
that are impossible in vivo or vitro. Another chal-
lenge remains on developing computationally 
and efficient parallel processing computers to 
meet future demands and challenges in knee bio-
mechanics including surgical procedures.

Another aspects of biomechanics future stud-
ies are the classification of knee data into different 
diseases classes. Both clinical and modeling tech-
niques including gait will benefit from the use of 
these large data samples. The use of AI (artificial 

intelligence) and deep learning neural networks 
could formulate a new knee joint biomechanical 
data classification that could easily be ready for 
access when diagnosis and treatments for com-
plex cases are not available. Augmented reality, 
AI, biologics, and surgical innovations are the 
future for orthopedics.
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22.1  Introduction

Anterior cruciate ligament (ACL) injuries con-
tinue to occur at a high rate, affecting over 
120,000 people in the United States annually 
with an estimated cost of $1 billion [1–3]. Due to 
the high prevalence and cost, ACL reconstruction 
continues to be a highly studied and debated 
topic, with over 22,000 publications in the litera-
ture, and over 1400 publications in 2018 alone.

In order to understand the etiology of ACL 
tears and ACL reconstruction, surgeons and 
researchers must familiarize themselves with the 
anatomy and biomechanics of the ACL.  This 
includes differentiating the role of the anterome-
dial (AM) and posterolateral (PL) bundles, as 
well as understanding the synergistic role of the 
two bundles as a unit during complex knee 
motion. The key function of the ACL is a primary 

restraint to anterior tibial translation, as well as 
rotatory knee stability [4–6]. Injury to the ACL 
leads to alterations in knee kinematics and 
increases the risk of injury to the menisci, carti-
lage, and surrounding soft tissues [7]. Surgical 
treatment for ACL injuries has been advocated to 
restore anterior-posterior and rotatory knee laxity 
[8, 9]. The graft choice is an important compo-
nent of surgical decision making. The graft 
choices include autograft and allograft, each of 
which have their own unique advantages and 
disadvantages.

The goal of this chapter will be to discuss the 
relevant anatomy and biomechanics of the ACL 
in an intact knee, the effects of ACL deficiency 
on knee kinematics, and graft options for surgical 
planning.

22.2  Anatomy

The ACL is a ligamentous structure composed of 
predominantly Type I collagen and parallel rows 
of fibroblasts [10]. Dissections of human fetal 
knee specimens demonstrated the ACL is com-
posed of two distinct bundles which are separated 
by a septum consisting of vascularized connec-
tive tissue [11]. The ACL originates on the medial 
and posterior aspect of the lateral femoral con-
dyle and inserts anterior and lateral to the medial 
intercondylar spine of the tibia [12]. On the fem-
oral side, the AM bundle originates more proxi-
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mally and the PL bundle originates more distally 
[13]. The lateral intercondylar ridge, aka “resi-
dent’s ridge,” represents the anterior edge of the 
AM and PL bundle attachments on the medial facet 
of the lateral femoral condyle with the knee flexed 
to 90°. The lateral bifurcate ridge, which runs per-
pendicular to the lateral intercondylar ridge, sepa-
rates the AM and PL bundles [14]. On the tibial 
side, the AM bundle inserts anteromedially, while 
the PL bundle inserts posterolaterally [13].

Together, the AM and PL bundles form a func-
tional unit which is indispensable for anteroposte-
rior and rotatory knee stability [6]. Research has 
shown that the length of the ACL is shortest at 90° 
of knee flexion and increases with knee extension. 
On the other hand, the cross-sectional area of the 
ACL isthmus behaves inversely and becomes 
smaller in knee extension compared to flexion 
[15]. This illustrates the dynamic nature of the 
ACL with a changing stress distribution through-
out the physiologic range-of-motion. Taking the 
distinct femoral and tibial insertion sites of each 
bundle into account, it becomes evident that the 
AM and PL bundles act differently but are syner-
gistic [6, 16]. The AM bundle acts as the primary 
restraint against anterior tibial translation (ATT) in 
higher flexion angles, while the PL bundle acts as 
the primary restraint against ATT in lower flexion 
angles and against combined rotatory loads [6].

22.3  Biomechanics 
of the Native ACL

Tensile testing of the native ACL in young, 
healthy individuals has shown the stiffness and 
ultimate load of the native ACL to be 242 N/mm 
and 2160 N, respectively [17]. Notably, the ulti-
mate load of the ACL taken from patients aged 
60 years or older demonstrated that the ACL had 
a tensile strength less than one-third of that of an 
ACL from a young, healthy individual. 
Furthermore, cadaveric tests in which the ACL 
was mounted to a materials testing machine have 
demonstrated the ultimate load and elongation to 
ultimate load is greater when the strain rate, or 
the rate at which the ligament is elongated, is 
increased [18].

The ACL is the primary restraint to ATT in 
relation to the femur, providing about 85% of the 
total resisting force [19, 20]. The ACL also func-
tions to limit internal rotation of the tibia, as 
cadaveric studies have demonstrated that when 
sectioning the ACL with the knee positioned near 
full extension, there is an increase in internal 
rotation of the tibia [21].

The force in the ACL has been shown to be 
highest at 15–30° of knee flexion and decreases 
with greater knee flexion [22, 23]. Using a 
6-degree of freedom (DOF) robotic manipulator 
and universal force-moment sensor, the resultant 
in situ force in the ACL was found to be highest 
at 15° of knee flexion (111 N) compared to 90° of 
knee flexion (71 N) in cadaveric specimens [22]. 
Under applied loads to the quadriceps tendon, the 
force in the ACL was found to be highest (72 N) 
at 30° of knee flexion [24].

As the ACL consists of two distinct bundles, 
the biomechanics and contribution of each bun-
dle to the kinematics of the knee have been stud-
ied. The AM bundle has been shown to be 
lengthened with increasing knee flexion while 
the PL bundle is at greatest length when the knee 
is extended [24].

To study the biomechanics of the AM and PL 
bundles of the ACL, a 6-DOF robotic manipula-
tor was used to measure resultant forces under an 
applied anterior load on the tibia after successful 
sectioning of each bundle [22]. The in situ force 
of the PL bundle was found to be higher than the 
AM bundle at knee flexion angles between 0 and 
45°, while the AM bundle was found to be rela-
tively constant throughout all knee flexion angles. 
On the other hand, cadaveric studies using loads 
applied with cables and an optical tracking sys-
tem found no difference in knee kinematics with 
isolated AM or PL bundle deficiency, and con-
cluded that a clinically identifiable increase in 
knee laxity requires injury to both bundles of the 
ACL [25].

In addition to anterior instability, the role of 
each bundle in rotatory instability has also been 
studied. Using a cadaveric model, ATT was mea-
sured for intact, AM bundle-deficient, PL 
 bundle- deficient, and ACL-deficient knees under 
applied anterior load and rotatory torque [6]. With 
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applied anterior loads, after transection of the AM 
bundle, ATT was found to double as compared to 
the intact state at knee flexion angles greater than 
60° of knee flexion, while sectioning of the PL 
bundle resulted in a significant increase at 30° of 
knee flexion. Under rotatory torques, only transec-
tion of the PL bundle resulted in increased ATT 
compared to the intact knee with the knee posi-
tioned in less than 30° of knee flexion. Additional 
cadaveric studies have demonstrated that the PL 
bundle plays a role in rotatory knee stability par-
ticularly when the knee is near full extension, lead-
ing the authors to advocate for anatomic 
reconstruction of the ACL to restore native knee 
kinematics [26]. In summary, the AM bundle is 
thought to be primarily responsible for anterior 
knee stability at higher flexion angles while the PL 
bundle contributes to rotatory knee stability and 
provides restraint to ATT at lower flexion angles.

22.4  Biomechanics of the ACL- 
Deficient Knee

Normal knee function in everyday activities such 
as walking is determined by the synergic rela-
tionship between the dynamic and static con-
straints, joint morphology, and the forces acting 
on the knee. The typical mechanism for ACL 
injury involves a quick deceleration and pivoting 
or valgus collapse of the knee [27–29]. When the 
ACL ruptures, the synergic interaction is dis-
rupted, and abnormal knee kinematics and load 
sharing occurs. Abnormal kinematics may have 
deteriorative effects, as 51% of ACL injured 
knees have osteoarthritis (OA) compared to 7% 
in the contralateral, uninjured knee 12 years after 
injury [30]. Therefore, it is important to under-
stand how the biomechanics of the knee are 
altered after ACL deficiency.

22.4.1  Altered Kinematics after ACL 
Rupture

After ACL injury, increases in ATT and internal 
rotation occur in response to external loads [9–
13]. To observe abnormal kinematics, studies uti-

lizing 6-DOF robotic testing systems have been 
performed on cadaveric knees. ACL-deficient 
knees had significantly greater internal rotation 
and ATT in response to an isolated internal torque 
as well as a simulated pivot shift when compared 
to the intact knee [31]. Knee kinematics after 
ACL injury during walking can be analyzed 
using a 3-dimensional motion capture system. 
One study found that ACL-deficient knees had 
significantly less ATT and more internal rotation 
compared to the contralateral uninjured knees; 
this was hypothesized to likely be due to walking 
strategies to enable gait on a stable, less painful 
knee [32, 33]. Another study utilizing biplane 
fluoroscopy showed increased internal rotation as 
well as a more posterior tibiofemoral contact 
point in ACL-deficient knees [34]. Though these 
studies are employing different methods or 
motions, the overall premise is that ACL defi-
ciency causes altered knee kinematics. The 
increased kinematics in response to external 
loads may be due to the absent restraint of the 
ACL, while the altered walking that decreases 
ATT may be adaptive gait strategies to achieve 
knee stability despite injury in which too much 
ATT may cause instability and discomfort in 
ACL injured patients.

22.4.2  Major Effects on Other 
Structures of the Knee

After ACL injury, meniscal tears and other soft 
tissue injuries at the knee occur more frequently 
[35, 36]. This increase in meniscus and soft tissue 
injury occurs because the other structures of the 
knee are placed under greater forces and moments 
than before injury to allow ACL-deficient knees 
to take on the same loads as the intact knee. Using 
6-DOF robotic testing systems, researchers have 
been able to determine differences in the in situ 
forces of the soft tissue structures of the knee 
before and after ACL transection. One study 
found that the in situ forces in the MCL and pos-
terolateral structures significantly increased after 
ACL deficiency in response to an anterior load 
(Fig.  22.1) [37]. Another study analyzing the 
anterolateral capsule and lateral collateral liga-
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ment (LCL) found that in ACL-deficient knees, 
the forces between the regions of the anterolat-
eral capsule were significantly greater than the 
forces in the LCL and in the anterolateral capsule 
in response to an anterior load [38]. As meniscal 
injuries are often concomitant with ACL injuries 
[35, 39], studies have analyzed the effect of ACL 
deficiency on the menisci [40, 41]. After ACL 
transection, the strain in the meniscus signifi-
cantly increased and the force in the medial 
meniscus doubled compared to the intact knee 
[40, 41]. These alterations in knee kinematics and 
forces in the other soft tissue structures after ACL 
injury explain why injuries to the menisci and 
other structures are often concomitant with or 
more common after ACL injury, and may explain 
the future development of OA.

22.5  Biomechanics of the ACL 
Reconstructed Knee

ACL reconstruction requires the use of graft tis-
sue as a replacement for the native ACL. The bio-
mechanical profile and performance of the 
reconstructed knee is influenced by the physiol-
ogy of the graft itself as well as its placement in 
the knee. The biological and mechanical behav-
iors of various autografts and allografts have 
been studied extensively in  vitro and in  vivo 
using animal and human models, but interpreta-

tion of findings across these investigations is 
challenging due to the heterogeneity of human 
and animal subjects, graft sizes, and testing meth-
ods used. Further, the biomechanical properties 
of each graft choice and associated clinical out-
comes may be modified by preoperative rehabili-
tation, timing of reconstruction, concomitant 
injuries, graft processing, preconditioning, fixa-
tion method, patient characteristics, and postop-
erative rehabilitation protocols. Currently, both 
the surgeon and patient have access to several 
acceptable graft options categorized by autograft 
or allograft and comprised of soft tissue alone or 
with a bone plug.

22.5.1  Autograft

Appropriate graft choice is driven by the tradeoff 
between autograft’s biological advantages (faster 
incorporation and maturation, avoidance of 
immune reaction or disease transmission) and 
allograft’s decreased morbidity and surgical time. 
Patellar tendon (BPTB), quadriceps tendon (QT), 
and hamstring tendon (HT) are the autografts 
commonly employed currently. In human cadav-
eric studies, each has been shown to have stiff-
ness and ultimate tensile load approximating that 
of the native ACL (Table 22.1) [42–46]. As such, 
graft choice often involves consideration of addi-
tional factors.
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Fig. 22.1 In situ forces of the medial collateral ligament 
(MCL) and posterolateral structures of the knee for the 
anterior cruciate ligament (ACL) intact (white bars) and 
ACL-deficient (black bars) knee in response to a 134 N 
anterior tibial load. *statistically significant difference 

(p  <  0.05) [37]. Reprinted from Journal of orthopaedic 
science, 5 (6), Kanamori A, Sakane M, Zeminski J, Rudy 
TW, Woo SL. In-situ force in the medial and lateral struc-
tures of intact and ACL-deficient knees, 567–571, 2000, 
with permission from Elsevier
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BPTB autograft has historically been consid-
ered the gold standard due to its strength charac-
teristics, relative ease of harvest, compatibility 
with rigid fixation, bone-to-bone healing, and 
favorable outcomes, but donor-site morbidity has 
remained a concern [49]. BPTB has been consis-
tently associated with more anterior knee pain 
and stiffness requiring manipulation under anes-
thesia or lysis of adhesions when compared to 
HT. [50, 51] HT has similarly been associated 
with donor-site morbidity as well as reduced ini-
tial fixation strength, higher rates of failure, and 
increased laxity, particularly in younger and in 
female patients [50, 52, 53]. A recent meta- 
analysis confirmed these findings but found the 
differences in laxity and graft failure to be subtle 
[54], and a 15-year follow-up of patients random-
ized to BPTB or HT demonstrated comparable 
extension deficit and laxity at 15 years [55]. In 
summary, BPTB may exhibit slightly superior 
biomechanical outcomes at early timepoints 
when compared to HT, but this advantage seems 
to decrease with time. Furthermore, BPTB may 
be associated with more undesirable sequelae.

More recently, QT has reemerged as a com-
pelling alternative to BPTB. Several studies com-
paring QT to BPTB in  vivo have demonstrated 
non-inferior biomechanics (as measured by 
Lachman, pivot shift, and instrumented laxity 
testing) and similar patient satisfaction with less 
donor-site morbidity, thereby avoiding the most 

significant shortcoming of BPTB while maintain-
ing the benefits of healing and fixation afforded 
by a bone plug [43, 56, 57]. Compared to HT, QT 
has been associated with less residual laxity and 
better patient-reported outcomes [58].

All autologous graft materials and fixation 
techniques currently employed are thought to 
provide sufficient initial fixation strength [59, 
60], but the bone-to-bone healing and rigid initial 
fixation possible with BPTB and QT with a bone 
plug are intuitive strengths of these grafts. 
Ultimately, current evidence from randomized 
controlled trials comparing BPTB, QT, and HT 
does not show a consistent difference in postop-
erative laxity, rate of graft failure, or clinical out-
come [51, 55, 60, 61]. In the absence of definitive 
biomechanical or clinical evidence supporting a 
single graft choice for any population, graft 
selection should be made by the surgeon and the 
patient on an individual basis after discussion of 
the surgical options and the associated risks and 
benefits.

22.5.2  Allograft

Various types of allografts are readily available 
for ACL reconstruction including Achilles ten-
don, hamstring tendons, patellar tendon, quadri-
ceps tendon, tibialis anterior or posterior tendon, 
peroneus longus or brevis tendon, and fascia lata 
allografts [62–64]. Achilles, patellar, and quadri-
ceps tendon allografts are also available with an 
attached bone block, which is believed to improve 
graft incorporation due to the presence of a bone- 
to- bone interface compared to a tendon-to-bone 
interface in soft tissue-only allografts. However, 
there is no evidence to support this hypothesis for 
allografts [65]. The allograft type, procurement, 
processing and cleansing method, the duration 
and type of storage, preparation, and donor and 
graft characteristics have been shown to influ-
ence the biomechanical and viscoelastic proper-
ties of the allogenic tissue [64]. A recent 
systematic review showed a high variability in 
load-to-failure and stiffness between different 
allograft types, with non-looped tibialis anterior 
or posterior allografts demonstrating the most 

Table 22.1 Comparison of stiffness and ultimate tensile 
load of the native anterior cruciate ligament (ACL) and auto-
grafts. Native ACL stiffness and ultimate tensile load vary 
greatly between younger and older donors [17]. Bone-
patellar tendon-bone (BPTB) and hamstring tendon (HT) 
(double-looped semitendinosus-gracilis) grafts were 
obtained from 15 matched pairs in a human cadaveric study 
with 87% male donors between ages 17 and 53 years [47]. 
BPTB and quadriceps tendon (QT) specimens were obtained 
from 23 unmatched cadavers aged 19–55 years [48]

Native ACL BPTB QT HT
Stiffness 
(N/mm)

180 (age 60–97) [17] 
–242 (age 22–35) 
[17]

210 [47]– 
278 [48]

466 
[48]

238 
[47]

Ultimate 
tensile 
load (N)

658 (age 60–97) [17] 
–2160 (age 22–35) 
[17]

1581 [48]– 
1784 [47]

2186 
[48]

2422 
[47]
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unfavorable results [64]. However, in general, 
allografts provide equivalent or even superior 
biomechanical properties compared to the native 
ACL [64].

Apart from the type of allograft, several more 
parameters have to be considered. It is important 
to be aware of the details of graft procurement, 
since it is known that increased donor age may 
weaken the tensile strength of allografts [64, 66]. 
Additionally, a negative correlation between the 
dose of gamma irradiation and the biomechanical 
properties of allografts has been observed [67–
69]. Taken together, it is recommended to use 
fresh-frozen and non-irradiated or minimally irra-
diated grafts (<2.5 Mrd) from donors younger 
than 65 years of age when considering allograft 
for ACL reconstruction [62, 64, 70]. Knowledge 
about the mechanical properties of allogenic ACL 
grafts and its associated functional and clinical 
outcomes after ACL reconstruction is essential, 
since up to 42% of primary ACL reconstructions 
and almost 79% of revision ACL reconstructions 
are performed using allografts in the United States 
[71]. Given the high variability in the biomechani-
cal properties of allografts provided by the avail-
able literature, no final conclusions on the use of 
allografts for ACL reconstruction can be drawn at 
this time. More high-quality studies are needed to 
determine the ideal allograft type, procurement, 
cleansing and storage method best suited for ACL 
reconstruction.

22.5.3  Double-Bundle Vs. Single- 
Bundle ACL Reconstruction

Given the anisometric behavior of the AM and 
PL bundle, different length change patterns of the 
bundles can be observed during knee movement. 
The AM bundle becomes taut in knee flexion and 
more lax in extension, while the PL bundle con-
versely is taut in extension and becomes more lax 
in flexion [72]. Therefore, an anatomical, rather 
than an isometric ACL reconstruction, is pre-
ferred to restore native knee kinematics [73].

Double bundle (DB) ACL reconstruction has 
been shown to increase graft forces compared to 
single bundle (SB) reconstruction, which could 

negatively affect clinical outcomes [74]. 
However, it is believed that DB-ACLR can better 
restore the complex anatomy of the native 
ACL.  Cadaveric biomechanical studies have 
shown that DB-ACLR more closely restores 
native knee kinematics compared to SB-ACLR, 
especially when considering rotatory knee laxity 
as measured by the pivot-shift test [75]. These 
biomechanical and kinematic findings have only 
been partially supported by clinical outcomes. A 
prospective randomized controlled trial showed 
no differences between SB- and DB-ACLR in 
terms of patient-reported outcomes (IKDC func-
tion score, Lysholm score) and laxity testing 
(manual pivot-shift, KT-1000) at 10 years follow-
 up, but a significantly lower failure rate with 
DB-ACLR [76]. Additionally, a retrospective 
review of ACL reconstructions performed in the 
Swedish ACL registry also demonstrated a 
decreased failure rate with DB compared to 
SB-ACL reconstructions [77].

22.6  Conclusion

Understanding the anatomy and biomechanics of 
the ACL is essential, especially when planning 
operative ACL reconstruction strategies. The AM 
and PL bundles of the ACL each have their own 
role in knee kinematics, while also acting syner-
gistically to control anterior tibial translation and 
rotatory knee stability. While injury to one bun-
dle may not demonstrate noticeable differences 
in kinematics and stability, complete injury alters 
knee mechanics and increases risk to the other 
soft tissue structures in the knee. The synergetic 
relationship between bundles is especially impor-
tant during ACL reconstruction, as both bundles 
must be accounted for and reconstructed anatom-
ically. There are various graft options, both 
 autograft and allograft, that should be individual-
ized to the patient based on activity level, per-
sonal desires, and risk of morbidity associated 
with each graft type. Single- and double-bundle 
ACL reconstruction demonstrate similar clinical 
outcomes, while the most important aspect of 
ACL reconstruction is respecting patient individ-
ual anatomy.
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23.1  Introduction

Residual rotatory knee instability following ana-
tomical anterior cruciate ligament reconstruction 
has highlighted the role of the anterolateral struc-
tures of the knee [1]. Extra-articular procedures 
were once commonly performed for anterolateral 
rotatory instability, however, intra-articular ACL 
reconstructions (ACL-R) displaced lateral proce-
dures as the focus of ACL surgery. The main rea-
son was initial and sustained success of 
intra-articular ACL reconstructions, with clinical 
series showing excellent results and acceptable 
re-rupture rates [2, 3].

Slowly, concerns around persistent instability 
started to increase [4]. While some authors 
described groups of patients with less success 
and high re-rupture rates, others described resid-
ual pivot shift and even sustained risk of long- 
term articular degeneration [5]. Therefore, there 
was a renewed interest in the anatomy and bio-
mechanical role of anterolateral structures of the 
knee. In 2013, Claes [6] reopened the field with 

the description of the anterolateral ligament 
(ALL) and this description was quickly followed 
by multiple techniques to reconstruct it. 
Meanwhile, lateral extra articular tenodesis tech-
niques, once used in isolation for the treatment of 
ACL ruptures, regained ground as an addition to 
the anatomic ACL [7].

A biomechanical understanding of the role of 
anterolateral structures in the native, ACL defi-
cient, and ACL reconstructed knee is paramount to 
determine the role of added procedures in the ACL 
reconstructed knee. The objective of this chapter is 
to highlight the main biomechanical components 
of the anterolateral structures and their role in the 
aforementioned scenarios, trying to determine the 
role of lateral extra-articular tenodesis techniques 
and anterolateral ligament reconstructions.

23.2  Anatomy

The anatomy of lateral aspect of the knee was 
described by Seebacher et al. [8] as consisting of 
three well-defined layers: (1) the superficial layer 
consisting of the superficial fascia, iliotibial band 
(ITB), and biceps femoris; (2) the second layer 
with the quadriceps retinaculum and the patello-
femoral ligaments; and the (3) deepest layer 
formed by the lateral collateral ligament and the 
lateral capsule. Key biomechanical contributors 
are the ITB, the anterolateral capsule and the 
ALL (Fig. 23.1).
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The ITB has two distinct layers. The most 
superficial, fascia-like layer inserts at Gerdy’s 
tubercle on the anterolateral aspect of the 
tibia. It has an anterior reflection to the patella 
(iliopatellar band) and a posterior reflection 
that reinforces the biceps femoris tendon. 
Kaplan [9] described femoral attachments ini-
tiated from the superficial ITB (Kaplan fibers). 
These Kaplan fibers were later divided into 
three segments by Lobenhoffer [10] (from 
proximal to distal): transverse fibers near the 
septum inserting in the dorsolateral femur; 

proximal-lateral to distal-medial fibers insert-
ing in the supracondylar area of the lateral 
femoral condyle; and retrograde fibers run-
ning from the Gerdy’s tubercle insertion 
toward the dorsolateral femur bridging the 
knee joint. The deep ITB, also named the cap-
sulo-osseous layer, [11–13] runs deep and 
medial to the superficial ITB until it merges 
distally with the superficial layer before insert-
ing in Gerdy’s tubercle [11]. The distal seg-
ment of the deep ITB is reinforced by the 
biceps femoris tendon [14].

Intermuscular
Septum

Proximal Ridge

Distal
Ridge

Proximal
Kaplan Fibers

Distal
Kaplan Fibers

Superior Lateral
Genicular Artery

ALL

FCL

LE

PLT

GT
ITB

retracted

Capsulo-osseous
layer

Gerdy’s
Tubercle

Floor
ITB

Fig. 23.1 Anatomy of the anterolateral complex of the 
knee, showing the insertions of the proximal and distal 
Kaplan fibers on the proximal and distal ridges, respec-
tively, in a right knee. ALL: anterolateral ligament; FCL: 

fibular collateral ligament; GT: lateral gastrocnemius ten-
don; ITB: iliotibial band; LE: lateral epicondyle; PLT: 
popliteus tendon. From Godin et al. [15], license number 
5087391062609
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The anterolateral capsule is also divided into a 
superficial and deep component [8] based on the 
direction of the fibers in relation with the fibular 
collateral ligament (FCL). Hughston, who intro-
duced the concept of anterolateral rotatory insta-
bility (ALRI), described the anterolateral capsule 
ligaments [1]. He determined that the mid-third 
portion had distinct femoral and tibial insertions, 
as well as meniscal attachments (also known as 
coronary ligaments).

Although the biomechanical contribution of 
the anterolateral structures had been studied 
previously, an anatomical structure distinct from 
the ITB and the anterolateral capsule was 
described by Claes in 2013, denominated the 
anterolateral ligament (ALL) [6]. Most authors 
agree that the tibial attachment of the ALL lies 
mid-way between Gerdy’s tubercle and the fibu-
lar head, 5–10 mm below the joint line [16, 17]. 
The femoral attachment, on the other hand, has 
been debated, with some authors showing a 
common insertion with the popliteus tendon; 
[18] others an epicondylar insertion next to the 
FCL; [6, 19] and others a supracondylar femoral 
insertion site [20, 21]. Musahl [11] proposed 
that the differences found were due to cadaver 
preparation techniques (frozen vs embalmed) 
and proposed that the ALL was either confused 
with the ITB deep capsulo-osseous layer 
described initially by Segond, and that Terry 
said acted “as an anterolateral ligament” (Terry); 
the mid-third portion of the capsule described 
by Hughston; a combination of both; [11] or the 
anterior arm of the short head of the biceps fem-
oris muscle [22]. Regardless of the existence of 
a distinct ligament or the combination of previ-
ously defined anatomical structures, the antero-
lateral complex has a known biomechanical 
behavior both natively and when surgically 
reconstructed.

The lack of consensus on the shape and form 
of the ALL, and the overlap of descriptions 
with layers of the ITB and capsule, warrant 
careful interpretation of its individual role in 
knee biomechanics. As suggested by Amis, [23] 
it may be more appropriate to analyze the 

anterolateral complex (ALC) as a whole and 
avoid distinction. When discussing biomechan-
ics of anterolateral rotatory instability of the 
knee, one must state the degree of knee flexion 
and if they are ACL competent or deficient 
knees. Further studies have shown that liga-
ment engagement (i.e., involvement in knee 
kinematics) is also highly susceptible to tibial 
displacement [24–26]. When available, we will 
state these variables, assuming neutral position 
when not mentioned.

23.3  Native Biomechanics 
of the Anterolateral Complex

Few studies have evaluated the function of the 
ALC with an intact ACL and an in situ ITB, as 
many reflect the ITB [24, 26] to isolate the 
ALC.  This complicates interpretation as we 
have previously noted the robust anatomy of 
the ITB and its biomechanical relevance. Kittl 
[27] determined that the superficial ITB was the 
primary restraint (contributes more that 50%) 
to tibial internal rotation (IR) above 30 degrees 
of knee flexion (5-Nm of IR; 0°, 30°, 60° and 
90°); with at least 40% of restraint under 30 
degrees coming from the superficial and deep 
ITB together. No other structures were found to 
contribute more than 20%. Although the ACL 
seems to have a poor biomechanical situation to 
control tibial rotation, under 30° the ACL tight-
ens and forces tibial external rotation, locking 
the knee at full extension, [13] known as the 
screw home mechanism [28]. Huser [29] simi-
larly found that the contribution of ALL and the 
deep capsulo- osseous layer of the ITB to 
robotic pivot shift testing (100-N of anterior 
load +7-Nm of valgus +1 or 5-Nm of IR) was 
minimal and statistically equivalent between 
intact knees and knees with sectioned ALL and 
the deep layer of the ITB.  Therefore, in the 
native knee, the ALL seems to have a minor 
role in controlling IR, as primary stabilization 
is dependent on the ITB (mainly its superficial 
layer).
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Femoral 
point Position (from lateral femoral epicondyle)

Tibial point G (Gerdy 
tubercle)

Tibial point A (area of 
the Segond avulsion)

1 2 mm anterior, 2 mm distal Anterior part of the Losee [30] 
reconstruction

Mid-third lateral capsular 
ligament
ALL defined by Claes 
et al. [6]

2 10 mm posterior, 4 mm distal Isometric point of Draganich 
et al. [31]

3 4 mm posterior, 8 mm proximal Lemaire reconstruction [32]* ALL defined by Dodds 
et al. [20]

4 6 mm posterior, 10 mm proximal Isometric point of Sidles et al. 
[33]

5 Over-the-top position Zarins-Rowe [34] 
reconstruction*
Isometric point of Krackow 
and Brooks [35]
Posterior part of the Losee 
[30] reconstruction*

6 Posterior femoral cortex at the distal 
termination of the intermuscular septum

Anterior fibers of the ITT
MacIntosh reconstruction 
[36]*

Posterior fibers of the 
ITT

There were four native tissue structures, four 
reconstructions, and three femoral isometric 
points. ALL: anterolateral ligament; ITT: iliotib-
ial tract. *Indicates course deep to the lateral col-
lateral ligament.

23.4  Biomechanics in the ACL- 
Deficient Knee

Contrary to ACL intact studies, most studies in 
ACL sectioned knees maintain the ALC and ITB 
intact in an attempt to individualize their roles. 
We have already mentioned that at lower degrees 
of flexion, the ACL initiates the screw home 
mechanism (tibial external rotation at knee full 
extension). Therefore, the lack of ACL reduces 
the screw home locking mechanism and leaves 
the tibia to internally rotate [13]. Spencer [37] 
showed that ALL sectioning determined an 
increase in IR when submitted to a simulated 
pivot shift (10-Nm of valgus +5-Nm of IR; 0° of 
flexion). That same year, Rasmussen [38] proved 
that this increase in IR was across the whole 
range of motion in simulated pivot shift (10-Nm 
of valgus +5-Nm of IR; 0 to 60° in 15° incre-
ments) and plain IR testing (5-Nm of IR; 0 to 
120° in 15° increments). Albeit they found statis-
tically significant increments in IR after ACL and 

ALL sectioning, the increases were up to 3.5 
degrees. This was pointed out by Kittl [27] who 
found that ALL contribution to IR restraint 
(5-Nm of IR; 0°, 30°, 60°, and 90°) in the ACL- 
deficient knee was statistically significant but 
perhaps not clinically relevant. Furthermore, 
when studying a lower force simulated pivot shift 
(8-Nm of valgus +4-Nm of IR; 15°, 30° and 45°) 
Kittl found no significant contribution of the 
ALL (Fig. 23.2).

Interestingly, Noyes [39] found that neither 
the ALL nor the ITB contributed significantly to 
resisting IR in the ACL-deficient knee. They 
tested ALL and/or ITB sectioning under three 
different forces: IR (5-Nm of IR; 25°, 60° and 
90°); and two pivot shift Schemes (100-N of 
anterior load +7-Nm of valgus +1 or 5-Nm of 
IR). All scenarios showed no increase with iso-
lated ALL sectioning and minimal but significant 
increase in IR with isolated ITB section as well 
with the combined section of ITB and 
ALL.  Similarly, Saiegh [40] tested simulated 
pivot shifts (8.4-Nm of anterior load +2.5-Nm of 
valgus; 30° and 90°) and found no statistical dif-
ference between ACL-deficient and ACL + ALL 
deficient knees. More recently Lagae [41] con-
firmed these findings, with minor differences 
observed between the ACL-deficient and 
ACL  +  ALC deficient knees. They also tested 
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anterior translation when subjected to anterior 
forces (90-N anterior drawer force; 0 to 110° in 
10° increments) and internal torque (5-Nm of IR, 
0 to 110° in 10° increments). Sectioning of the 
ALL in the ACL-deficient knee only increased 
anterior translation at 20° and 30° (by a mean of 
0.8 and 0.7 mm respectively); with no difference 
in the IR tests.

Further studies confirmed these findings, [24, 
26] but complemented the data by including 
varying degrees of tibial translation. Thein [42] 
showed that the ALL engages during pathologi-
cal tibial anterior translation of 10 to 12  mm. 
These degrees of anterior tibial translation are 
only seen in ACL-deficient knees. Lording [43] 
showed similar results in ACL and ALL sectioned 
knees, with minimal but significant increases in 
IR (5-Nm of IR; 0 to 90° in 15° increments). 
Increases in IR were higher at higher degrees of 
knee flexion. Lording also showed that lateral 
meniscus posterior root played a similar role in 
restraining IR but during lower degrees of knee 
flexion (0 to 30°).

In summary, when submitted to IR or simu-
lated pivot shift testing of ACL-deficient knees, 
the ALL contributes minimally to restrain IR in 

most cadaveric studies. This contribution is 
higher above 30° of knee flexion. More recent 
studies suggest that mere IR or pivot shift simula-
tion are not capable of engaging the ALL within 
the envelope of normal knee kinematics. 
Additionally, engagement of the ALL has proven 
to have a high interspecimen variability [26].

23.5  Rotatory Instability 
Following ACL 
Reconstruction

Anterolateral extra-articular tenodesis (LET) 
procedures, as popularized by Lemaire (1967), 
[44] MacIntosh (1976), [36] Losee (1978), [30] 
Arnold and Cocker (1979), [45] and Ellison 
(1979), [46] were once used as isolated treatment 
options for ACL ruptures. They were superceded 
by the novel free patellar tendon bone (BTB) 
graft allowing anatomic ACL reconstruction 
(ACL-R), as developed by Franke [47]. The BTB 
quickly became the gold-standard of ACL-R 
[48]. Even though many proposed the addition of 
LET procedures to ACL-R [49], Dejour 1999, 
[50] the potential added morbidity lacked evident 
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benefit and was mainly discontinued. The re- 
birth of anterolateral tenodesis techniques in 
recent years has been associated with two major 
concerns following anatomic ACL-R: groups 
with high re-rupture rates, and patients with 
residual rotatory instability. Recently, the 
Stability Group [51] has published the results of 
a multicenter study randomizing high-risk 
patients to isolated ACL (autologous hamstring 
tendon graft) vs ACL  +  anterolateral tenodesis 
(modified Lemaire). They defined high-risk 
patients as younger than 25 years old and having 
two of the following three risk factors: (1) grade 
2 or greater pivot shift; (2) generalized ligamen-
tous laxity; and (3) returning to cutting or pivot-
ing sports. After 2 years, they found that while 
the isolated ACL group has significantly more 
graft ruptures (11% vs 4% of the ACL  +  LET 
group) and residual instability (29 and 21% 
respectively), there was no difference in patient 
reported outcomes nor level of activity.

The rationale behind the augmentation in 
these high-risk groups is that an additional con-
straint of anterolateral rotatory instability through 
LET addition could translate into decreased 
forces through the ACL graft tissue as suggested 
by Noyes in 1991 [52]. Although (as shown fur-
ther below), LET does increase rotational stabil-
ity, there is a lack of high-level evidence regarding 
re-rupture rates and a 2015 meta-analysis showed 
no difference regarding this outcome in ACL vs 
ACL + LET [53]. Therefore, the outcomes of the 
aforementioned study [51] could change the clin-
ical landscape of LET procedures.

More controversial even than the former, 
residual rotatory instability has been one of the 
main arguments for anterolateral procedures in 
association with ACL-R [7, 54]. Biomechanical 
logic gifts anterolateral procedures with an 
increased lever to restrain IR when compared 
with ACL insertion sites, whom are close to the 
rotational axis, thus warranting poor conditions 
to resist rotation [23]. Nevertheless, previously 
we stated that in native knees, the ACL does play 
a key role in restraining IR, secondary only to the 
ITB [27]. Many have studied if ACL-R are able 
to replicate this degree of restraint and therefore 

return the knee to normal kinematics. Samuelson 
et al. [55] first showed that patients with a com-
bined injury of the ACL and anterolateral struc-
tures (he incised the capsular structures from the 
patella medially up to the fibular collateral liga-
ment laterally, leaving the latter and the ITB 
intact), failed to regain normal knee kinematics 
with an isolated ACL-R (autologous BTB). He 
found that anterior translation was normalized at 
all angles tested except 0° (100-N of anterior 
load; 30° 60° and 90°). At 0° the anterior transla-
tion was increased 2 mm in the combined injury 
with isolated ACL-R. This same setup failed to 
replicate native IR restraint (3-Nm of IR; 0 to 90° 
in 30° increments). Inderhaug [54] confirmed the 
earlier publication of Samuelson, showing that in 
a knee with combined ACL and anterolateral 
injury, isolated ACL-R (autologous BTB) did not 
restore normal knee kinematics. Additionally, 
they found a significant increase in IR when sub-
mitted to torsional torque (5-Nm IR; 0 to 90° in 
10° increments) and simulated pivot shift (90-N 
of anterior load +5-Nm IR; 0 to 90° in 10° incre-
ments) (Fig.  23.3). Finally, Geeslin et  al. [56] 
confirmed these findings with a similar cadaveric 
setup, also showing that an isolated ACL-R (BTB 
allograft) could not replicate native kinematics 
when subjected to a simulated pivot shift (88-Nm 
of anterior load +10-Nm of valgus +5-Nm of IR; 
60 and 90° of flexion). When applying only IR 
(5-Nm IR; 45°, 60°, 75° and 90°), they found no 
difference between the ACL intact and the ACL 
reconstructed knees. Interestingly, more recent 
tests conducted by Lagae [41] found that an iso-
lated ACL (4 strand hamstring graft) had an ante-
rior translation similar to the intact knee across 
the whole range of motion (90-N anterior drawer 
force; 0 to 110° in 10° increments); but IR 
remained minimally increased when compared 
with the native knee between 30 and 100° (5-Nm 
of IR, 0 to 110° in 10° increments).

These findings should be expected, as we pre-
viously stated that when sequentially injuring the 
ACL followed by the anterolateral complex 
structures, Spencer, [37] Rasmussen [38] and 
others had shown a small (up to 3.5 degrees) but 
statistically significant contribution of the ALC 
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to rotational laxity. This marginal contribution is 
confirmed by the lack of normal knee kinematics 
with the isolated reconstruction of the ACL in 
combined injuries (ACL and ALC) shown by 
Samuelson, [55] Inderhaug, [54] and Geeslin 
[56] (for pivot shift only). Furthermore, the dif-
ferences found by the former are a maximum 
2.1° of IR [54, 56], very similar to the studies of 
sectioning the ALC in ACL-deficient knees [27, 
37, 38]. In other words, the ALC plays a small but 
significant role in restraining IR.  This role is 
more notorious in ACL-deficient knees, but also 
alters knee kinematics in isolated ACL-R follow-
ing combined ACL and ALC injuries. 
Additionally, Guenther [57] proposed that the 
inability of regaining normal knee kinematics 
was not a fault of the isolated ACL-R, and that 
the lack of normal knee kinematics was caused 
by the combined injury most biomechanical set-
ups used. He tested an intact knee against iso-
lated then reconstructed ACL against anterior 
loading (134-N of anterior force; 30°, 60° and 
90°) and interior rotation torque (7-Nm of IR; 
30°, 60° and 90°); and found no differences 
regarding anterior translation nor IR respectively. 
He furthered the point by then transecting the 
ALC and found that the isolated ACL-R with and 
ALC transection did not replicate native knee 
kinematics.

23.6  Biomechanics 
of Anterolateral Tenodesis

As mentioned previously, lateral extra-articular 
tenodesis (LET) techniques have over 40  years 
since their first modern description by Lemaire 
[44]. Over time, more than 12 techniques have 
been described for LET [58, 59]. Therefore, we 
will try to focus on the main biomechanical prop-
erties and results they share, detailing their main 
differences regarding their role in the ACL- 
deficient and ACL-reconstructed knee.

Engebretsen in 1990 [60] studied the force 
ratios of an ACL graft (10 mm BTB) in the pres-
ence of a modified Andrewes LET and the force 
ratios of the same tenodesis but in the ACL- 
deficient knee. He showed that the addition of the 
LET decreased ACL graft forces in over 40%, 
and up to 30% below the forces tested in the 
native ACL when subjected to anteroposterior 
forces (90-N of anterior load; 0 to 90° in 30° 
increments). Interestingly, when inverting the 
reconstruction sequence (LET first, then ACL), 
the reduction in ACL graft forces was not signifi-
cant when compared to the intact 
ACL.  Additionally, LET significantly increased 
external rotation of the tibia (in both sequences) 
of the unloaded knee, possibly interfering with 
the screw home mechanism.
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Sharing anteroposterior loads with the ACL 
was confirmed later by Spencer [37]. He found 
that a modified Lemaire not only controlled IR 
against a simulated pivot shift (10-Nm of valgus 
+5-Nm of IR; 0° of flexion), but also recreated 
the anterior translation constraint of the intact 
ACL when subjected to a standardized anterior 
drawer test (90-N anterior force; 90°). 
Interestingly, this control over anterior transla-
tion was lost when testing a simulated Lachman 
test (90-N anterior force; 30°). He also noted that 
anteroposterior control was not shared by the 
ALL reconstruction he performed as described 
by Claes [6]. Spencer’s findings were later repli-
cated by Geeslin [56] confirming the role of LET 
in controlling tibial anterior translation and 
IR.  He also tested a modified Lemaire, but he 
compared fixing the LET at 30 and 70° of knee 
flexion. When they applied IR (5-Nm of IR; 0 to 
90° in 15° increments), simulated pivot shift (10- 
Nm valgus +5-Nm of IR: 15 and 30°), and ante-
rior translation simulating an anterior drawer test 
(88-Nm of anterior force; at 90°), the modified 
Lemaire fixed at 30° significantly decreased tib-
ial anterior translation and IR compared to the 
isolated ACL-R, obtaining values similar to the 
intact knees. These findings were not obtained 
for the LET fixed at 70° nor for the simulated 
Lachman test on either fixation angle (88-Nm of 
anterior force; at 30°), similar to Spencer. Finally, 
Inderhaug [54] compared three LET techniques 
under similar setups: MacIntosh, modifies 
Lemaire [37] and a new modification to Lemaire 
(superficial to the FCL). He also tested a simu-
lated anterior drawer (90-N anterior drawer force; 
0 to 90° of flexion at 10° increments); forced IR 
(5-Nm IR; 0 to 90° of flexion at 10° increments); 
and simulated pivot shift (90-Nm anterior drawer 
force +5-Nm IR; 0 to 90° of flexion at 10° incre-
ments). The results obtained confirmed previous 
findings, with both MacIntosh and the standard 
modified Lemaire (deep to the FCL) behaving 
similarly, basically replicating native knee kine-
matics. The novel modification to Lemaire 
(superficial to the FCL) tended to overconstraint 
IR over a wide range of knee flexion.

Recently, Devitt [61] has complemented these 
results with a novel biomechanical setup. To 

avoid confusion over ACL-R, he only transected 
the anterolateral capsule deep to the ITB and 
anterior to the FCL, leaving the native ACL 
intact. Then, he tested the ALC deficient knee 
against a modified Ellison LET with and without 
posterior closure of the ITB band, submitted to 
anterior force translation (90-N of anterior force; 
0°, 30°, 60° and 90° of flexion), IR (5-Nm of IR 
torque; 0°, 30°, 60° and 90° of flexion) and simu-
lated pivot shift (8-Nm of valgus +4-Nm IR; 0°, 
15°, 30° and 45° of knee flexion). As already 
demonstrated, transection of the anterolateral 
capsule increases anterior translation and IR in 
all tested states (except for anterior translation in 
simulated pivot shift at 30 and 45° of knee flex-
ion). No difference was found between leaving 
the ITB open or closing it after the modified 
Ellison procedure. Both procedures did not mod-
ify anterior translation against an isolated ante-
rior force but did significantly decrease anterior 
translation and IR compared to the sectioned 
ALC state in all degrees of flexion on the IR and 
simulated pivot shift testing. Also noteworthy, 
they found that the modified Ellison technique 
produced a significant (albeit slight) constraint of 
normal IR and anterior translation at lower 
degrees of flexion (30° and below).

There isn’t sufficient evidence to compare the 
outcomes of each individual technique described 
for performing LET, [58, 59] but the main differ-
ences observed in the cited studies favor tech-
niques deep to the FCL and fixed at 30°. This 
configuration has most closely replicated native 
knee biomechanics, by restraining tibial anterior 
translation and IR, as well as load sharing with 
ACL grafts, in multiple time zero cadaveric 
studies.

Four systematic reviews and meta-analysis [7, 
53, 62, 63] searched for studies that clinically 
measured the addition of LET to primary ACL- 
R.  The main results Hewison and Song found 
were that across multiple LET techniques, all 
deep to the FCL, there was a significant reduction 
in residual pivot shit testing in favor of the com-
bined group (ACL  +  LET) (14 and 7 studies 
respectively, level of evidence I–III), but no dif-
ference in IKDC scores. Devitt found similar 
results, but divided studies where surgery was 

P. Besa et al.



305

done in the 12 months following ACL injury and 
studies were surgery was after 12  months of 
injury. They found that the reduction in pivot 
shift testing was only observed in delayed sur-
gery (3 studies, levels of evidence I–III) and not 
early surgery (5 studies, levels of evidence I–III), 
suggesting attenuation of the anterolateral struc-
tures with prolonged instability. Similar to 
Hewison, they found no benefit in other clinical 
outcomes. In summary, clinical evidence is 
scarce regarding the addition of LET in primary 
ACL-R, showing minor improvements in resid-
ual pivot shift testing [7, 62, 63] but no demon-
strated effect over patient reported outcomes or 
in re-rupture rates [53]. Future studies, including 
the Stability Group protocol are relevant in deter-
mining if the addition of LET is justified, proba-
bly in high-risk groups only [64]. Finally a recent 
systematic review of LET in revision ACL [65] 
found 12 case series (level of evidence IV), five 
of them (170 patients) showing a mean 2.3 mm 
side to side difference KT-1000 evaluation, with 
45% of patience showing more than a 3 mm dif-
ference; and seven studies (628 patients) showing 
80% or more patients with a negative pivot shift.

23.7  Biomechanics 
of Anterolateral Ligament 
Reconstructions

Anterolateral ligament reconstruction must fol-
low the conviction that there is an anterolateral 
ligament (thus the word reconstruction). Although 
the description of the ALL made by Claes [6] is 
relatively recent, a systematic review in 2017 by 
DePhillipo [66] found six different techniques 
(Fig. 23.4) [18, 67–71]. Interestingly, none of the 
them have the same femoral insertion, but all of 
them have roughly the same tibial insertion (mid- 
way between the Gerdy tubercle and the fibular 
head).

Spencer’s 2015 publication [37] was the first 
ALL reconstruction biomechanical description. 
He tested an isolated ALL reconstruction in an 
ACL-deficient knee, using an unpublished tech-
nique described by Arthrex [72] with a femoral 
fixation on the lateral epicondyle, fixed at 70° of 

knee flexion using a FiberTape© suture as graft. 
They chose not to follow Claes [6] description of 
femoral origin due to concerns with over con-
straining the knee. The result was that when 
tested against a simulated pivot shift (10-Nm of 
valgus +5-Nm of IR, 0° of flexion) and an ante-
rior drawer test (90-N on anterior force; 90°), the 
ALL reconstruction did not change results when 
compared to the previous state (ACL and ALL 
sectioned). This could be explained by the lack of 
engagement as proposed previously or the limita-
tion of a non-anatomic reconstruction of the 
ALL.

Later studies tested the ALL in a more rele-
vant setting: the ACL reconstructed knee [54, 
73–75]. Nitri [73] tested the ALL reconstruction 
described by Chahla [71] against simulated pivot 
shift (10-Nm of valgus +5-Nm of IR; 0 to 60° in 
15° increments), IR (5-Nm of IR; 0 to 120° in 15° 
increments) and anterior drawer testing (88-N of 
anterior force; 0 to 120° in 15° increments). He 
found that, in an ACL reconstructed knee (10 mm 
allograft BTB), the ALL reconstruction had no 
impact over anteroposterior translation when 
compared to the ALL sectioned knee, neither on 
the anterior drawer testing nor the simulated 
pivot shift. On the other hand, when evaluating 
IR, ALL reconstruction significantly restricted IR 
compared to the ALL deficient knee, over 30° of 
flexion in both simulated pivot shift and isolated 
IR torque. Schon [74] tested the same ALL recon-
struction described by Chahla [71] but tested the 
role of knee flexion at the time of fixation (0°, 
15°, 30°, 45°, 60°, 75° and 90°). Although the 
main conclusion of his article is that the anatomic 
ALL described by Chahla produces IR overcon-
straint independent of the fixation angle; he also 
found that the addition of an ALL reconstruction 
significantly limited IR and anterior translation 
of the tibia compared to an isolated ACL recon-
struction(10 mm allograft BTB) when submitted 
to IR (5-Nm of IR torque; 0 to 120° in 15° incre-
ments), anterior drawer test (88-N of anterior 
load; 0 to 120° in 15° increments) and simulated 
pivot shift (10-Nm of valgus force +5-Nm of IR 
torque +10-N axial compression force; 0 to 60° 
in 15° increments). It is noteworthy that they are 
the first group to add axial compressive forces in 
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the simulated pivot shift to ensure tibiofemoral 
contact and increase fidelity with clinical testing 
of the pivot shift. Additionally, Nielsen [75] 
tested a different ALL reconstruction [69] fixed 
between 10 and 20° as an addition to an isolated 
ACL (9 mm autograft BTB). Interestingly, they 
manually tested for Lachman and pivot shift, 
showing that the addition of the ALL reconstruc-
tion significantly eliminated residual pivot shift 
and Lachman when compared with the isolated 
ACL-R.

Inderhaug [54] also tested the addition of an 
ALL reconstruction to an isolated ACL (10 mm 
autograft BTB). He followed the description by 
Kennedy [76] of the anatomy of the ALL but 
fixed the graft at 40°. He had already reported 
that the isolated ACL was insufficient, but that a 
Lemaire LET obtained near normal knee kine-
matics. The addition of the ALL reconstruction to 
the ACL led to a persistent IR laxity. These results 
were replicated when testing tensioning the ALL 
graft at 20 and 40 N.

Ferreira et alChahla et al Helio et al

Sonnery-Cottet et alSmith et al Wagah et al

Fig. 23.4 Different anterolateral ligament reconstruction techniques. Reproduced from DePhillipo et al. [66], license 
number 5087401150047
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Anterolateral ligament reconstruction tech-
niques have less biomechanical evidence to sup-
port their use compared to lateral extra articular 
tenodesis. The lack of consistency found in the 
few studies shown could be associated to the 
diverse surgical techniques and testing scenarios; 
and should lead to careful interpretation.

23.8  Concerns for the Future

Lateral extra-articular tenodesis and anterolateral 
ligament reconstruction raise some concerns for 
the future. Concerns include that adding a tensed 
structure to the lateral aspect of the knee may con-
strain the knee range of motion and increase lateral 
compartment contact pressures. Another concern is 
that although time zero studies may show accept-
able knee kinematics, many early studies suggested 
graft or tenodesis stretching with time [77].

Lateral compartment constraint concerns arise 
from insertions sites that increase tension at 
higher degrees of flexion, [27] and many authors 
have stated their concerns of clinical implications 
[54, 56]. Most LET techniques proposed pass 
deep to the FCL [58, 59]. Kittl [27] suggested 
that this configuration had “desirable length 
changes” associated with their passage deep to 
the FCL.  His experimental design correlated 
insertion sites for diverse LET and ALL recon-
structions in an unloaded knee from 0 to 90° in 
10° increments, a testing setup described previ-
ously by Krackow [35]. He found that deep to the 
FCL configurations had minor length changes 
and they tended to tighten near full extension. 
The increase in tension associated with higher 
degrees of knee flexion was later confirmed by 
Inderhaug [54]. He compared the standard modi-
fied Lemaire (deep to the FCL) [37] with a novel 
modification passing superficial to the FCL. He 
found that this change constrained the knee 
reducing its IR beyond the intact knee. Devitt 
[61] also found that a modified Ellison LET (a 
deep to the FCL technique) could minimally (but 
significantly) constrain the IR (up to 1.6 less) and 
anterior translation (up to 0.7 mm less) compared 
to the native knee. These studies show that the 

addition of LET not necessarily replicates native 
knee kinematics, and as well as the minimal 
residual knee laxity observed in the isolated 
ACL-R, the clinical impact of minimal knee con-
straint has not been studied.

Interestingly, most of the aforementioned 
studies of residual instability following ACL-R 
(or intact ACL as tested by Devitt) artificially 
generate an ALL or ALC injury to test the iso-
lated ACL-R kinematics. It seems important to 
determine what percentage of ACL injuries are 
associated with an injury of the ALC, specially 
following the results of Guenther, [57] who 
proved that an isolated ACL-R did regain intact 
knee kinematics when the test knee had an iso-
lated ACL injury (and not a combined 
ACL + ALC injury). In-vivo or ex-vivo studies to 
determine the degree of association have not 
been published and seem an unlikely way to 
answer this question although some early studies 
did attempt [78]. Imaging studies have pushed to 
determine the degree of association between both 
injuries. Regarding imaging studies, ALL studies 
have been controversial, with low reproducibility 
and inter- and intra-observer agreement [11]. 
Therefore, we will focus mainly on studies that 
consider the whole ALC.

In a study conducted by Musahl [79] he studied 
the magnetic resonance images of 41 patients with 
complete ACL rupture. He found that only 51% of 
patients had an ALC injury (with a high interob-
server agreement among two blinded radiologists; 
kappa 0.75). He also found that in the ACL-
deficient knee, patients with the combined injury 
had a significantly higher pivot shift. Musahl’s 
findings are in agreement with the studies shown 
previously but raise a concern regarding how many 
patients have a combined injury as tested in bio-
mechanical studies, and how many have an iso-
lated ACL injury and do not behave as the subjects 
tested assuming combined ACL and ALC injury.

Regarding lateral compartment contact pres-
sures, Inderhaug [80] measured lateral contact 
pressures in the intact knee, ALC sectioned knee 
and MacIntosh LET, fixed at 20-N and 80-N and 
fixed at neutral rotation or free rotation. He 
showed that transecting the ALC significantly 
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increased lateral compartment pressures, and that 
the LET normalized these pressures for all fixa-
tion protocols except 80-N free rotation. 
Similarly, Shimakawa [81] tested contact pres-
sures in ACL and ALC deficient knees and the 
changes caused by ACL-R and modified Lemaire 
LET. He found that ACL-R and LET did not sig-
nificantly change mean nor peak contact pres-
sures. Furthermore, Zaffagnini [82] published a 
long-term follow-up (20 years) of patients with 
ACL-R and LET (Marcacci procedure [83]) and 
reported no association with lateral compartment 
nor patellofemoral osteoarthritis.

Finally, even though biomechanical testing 
has raised relevant but unanswered questions, 
short and mid-term clinical results have not asso-
ciated the addition of LET with increased com-
plications or secondary events, suggesting the 
addition to be a safe procedure.

23.9  Conclusions

Anterolateral knee anatomy is complex and its main 
biomechanical role in the native knee is to control 
IR and secondarily tibial anterior translation. The 
main structure to control rotation is the iliotibial 
band, mainly its superficial capsulo- osseous layer. 
ACL-R can lead to persistent  residual rotatory knee 
instability in some patients. This minor residual lax-
ity could be secondary to injuries in the deepest lay-
ers of the anterolateral structures of the knee. 
Patients with injuries to the anterolateral complex 
may benefit from additional procedures to ACL-R 
to regain native knee kinematics. The addition of 
lateral extra articular tenodesis techniques produces 
more native-like kinematics with less risk of IR 
constraints than anterolateral ligaments reconstruc-
tions. There is not enough evidence to differentiate 
between lateral extra articular tenodesis techniques, 
but evidence suggests that deep to the FCL tech-
niques fixed at 30° and below 40-N have less risk of 
over-constraint. Lateral extra articular tenodesis 
have proven to unload ACL grafts and clinical data 
strongly supports a reduction in residual pivot shift. 
While historical data shows no difference in re-rup-
ture rates between isolated ACL reconstruction and 
the addition of lateral extra articular tenodesis tech-
niques, the recent Stability Group findings show a 

decrease of re-rupture rates associated with the 
addition of LET in high- risk patients. Finally, con-
cerns for rotational constraints, increase in lateral 
compartment contact pressures and long-term kine-
matics of lateral extra articular tenodesis and antero-
lateral ligament reconstruction techniques have not 
been sufficiently answered.
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Anatomy and Biomechanics 
of the Collateral Ligaments 
of the Knee
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24.1  Medial Collateral Ligament 
(MCL)

Comprehensive knowledge of medial knee joint 
biomechanics is valuable for the assessment of 
which injured structures should be repaired or 
reconstructed. An understanding of abnormal 
joint motion that occurs when a structure is 
injured greatly assists with the interpretation of 
the results from clinical examination and helps to 
determine the presence of concurrent ligament 
injury.

24.1.1  Anatomy

The medial collateral ligament (MCL) complex 
consists of superficial and deep MCL, and poste-
rior oblique ligament (POL). Despite the distinct 
names for the separate components of the MCL, 
they exist in continuity [1, 2].

24.1.1.1  Superficial MCL
The superficial MCL is the largest structure of 
the medial aspect of the knee, which consists of 
one femoral and two tibial attachments with an 
average length of 94.8  mm [3, 4]. The femoral 

attachment is oval and located 3.2 mm proximal 
and 4.8 mm posterior to the medial epicondyle on 
average [3]. The distal tibial attachment of the 
superficial medial collateral ligament is broad 
and is directly to bone at an average of 61.2 mm 
distal to the tibial joint line; it is located just ante-
rior to the posteromedial crest of the tibia [3].

24.1.1.2  Deep MCL
The deep MCL is a thickening of the medial joint 
capsule that is deep to the superficial MCL [3, 4]. 
It is most distinct along its anterior border, where 
it is roughly parallel to the anterior aspect of the 
superficial MCL [3]. Some reports described bur-
sal tissue separating the superficial and deep 
components [5], a useful landmark for isolating 
the components during surgical exposure [6]. 
The deep MCL is divided into meniscofemoral 
and meniscotibial components [1, 7, 8].

24.1.1.3  POL
The POL is a fibrous extension off the distal 
aspect of the semimembranosus that blends with 
and reinforces the posteromedial aspect of the 
joint capsule [3, 5, 9–11]. The central arm is con-
sidered to be the main component of the POL, 
arising from the main semimembranosus tendon, 
reinforcing the deep MCL, directly attaching to 
the posterior joint capsule and posterior menis-
cus, and blending with the semimembranosus 
attachment on the tibia [4, 11]. Although the POL 
may appear to be an extension of the superficial 
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MCL, it is biomechanically distinct in its func-
tion and relationship with other structures in the 
posteromedial corner.

24.1.2  Biomechanics

24.1.2.1  Biomechanics of Normal 
MCL

The MCL complex is the primary stabilizer that 
combines static and dynamic resistance to direct 
valgus stress while contributing significant 
restraints to rotatory motion and anterior- 
posterior translation [1, 11, 12]. A previous study 
investigating the structural property of the MCL 
has shown that the MCL had maximum loads of 
534  N (superficial MCL), 194  N (deep MCL), 
425 N (posteromedial capsule) and failed when 
extended by a mean of 10.2  mm, 7.1  mm, and 
12.0 mm, respectively [13]. The level of strain in 
the MCL varies with location (femoral insertion, 
mid-substance, tibial insertion) and the amount 
of flexion being tested [14, 15]. The largest strain 
on the MCL occurs during valgus loading, with 
forces concentrated near the femoral insertion 
site [14, 15].

24.1.2.2  Valgus Restraint
It is well established that the MCL complex acts as 
the primary restraint to valgus motion of the knee 
[1, 4, 16–18]. Among three linked components of 
the MCL complex, the superficial MCL serves as 
the primary restraint to valgus laxity from full 
extension through 90° of knee flexion, and appears 
to be dominant from 30° to 90° of knee flexion 
[12, 19, 20]. More specifically, the proximal divi-
sion of the superficial MCL has been shown to 
function as a primary valgus stabilizer at all flex-
ion angles [12, 21]. Isolated sectioning of the 
superficial MCL results in 3–7 mm of medial joint 
space opening to valgus stress, and is dependent 
on knee flexion angles [19, 20, 22, 23].

The meniscofemoral portion of the deep MCL 
is the secondary stabilizer at all knee flexion 
angles, while the meniscotibial portion of the 
deep MCL is the secondary stabilizer at 60° of 
knee flexion [12]. Although the superficial MCL 
remains tight when the knee flexes and extends 

[16], the POL also becomes tight as the knee 
approaches full extension [17, 24]; at knee exten-
sion, the contribution of the POL to valgus 
motion is greater compared to the condition at 
knee flexed [11, 20]. A recent study investigated 
the contribution of each component against val-
gus load, and showed that the superficial MCL 
was the primary restraint (40–54%) across 0–90° 
of knee flexion, the deep MCL 12%, and 
POL + posteromedial capsule 16% in extension 
for valgus load [25].

Therefore, while the superficial MCL is cer-
tainly the primary restraint to valgus load, the 
deep MCL and the POL including posteromedial 
capsule contribute as secondary stabilizer against 
valgus stress.

24.1.2.3  Internal and External 
Restraint

The MCL complex is also an important static sta-
bilizer for internal and external rotation [11, 26]. 
Studies have shown that the POL is a primary sta-
bilizer for internal rotation at all knee flexion 
angles [12, 27] although the most load response 
occurs at full extension [11, 21]. This finding cor-
relates well with a recent study, which showed 
that the POL fibers become taut by internal rota-
tion and slackened with knee flexion [28]. It has 
also been reported that, with applied internal 
rotation torque at 0° of knee flexion, the loads on 
the POL are significantly higher than those on the 
superficial MCL [21]. There is a reciprocal load 
response to internal rotation torque between the 
POL and superficial MCL as knee flexes [4], 
demonstrating complementary relationship 
between the POL and the superficial MCL with 
regard to the resistance of internal rotation 
torques that depends on the knee flexion angles.

Earlier studies showed that sectioning the 
superficial MCL significantly increases tibial 
external rotation, with the greatest increase 
occurring at 90° of flexion [17, 23]. The deep 
MCL also has been shown to provide restraint 
against external rotation torque in knees flexed 
between 30° and 90° [12, 20, 29]. One recent 
study demonstrated that the deep MCL resisted 
23–13% across 0–90° and the superficial MCL 
13–22% for external rotation [25] while another 
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study has shown that the deep MCL was a minor 
restraint to external rotation [27].

24.1.2.4  Anteromedial Rotatory 
(AMR) Restraint

It is well accepted that the MCL complex and 
posteromedial corner of the knee is a stabilizer 
preventing AMR instability (AMRI) [9, 11, 25, 
27, 30, 31], which is defined as anterior sublux-
ation and external rotation of the medial tibial 
plateau with respect to the femur [11]. The pos-
teromedial corner is functionally composed of 
several anatomical structures: the posterior horn 
of medial meniscus, the POL, the semimembra-
nosus expansions, the meniscotibial portion of 
deep MCL, and the oblique popliteal ligament [5, 
9]. Slocum and Larson [7] first described the 
term AMRI.  In Hughston’s series describing 
patients with AMRI, patients had an injury to the 
midportion of the superficial and deep MCLs or 
to the POL, often (but not always) with an associ-
ated ACL injury [30, 31]. Recent biomechanical 
studies have shown that superficial MCL and 
anterior cruciate ligament (ACL) contributed in 
restraining AMR motion, and that the superficial 
MCL appears to be the most important restraint 
to AMRI, and deep MCL and POL are minor 
restraints to AMRI [27].

24.1.2.5  Injury Mechanism
Isolated injury to the MCL complex primarily 
occurs by two main mechanisms [1, 18]. The 
most common injury is a direct blow to the out-
side of the thigh or leg while the foot is planted, 
producing direct valgus movement of the knee. 
This pattern is common in contact sports such as 
football and rugby. Biomechanical studies show 
higher strains near the femoral insertion site of 
the superficial MCL, which may suggest the rea-
son why most lesions in clinical practice are seen 
in this proximal lesion [14, 15]. The second 
injury pattern involves valgus stress coupled with 
tibial external rotation, which often occurs in ski-
ing and other cutting and pivoting sports, such as 
basketball and soccer. Again, the order of injury 
is unknown, but it has been postulated that the 
POL and posteromedial corner are injured first, 
followed by the deep and superficial MCL [1].

24.1.2.6  Biomechanics of MCL 
Reconstructed Knee

Treatment for an isolated, incomplete injury to the 
MCL (grade I or II) is generally nonoperative [1, 
18]. The superficial MCL has been reported to 
have an abundant vascular supply and can heal. 
However, there are certain circumstances in which 
surgical treatment is necessary in acute and 
chronic settings [1, 18]. In an acute setting, the 
superficial MCL can be torn from its tibial inser-
tion and displaced outside the pes anserinus ten-
dons. As a result, the ligament is unable to reattach 
to its insertion on the tibia; this injury warrants 
surgical repair. Chronic pain and residual instabil-
ity after nonoperative treatment of isolated grade 
II or III injury can be indicated for reconstructive 
surgery. Studies showed that clinical outcomes 
following MCL reconstruction appear to be satis-
factory [32–37] although numerous reconstruc-
tive techniques have been used [38]. From a 
biomechanical perspective, several studies have 
shown that MCL reconstruction restored nearly 
normal stability to the knee [39–41].

In the study by Coobs B et al. [39], anatomical 
reconstruction of superficial MCL and POL was 
performed by using two separate hamstring grafts 
with four tunnels. The results showed that this 
reconstruction restored near-normal stability to a 
knee with a complete superficial MCL and POL 
tears. Another biomechanical study showed ana-
tomical superficial MCL reconstruction restored 
knee kinematics and stability in the superficial 
MCL deficient knee [41]. That finding appears to 
be in line with the study by Wijdicks et al., which 
reported that both anatomic superficial MCL 
augmented repairs and anatomic superficial MCL 
reconstructions were able to improve knee stabil-
ity and provide less than 2 mm of medial joint 
gapping at 0° and 20° of flexion with a superficial 
MCL injury [40].

24.1.3  Take Home Message

The MCL complex including superficial MCL, 
deep MCL, and POL is an essential stabilizer of 
valgus rotation, and contributes to restraining 
internal and external rotation. The MCL structure 
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also has significant role in anteromedial rotatory 
laxity. Various techniques have been described 
for surgical intervention and biomechanical stud-
ies suggest anatomical MCL reconstruction 
appears to restore nearly normal knee stability, 
which correlated with reasonable clinical out-
comes reported in the literature. Thorough under-
standing of the MCL biomechanics is essential 
for the assessment of which injured structures 
should be repaired or reconstructed.

24.2  Lateral Collateral Ligament 
(LCL) and Posterolateral 
Corner (PLC)

This section will introduce the biomechanical 
features of the lateral collateral ligament (LCL) 
and other structures in the posterolateral corner 
(PLC). For the purpose of this chapter, PLC, 
besides the LCL, will refer to the popliteofibular 
ligament (PFL) and the popliteus tendon (PLT) as 
those structures are described to be the most clin-
ically relevant in providing static stability to the 
PLC of the knee [42–44].

24.2.1  Anatomy

24.2.1.1  LCL
The LCL is a cord-like ligament structure that is 
approximately 4.7 mm wide, 2.6 mm thick, and 
69.9 mm long [45]. The LCL originates 1.4 mm 
proximal and 3.1 mm posterior to the lateral epi-
condyle [46, 47]. It courses deep through the 
superficial layer of the iliotibial band and attaches 
anterior to the lateral aspect of the fibular head, 
covering approximately 38% of the fibular head 
width [47]. The innervation of the LCL could be 
from a single branch or several branches with the 
common fibular nerve mainly innervating the 
LCL while some fibers are from the tibialis nerve 
[48]. The two main vessels which supplies blood 
to the LCL are the inferior lateral genicular and 
the anterior tibial recurrent arteries [49].

24.2.1.2  PLT
The PLT is approximately 54.4 mm long from the 
femoral attachment to the musculotendinous 

junction. The cross-sectional area is in average 
0.59 cm2 at the attachment site [46]. The PLT is 
attached to the anterior fifth and proximal half of 
the popliteal sulcus [46]. It is important to recog-
nize that the PLT is attached anterior in relation 
to the LCL femoral attachment as it is helpful to 
ascertain the anatomic reconstruction site [46, 
47]. As the PLT courses distally, it becomes 
extra-articular after it passes through the popli-
teal hiatus anterolaterally around the posterolat-
eral aspect of the femur. Finally, the PLT 
transitions to the popliteal muscle on the postero-
medial aspect of the tibia [46].

24.2.1.3  PFL
The PFL is a trapezoidal shaped ligament that is 
14.8 mm in anterior length and 11.4 mm in poste-
rior length. The width is 10.8 mm and cross sec-
tion area is 6.9  mm [50]. Proximally, the PLT 
originates from the musculotendinous junction of 
the PLT [46]. It has anterior and posterior divi-
sions with the anterior division attaching at the 
anterior downslope of the medial aspect of the 
fibular styloid process, and the posterior division 
attaching to the tip and posteromedial aspect of 
the fibular styloid process [46].

24.2.2  Biomechanics

24.2.2.1  Biomechanics of Normal LCL 
and PLC

Varus Restraint
It is well established from biomechanical studies 
that the LCL acts as the primary restraint to varus 
motion [47, 51–54]. A cadaveric sectioning study 
of the LCL showed that significant increase in 
varus rotation was seen compared to the intact 
knee at several angles between 0° and 90° [53]. 
Grood et  al. [52] also found that cutting of the 
LCL constantly caused significant increase in 
varus angulation, which was largest at 30°of knee 
flexion with an angle of 5.7 ± 0.2°. In combina-
tion with other studies, it is important to note that 
varus laxity is most significant at 30° of knee 
flexion [52, 55, 56].

The PLT secondarily resists varus laxity in 
conjunction with the LCL [56, 57]. In one study, 
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restraint to varus stress of the PLT was found 
between 0°and 90° [58]. In a different cadaveric 
study, small but significant increases in varus 
angulation was found after sectioning the PLT 
between 20°, 30°, and 60° [59]. Although a recent 
study showed conflicting results, that the PLC 
(PCL, PLT, PFL, surrounding fibers) had no 
varus stabilizing function in the LCL-intact knee, 
[60] the PLT may have minor contribution to 
resisting varus motion particularly at knee flexion 
angles 90°or less.

The PFL also has contribution to restraining 
varus motion [50, 56]. A cadaveric study that 
applied varus force to the knee in order to deter-
mine the sequence of failure of posterolateral 
structures showed that the PFL failed subse-
quently to the LCL and before the PLT, pointing 
out the contribution that the PFL has secondary 
to the LCL upon restriction of varus motion [50]. 
A different cadaveric study sectioned the LCL, 
PFL, and PLT and reconstructed only the LCL 
and PLT without the PFL. As a result, residual 
varus gapping was seen at 0°, 20°, and 60° of 
knee flexion, but with subsequent reconstruction 
of the PFL, stability to statistically similar mea-
surement as to the intact knee was restored [61].

Therefore, while the LCL is certainly the pri-
mary restraint to varus motion, cadaveric studies 
show that the PLT and PFL may have small but 
significant contribution to resisting varus stress. 
In respect to restriction of valgus motion, there is 
no evidence for any significant involvement of 
LCL and PLC structures [47, 62–64].

Anterior and Posterior Restraint
The LCL, PLT, and PFL secondarily contribute to 
tibial posterior translation [45, 56, 57]. Harner 
et al. [65] reported LCL and PLT/PFL to serve as 
secondary restraints to posterior translation in a 
study with PCL-deficient knees. This was shown 
by sectioning the LCL, PLT, and PFL after PCL 
reconstruction. The result was an increase of pos-
terior translation by 6.0  ±  2.7  mm at 30° and 
4.6 ± 1.5 mm at 90° of knee flexion [65]. A simi-
lar study [52] showed an increased posterior 
translation when PLC was cut and PCL intact at 
0 to 20°. PLT is also reported to provide restraint 
to posterior translation [56]. LCL sectioning 
resulted in 0.6 mm increase in posterior transla-

tion at 30° flexion, and 1.3 mm at 90° flexion, but 
additional sectioning of PLT further increased 
posterior translation by 0.2 mm at 90° [56].

Studies show contribution of LCL and PLC on 
anterior restraint as well. In a cadaveric study with 
sectioning of the PLT, an applied anterior load 
significantly increased anterior translation 1.5 mm 
at 0°, 2.6 mm at 20°, and 2.6 mm at 30° of knee 
flexion [59]. Wrobe et al. [64] showed larger ante-
rior translation in extension than in flexion in 
anterior cruciate ligament (ACL) deficient knees. 
Similarly, Zantop et al. [66] showed sectioning of 
LCL after sectioning of ACL increased anterior 
translation against combined rotatory loading at 
0, 30, and 60°of flexion [66]. Conversely, a study 
by Veltri et  al. [56] did not show significant 
changes in anterior translation with posterolateral 
(LCL, PFL, and PLT) sectioning.

In this respect, while there is culminating evi-
dence for the LCL and PLC to secondarily con-
tribute to restraining posterior motion, its 
contribution to strict anterior translation may be 
small.

Internal and External Rotation Restraint
LCL, PLT, and PFL are reported to have contri-
bution to restraining external rotation of the tibia. 
Sequential sectioning of the LCL, PLT, and PFL 
showed increase in external rotation of the tibia 
after each step of sectioning [56]. A different 
study found cutting of the LCL and PLT in PCL- 
deficient knees caused significant increase in 
external rotation between 0 and 100° [57]. LCL 
with contributions from the PLT, the PFL and 
LCL play equally important roles in limiting 
external rotation of the tibia when the knee is 
extended or mostly extended at 0° and 30°. When 
the knee is in increasingly flexed positions, the 
contribution of the LCL to controlling and pre-
venting external tibial rotation decreases relative 
to that of the PFL [53, 54].

The PLT and PFL are the main contributors to 
resist external rotation [67]. Nielson et  al. [58] 
reported that the PLT provided primary restraint to 
tibial external rotation when the knee is in 20–130° 
of flexion. Similar studies have shown the PLC to 
provide initial restraint to external rotation. LaPrade 
et al. [59] identified significant increases in exter-
nal rotation after sectioning the PLT at knee flexion 
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angles of 30°, 60°, and 90°. Similarly, Grood et al. 
[52] showed that while no significant change in 
limit of tibial external rotation occurred after cut-
ting of the PCL, additional cutting of the PLC 
causes increase in external rotation. Only when the 
knee was flexed to 90° did the PCL engage in 
restraint of external rotation. Therefore, it was con-
cluded that the PLC provides the initial lateral 
restraint to external rotation of the tibia [52]. Other 
sectioning studies have also shown that the PLC 
has contribution to external rotation at smaller flex-
ion angles, especially around 30°of knee flexion 
[52, 56, 68].

The role the LCL and PLC in restraining inter-
nal rotation is small. Nonetheless, recent studies 
demonstrate that after sectioning of the LCL, 
increase in internal rotation can be observed 
between 0 and 90° of knee flexion [53]. A different 
study showed that cutting of the LCL caused 
increase in internal rotation at higher flexion 
angles [63]. Therefore, the LCL seems to have 
some contribution to internal rotation stability 
[69]. PLT and PFL also are reported to have some 
contribution to restraining internal rotation. Small 
but significant, increases in internal rotation after 
sectioning the popliteus tendon were found at knee 
flexion angles between 0° and 90° [59]. The con-
tribution of the PFL to restraining internal rotation 
was demonstrated by a cadaveric study that sec-
tioned the LCL, PFL, and PLT, and reconstructed 
the LCL and PLT and left the PFL alone [61]. As a 
result, increase internal rotation at 60° and 90° of 
knee flexion in comparison to the knee with intact 
LCL, PLT, and PFL. Subsequent reconstruction of 
the PFL restored stability to statistically similar 
measurement as to the intact knee, indicating the 
ability for the PFL to resist internal rotation [61].

24.2.2.2  Injury Mechanism of LCL 
and PLC

Injury Mechanism
LCL and PLC injuries can occur in practically 
any sports or accidents, either by contact or non- 
contact, that involve forced varus motion, hyper-
extension, or rotational stress to the knee [69, 
70]. However, injuries to the lateral structures of 
the knee are rare and often occur with other knee 

injuries. A frequency of less than 1 player per 
year was reported for isolated grade III LCL 
injury [71], and only 1% national football league 
players were reported to have history of PLC 
injury [72]. Usually, LCL/PLC injuries involve 
more than one structure in the PLC or have con-
comitant ligamentous injuries. More than half of 
the PLC injuries involved more than one struc-
ture in the PLC [73]. Examination of 162 patients 
with MRI following ACL injury found 19.7% to 
have concomitant PLC injury [74]. Therefore, 
when LCL or PLC injury is detected, thorough 
examination or other injuries is warranted.

24.2.2.3  Biomechanics of LCL and PLC 
Reconstructed Knee

Surgical treatment, either ligament repair or 
reconstruction, is required for a complete mid- 
substance tear or intrasubstance stretch injury 
[75–77]. LCL reconstruction should be performed 
when anatomic reduction is not possible [78]. 
Chronic cases are also indication for reconstruc-
tion rather than repair. Improved outcomes have 
been reported in multi-ligamentous knee injuries 
managed with reconstruction of the LCL and PLC 
compared with repair, with substantially higher 
failure rates reported when the LCL is repaired 
[76]. PLC reconstruction techniques can be 
broadly categorized into a fibula-based approach 
or a fibula- and tibia-based approach [69, 79].

LCL Reconstruction
Satisfactory results have been attained by recon-
struction of the LCL to restore a near intact state 
to the LCL injured knee. Reconstruction using 
patellar tendon allograft [80] showed 9 out of 10 
patients obtained decrease in varus laxity and 8 
out of 10 patients restored external rotation equal 
to the contralateral uninjured knee at 30° of knee 
flexion. A cadaveric study of an anatomic recon-
struction of the LCL using semitendinosus ten-
don autograft restored near-normal stability to 
the knee with only small increase in varus motion 
detected at 15° and 30° flexion. External rotation 
showed minor over-constraint with decrease in 
external rotation compared to intact state at 0° of 
knee flexion but no significant difference at 15°, 
30°, 60°, and 90° [53].
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PLC Reconstruction
Fibula-based approach and combined tibia-and 
fibula-based approach reconstructions signifi-
cantly reduce external rotation and varus to levels 
consistent with or only slightly less than the intact 
condition [81]. The modified Larson technique, a 
fibula-based approach, reconstructs the LCL and 
PFL restoring normal varus laxity, tibial posterior 
translation, and external rotation throughout the 
arc of knee flexion [57]. As a fibula- and tibia-
based approach, LaPrade introduced a two-graft 
technique which restored external rotation and 
varus static stability for grade III PLC injury [82]. 
Apsingi et  al. [83] compared the modified 
Larson’s technique to the anatomic reconstruc-
tion. The results showed that both reconstruction 
methods did not show any significant difference 
in restoration of external rotation and varus laxity 
in combined PCL and PLC injured knees at time 
zero. Therefore, certain conditions may only 
require a fibula-based approach while others 
require a more extensive anatomical approach. 
Further studies are necessary to establish surgical 
indications and elucidate clinical relevancy.

24.2.3  Take Home Message

The LCL and other PLC structure are essential sta-
bilizers especially for varus and external rotation. 
The structures may also have small but significant 
role in restraining posterior/anterior stability and 
internal rotation. A variety of techniques has been 
described for surgical intervention, while ana-
tomic reconstruction has been increasingly advo-
cated in order to achieve physiologic knee function. 
It may also cause stress on ACL and PCL grafts 
upon reconstruction which can contribute to fail-
ure of ACL and PCL reconstruction. Therefore, it 
is clinically important that PLC injury is thor-
oughly examined whenever suspicious.
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PCL Biomechanics

Leonard Tiger Onsen and Jason Koh

25.1  Introduction

The posterior cruciate ligament (PCL) is one of 
two cruciate ligaments of the knee and a key con-
tributor to overall knee stability. Made up of two 
bundles, the PCL provides resistance to posterior 
tibial translation and also provides rotational sta-
bility. PCL injury incidence has been studied in 
various populations and yielded variable results. 
Incidence has been reported as 3% of the general 
population [1]. As one might expect, higher inci-
dences have been reported amongst patients 
reporting to the emergency department with acute 
knee hemarthrosis [2]. Majority of these cases 
were related to trauma or sports injury, with a 
common mechanism involving a posterior force 
to the proximal tibia with the knee flexed such as 
a fall on a flexed knee [3]. Additionally, PCL inju-
ries are commonly associated with other ligamen-
tous injuries of the knee such as posterolateral 

corner injuries [4]. The anatomy and biomechan-
ics of the PCL are inherently complex. Despite 
this, it is essential that providers understand these 
concepts in order to properly evaluate, diagnose, 
and treat these injuries. It is the goal of this chap-
ter to review PCL anatomy, native biomechanics, 
injury mechanisms, biomechanics altered by 
injury, and reconstruction biomechanics in order 
to aid in management of PCL injuries.

25.2  Anatomy

Anatomy of the PCL has been extensively 
researched and described. The PCL is an intra- 
articular structure of the knee and considered an 
extrasynovial structure as it is enclosed in a syno-
vial sheath. The ligaments can be further subdi-
vided into anterolateral (ALB) and posteromedial 
(PMB) bundles based on location and function 
(Fig.  25.1) [5]. These bundles will be further 
described later in this section. Average PCL length 
ranges from 32 to 38 mm with average midsub-
stance diameter noted from 11 to 13mm2 [6, 7]. 
The PCL originates from the anterolateral aspect 
of the medial femoral condyle within the inter-
condylar notch and inserts on the posterior aspect 
of the tibia 1–1.5 cm distal to the joint line [8, 9]. 
Attachments are broad in nature with surface area 
averages found as 209 mm2 for the femoral origin 
and 243 mm2 at the tibial insertion. This demon-
strates how the ligamentous attachments are sig-
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nificantly larger than the ligament in a whole. The 
PCL is innervated by the tibial nerve and receives 
its blood supply from the middle geniculate artery.

Recent studies have put a greater emphasis on 
further describing the bundles of the PCL. Much 
like the PCL in general, average lengths, diame-
ters, and attachment size have been described for 
the individual bundles. Additionally, the rela-
tionships between the bundles have been eluci-
dated. The two bundles are separated by a 
horizontal bony prominence known as the bun-
dle ridge on the tibia. The anterolateral bundle 
tightens in knee flexion. Average length of the 
ALB has been reported as 31.79  mm with an 
average diameter of 6.50  mm [10]. Cross-
sectional area for the ALB femoral footprint is 
noted to range from 112 to 118  mm2 [11, 12]. 
Tibial footprint for the ALB has been reported as 
88  mm2 [11]. In accordance with the PCL as 
whole, the femoral footprint is larger on average 
and both are significantly larger than the liga-
ment diameter. Bundle location in relationship to 
other landmarks has also been extensively 
described to aid in identification and reconstruc-
tion. Anderson et  al. provided an arthroscopic 
description of the ALB found its femoral origin 
to be 7.9 mm from the distal articular cartilage of 
the intercondylar notch [11]. This same study 
found its tibial insertion to be 6.1 mm from the 

posterior medial meniscus root and 4.9 mm from 
bundle ridge. Morgan et  al. described the ALB 
femoral origin as 13 mm posterior to the medial 
articular cartilage intercondylar wall interface 
and 13  mm inferior to the articular cartilage 
intercondylar roof interface [13].

Much like the ALB, the posteromedial bundle 
has been described in detail. The PMB tightens in 
knee extension. Average length of the PMB is 
reported as 32.42 mm with an average diameter 
of 5.62 mm [10]. In comparison, it is slightly lon-
ger and thinner on average than the ALB.  Its 
femoral footprint area is noted to range from 60 
to 90mm2 and tibial footprint has been reported 
as 105mm2 [11]. Again footprints are larger than 
the ligament diameter. Furthermore, the PMB has 
a smaller femoral and larger tibial footprint areas 
compared to the ALB. Arthroscopic description 
of the PMB showed its femoral origin to be 
8.6 mm from the distal articular cartilage of the 
intercondylar notch and the tibial insertion to be 
11.1 mm from the posterior medial meniscus root 
[11]. Morgan et  al. described the ALB femoral 
origin as 8 mm posterior to the medial articular 
cartilage intercondylar wall interface and 20 mm 
inferior to the articular cartilage intercondylar 
roof interface [13]. These studies have greatly 
added to the understanding of PCL anatomy with 
the goal of improving reconstruction methods.

a b

Fig. 25.1 (a) Lateral view of PCL anatomy showing the 
anterolateral [1] and posterolateral [2] bundles as well as 
their tibial and femoral attachments. (b) Posterior view of 

the knee showing the PCL in relation to the lateral menis-
cus [3] and meniscofemoral ligament [4]. (image courtesy 
of Logterman et al.) [8]
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25.3  Biomechanics

The PCL is a key static stabilizer of the knee. Its 
primary function is to resist posterior translation 
of the tibia relative to the femur. PCL removal 
has shown to increase posterior tibial translation 
throughout knee range of motion from full exten-
sion to 120 degrees of flexion [14]. Additionally, 
it has also been found to serve as a secondary sta-
bilizer to resist rotation at the knee between 90 
and 120 degrees of flexion [15]. The role of the 
PCL in stabilizing the knee against various forces 
will be further discussed later in this section. 
Previously it was thought that both PCL bundles 
functioned independent of each other with the 
ALB being dominant in knee flexion and PMB 
taking over in extension [6, 16]. On the contrary, 
recent research has found that the two bundles 
instead work together changing the previous par-
adigm. Studies have demonstrated this in a num-
ber of ways. Cadaver studies have shown that 
isolated single bundle tears do not result in clini-
cally significant increases in posterior tibial 
translation [17, 18]. Another cadaveric study by 
Ahmad et al. demonstrated that changes in bun-
dle orientation and length throughout knee range 
of motion accommodate each other so that no 
bundle is dominant at any specific position [19]. 
This concept was also supported in  vivo by 
Papannagari et al. [20]

Baseline mechanical properties of the PCL 
and its bundles have also been described. Tensile 
strength of the PCL has a reported range of 739 to 
1627 newtons [21–23]. However, given the PCL 
resists forces in multiple directions its true tensile 
strength is likely greater. The ALB is reported as 
the primary contributor of PCL tensile strength 
with it reported at 1620 N as opposed to 258 N 
for the PMB [24]. Loading and strain patterns of 
the PCL in various movements have been exten-
sively studied. In vivo studies have found 24–33% 
elongation of the PCL with passive knee flexion 
to 90 degrees [25, 26]. Similar strain patterns 
were noted in active knee flexion through squats 
or lunges [27, 28]. Furthermore, these studies 
found no significant elongation with flexion past 
90. In vitro studies have reported differing results 
on PCL strain throughout knee flexion [29, 30]. 

Forces on the PCL have largely been studied on 
cadaver models. In passive flexion, low tension 
forces have been reported in the PCL ranging 
from 4 to 19 newtons at various angles of flexion 
[31, 32]. Active knee movement was associated 
with far greater forces on the PCL. A peak force 
of 3330 newtons was recorded with isometric 
knee flexion [33]. Overall, significantly greater 
forces were measured in active movement involv-
ing knee flexion compared to isolated extension 
movements. Increased PCL forces have been 
found when a posterior tibial force is applied at 
various angles of flexion. Peak forces were noted 
when this force were applied at 90 degrees of 
flexion where PCL force near 140 newtons were 
recorded [27, 31, 34, 35]. Understanding of 
forces and strain applied to the native PCL in 
various movements is essential in the rehab treat-
ment protocols of PCL injuries or following PCL 
reconstruction.

As previously stated, the ALB is tight in knee 
flexion, whereas the PMB tightens in extension. 
It is well documented that the PCL resists poste-
rior tibial translation through studies where the 
PCL is removed in cadaver knees. However, the 
knee position which serves this role has been 
debated in cadaveric and in  vivo studies. One 
study found increased posterior tibial translation 
with 25 degrees of flexion and greater [36]. Other 
studies have found that increased posterior tibial 
translation occurs at 60 degrees of flexion and 
greater [37, 38]. Finally, multiple studies have 
reported increased posterior tibial translation 
throughout range of motion in PCL deficient 
knees [14, 38, 39]. Despite their differences, 
these studies agree on the PCL resisting posterior 
tibial translation in general and that it may pro-
vide increased resistance with knee flexion. 
These findings further support clinical exams that 
test the PCL at 90 degrees of knee flexion such as 
the posterior drawer, posterior sag sign, and 
quadriceps active tests.

Additionally, the PCL is an important contrib-
utor to rotational stability of the knee. Similar to 
posterior translation, this concept has been stud-
ied in cadaver knees with the PCL removed. 
Increased external rotation is noted when a physi-
ologic posterior tibial force equivalent to the 
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quadriceps and hamstrings is applied to PCL 
deficient knees [37, 40]. The ligament has also 
been shown to resist internal rotation beyond 90 
degrees of knee flexion [18]. Furthermore, 
increased external and internal rotation is demon-
strated in PCL deficient knees when force is 
applied in either direction [14]. Li et al. studied 
this in  vivo with weight bearing MRIs finding 
altered internal rotation throughout knee range of 
motion; however, the difference was not signifi-
cant [41]. These studies suggest that the PCL 
plays an important role in rotational stability of 
the knee and justify rotational exams such as the 
dial test in diagnosing PCL injuries.

Another function of the PCL is in balancing 
joint contact forces about the knee. PCL defi-
ciency primarily impacts the medial compart-
ment of the knee. More specifically, increased 
contact forces have been demonstrated in PCL 
deficient knees. Macdonald et  al. found signifi-
cant increases in medial compartment contact 
forces at 60 and 90 degrees of flexion but no 
change at 0 or 30 degrees of flexion [42], whereas 
Skyhar et  al. found a 52% increase in medial 
compartment contact force on average regardless 
of flexion angle in this setting [43]. Natural his-
tory studies of untreated PCL injuries have found 
increased rates of medial compartment cartilage 

degeneration which can be explained by the 
altered joint contact forces [44, 45].

25.4  Mechanisms of Injury

As previously stated PCL injuries can occur both 
in isolation and are often associated with  
other ligamentous injuries of the knee. 
Multiligamentous injury patterns of the knee 
involving the PCL include combined PCL with 
anterior cruciate ligament (ACL) and PCL with 
posterior lateral corner (PLC) injuries. Given its 
anatomy and biomechanics, the most common 
mechanism of isolated PCL injury involves pos-
terior translation of the tibia relative to the femur, 
which places increasing tension and strain on the 
ligament until it fails (Fig. 25.2). This most com-
monly occurs with a direct posterior blow to the 
proximal tibia such as between athletes in contact 
athletics or a fall on a flexed knee with the foot in 
plantarflexion. A higher energy mechanism 
includes motor vehicle collision dashboard inju-
ries where the driver or passenger’s flexed knee is 
driven into dashboard. Less frequent mechanisms 
include hyperflexion and hyperextension.

Multiligamentous injuries of the knee involv-
ing the PCL include a variety of different pat-

TEAR OF THE POSTERIOR CRUCIATE LIGAMENT (PCL)
LATERAL VIEW OF THE KNEE
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Fig. 25.2 Demonstrating normal PCL anatomy and then a PCL tear resulting from a proximal tibia force producing 
posterior tibial translation. (public domain image from shutterstock)

L. T. Onsen and J. Koh



325

terns. Common patterns include ACL-PCL-PLC, 
ACL-PLC, and ACL-PCL-MCL [46, 47]. These 
injuries are frequently associated with high 
energy mechanisms such as motor vehicle acci-
dents, pedestrian struck by vehicle, or fall from a 
height. Low energy mechanisms such as fall from 
standing height have been reported less fre-
quently but have been associated increased body 
mass index (BMI) and obese patients [48]. A 
PCL tear is commonly associated with a postero-
lateral corner injury [49]. Again these injuries 
can result from direct blow to the proximal tibia. 
However, rather than a direct posterior force, the 
anteromedial aspect of the tibia is struck with the 
knee in extension producing hyperextension and 
varus. This pattern can also occur with a posterior 
force to the proximal tibial with the knee flexed 
or tibia in external rotation [50]. Overall, whether 
in isolation or multiligamentous settings the 
mechanisms required to injure the PCL remain 
similar. Understanding of these mechanisms can 
better heighten provider awareness to these inju-
ries so that it can be promptly identified and 
treated appropriately.

25.5  Biomechanics after Injury

The primary role of the PCL is to resist poste-
rior tibial translation relative to the femur. 
Cadaveric studies have shown increased poste-
rior tibial translation in PCL deficient knees 
throughout range of motion from 0 to 120 
degrees of flexion [14, 51, 52]. This concept has 
also been studied in the in vivo setting. In a self-
controlled study of patients with unilateral PCL 
deficiency, increased posterior tibial translation 
was noted throughout flexion on lateral radio-
graphs but greater translation was noted from 70 
to 90 degrees of flexion as compared to lower 
angles (Fig. 25.3) [53]. MRI studies on a similar 
patient population further demonstrated poste-
rior tibial translation in PCL deficient knees in 
weight bearing flexion and with posterior drawer 
testing [54]. The importance of the posterolat-
eral corner, more specifically the popliteus, in 
resisting posterior tibial translation has been 
described. A cadaveric study found significantly 

less posterior tibial translation in PCL deficient 
knees when popliteus contraction was simulated 
throughout knee flexion [55]. Thus in knees 
with both PCL and PLC injuries there is even 
less resistance against posterior tibial transla-
tion. A consequence of posterior translation is 
increased stress on the knee extensor mecha-
nism. Theoretically the increased stress could 
result in increased patellofemoral joint contact 
forces and increase the risk for subsequent 
arthrosis.

The PCL also contributes to rotational stabil-
ity of the knee. Cadaveric studies have shown 
mixed results on the extent of PCL restraint to 
external and internal tibial rotation [14, 37, 39, 
51]. However, one study did show increased 
rotary instability when a combined PCL and PLC 
injury was present [57]. Specifically, there will be 
reduced resistance to tibial external rotation in a 
combined PCL and PLC injury. An in vivo study 
did find altered internal rotation in PCL deficient 
knees that was not significant [41]. Given these 
findings, the exact impact of PCL deficiency on 
rotational stability is still uncertain and further 
study is warranted. Additional coronal plane 
instability can be present in combined PCL and 
PLC injuries. This combination reduces stability 
to varus stresses on the knee when bearing. As a 
result, patients with this injury will ambulate 
with varus thrust gait where the knee will go into 

Fig. 25.3 Lateral knee X-ray demonstrating increased 
posterior tibial translation with posterior drawer test per-
formed. (Gill and Gwathmey [56])
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varus upon weight bearing during the gait cycle 
(Fig.  25.4). This can further contribute to 
increased knee medial compartment contact 
pressures.

Joint contact pressures are also impacted by 
PCL deficiency. The knee and patellofemoral 
joints are primarily affected by these changes. 
More specifically the medial compartment of the 
knee sees increased contact pressures in PCL 
deficiency. This has been demonstrated in multi-
ple cadaveric studies [42, 43]. These studies also 
found increased contact pressures in the patello-
femoral joint, likely secondary to posterior tibial 
translation placing increased stress on the knee 
extensor mechanism. Increased contact pressure 
helps to explain the increased frequency of patel-
lofemoral and medial knee compartment arthritis 
found in PCL deficient knees.

25.6  Reconstruction Techniques 
and their Biomechanical 
Properties

Multiple surgical techniques exist for PCL recon-
struction. These include both arthroscopic and 
open tibial inlay techniques. Arthroscopic tech-
niques involve transtibial tunnels to reconstruct 
the ligament (Figure 25.5). In arthroscopic tech-
niques, there are concerns over the acute angle 
the graft takes when exiting the tibial tunnel [59]. 
This has been shown to cause abrasion and deg-
radation to the graft at this site during range of 
motion which can result in laxity or failure after 
cyclic loading [59, 60]. Open tibial inlay tech-
niques avoid this acute angle and utilize the pos-
teromedial approach to the PCL via the interval 
between the medial head of the gastrocnemius 
and semimembranosus. Rather than a tunnel, in 
tibial inlay techniques bone trough is made where 
the graft is secured avoiding a sharp angle. Within 
these approaches there exist single and double 
bundle reconstruction techniques with various 
graft options.

Fig. 25.4 Demonstrates varus thrust gait when the 
affected limb bears weight in the gait cycle. Used with 
permission of The International Journal of Sports Physical 
Therapy (formerly The North American Journal of Sports 
Physical Therapy) [58]

ba

Fig. 25.5 Representation of the two common surgical 
techniques for PCL reconstruction. (a) Arthroscopic 
transtibial technique. (b) Tibial inlay technique
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Single bundle techniques focus on anatomic 
reconstruction of the anterolateral bundle by 
placing tunnel at the bundles femoral origin and 
tibial insertion [61]. Previously an isometric 
reconstruction was the preferred focus. However, 
isometric reconstruction has been found to lead 
to joint over constraint and eventually increased 
laxity [62]. Many studies have compared single 
bundle transtibial and tibial inlay techniques. 
Most studies demonstrate that at the time of ini-
tial graft fixation no difference exists in the 
anterior- posterior laxity of the knee between the 
two techniques [63–65]. However, tibial inlay 
techniques have been found to have superior 
strength after cyclical loading [59, 60, 64, 66]. 
This can be explained by the graft abrasion and 
degradation due to the acute graft angle at the 
tibia in transtibial techniques. Other variables in 
the strength of these constructs are related to 
graft choice. Autograft remains the most com-
mon graft choice either bone patellar tendon bone 
(BTB) or hamstring [67]. Allografts are used less 
often with achilles being the most common 
allograft of choice [67]. The biomechanical prop-
erties of these grafts have been tested and com-
pared to each other. Chen et al. found quadrupled 
hamstrings to have the highest load to failure of 
the three, but was not able to stretching as well as 
BTB grafts [68]. Thus the technique and graft 
choice can impact the overall strength and lon-
gevity of a given PCL reconstruction.

Double bundle techniques aim for an ana-
tomic reconstruction of the anterolateral and pos-
teromedial bundles. It is the belief that this 
technique most closely reproduces native PCL 
anatomy. In the transtibial technique, a single 
tibial tunnel is drilled with two femoral tunnels to 
match the ALB and PMB origins. Similar to 
native anatomy, the ALB tunnel is made larger 
than the PMB tunnel [17]. The concerns with 
acute angle at the graft at the tibial tunnel again 
exist in this technique as described above. Also, 
the same shortcomings of isometric graft recon-
struction apply in double bundle techniques lead-
ing to an anatomic reconstruction preference. 
Comparison of double versus single bundle tech-
niques for both transtibial and inlay approaches 

have been extensively studied. In transtibial tech-
niques, double bundle reconstructions were 
found to increase overall stability and more 
reproduce native PCL function [17, 61]. However, 
it was noted that this could be associated with 
increased graft forces than normal [61]. 
Differences are less apparent between single and 
double bundle tibial inlay techniques. Studies 
have shown mixed results in posterior tibial 
translation between the groups. Wiley et al. found 
no difference between either construct and the 
native knee, but did not less posterior translation 
in the double bundle when compared to single 
[69]. Another study reported no difference 
between the two groups in terms of posterior 
translation [59]. Double bundle reconstruction 
has shown benefit in setting of an associated pos-
terolateral corner (PLC) injury [70]. A greater 
variety of auto- and allografts exist for this tech-
nique with the additional PMB reconstruction. 
Cited grafts include BTB, hamstrings, achilles 
tendon, tibialis posterior, and quadriceps tendon. 
Again, technique and graft selection influence 
overall construct strength with varying differ-
ences compared to single bundle constructions; 
however, an associated PLC injury may provide a 
scenario where double bundle provides particular 
benefit.

Finally, the fixation method can impact the 
biomechanical properties of a PCL reconstruc-
tion. Multiple fixation techniques exist in PCL 
reconstruction. These include suture endobuttons, 
interference screws, cortical screws, cross pins, or 
a combination of these options. Tibial fixation 
also includes options of distal and proximal fixa-
tion or a combination of both. Kitamura et  al. 
compared multiple fixation techniques after 
5000 cycles of loading. They found increased dis-
placement in the endobutton group compared to 
the interference screw and cortical screw interfer-
ence screw hybrid groups [71]. Another cadaveric 
study using achilles allograft found that combined 
distal and proximal tibial fixation resulted in a 
stronger construct that more closely resembled 
native PCL kinematics compared to distal fixation 
alone [72]. In tibial inlay techniques, no differ-
ence was found between bioabsorbable interfer-
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ence screws and metallic screws [73]. These 
findings tend to favor screw fixation and com-
bined tibial fixation as compared to suture endo-
button and isolated distal tibia fixation.

25.7  Conclusion

Overall, the posterior cruciate ligament is an 
important stabilizer of the knee resisting poste-
rior tibial translation and rotational forces. It is 
made up of two bundles that work together to 
provide these functions. The anterolateral bundle 
is noted to be the larger and stronger of the two 
bundles. Given this, ALB anatomic restoration is 
the goal of a single bundle PCL reconstruction. 
Anatomic restorations in general are preferred to 
isometric in the setting of PCL reconstruction. 
Double bundle repairs more closely mimic native 
PCL kinematics and may be particularly helpful 
when an associated posterolateral corner injury is 
present. Despite this, there is still a significant 
role for single bundle repairs. Significant variety 
exists within repair techniques such as graft 
choice and fixation methods. Therefore, surgeons 
have multiple options to biomechanically opti-
mize their construct to best treat a patient’s needs. 
Ultimately through the understanding of PCL 
anatomy and biomechanics, providers optimally 
diagnose and treat these injuries.
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Biomechanics of Osteotomies 
around the Knee

Dominic T. Mathis and Michael T. Hirschmann

26.1  Introduction

Osteotomies around the knee joint have a long 
tradition and are a well-established and an impor-
tant part of joint-preserving therapy. Numerous 
studies have shown that at least 30% of the males 
and almost 20% of the females in western coun-
tries have a constitutional varus deformity of 
more than 3° [1, 2].

The underlying cause of this varus alignment 
may vary; however, it subsequently leads to 
increased pressure loads and peak loading areas 
in the medial compartment resulting in mechani-
cal abrasion. The patient enters a vicious circle of 
progressive loading leading to increasing carti-
lage loss and increased varus alignment, which 
then leads to even more increased loading [3–6]. 
Malalignment in varus or valgus direction are 
therefore unfavourable for joint loading and have 
a major influence on the development or progres-
sion of osteoarthritis (OA).

Biomechanical studies have clearly shown 
that the correction of the malaligned knee unloads 
the cartilage and that the extent of the shift of the 
mechanical weight-bearing line correlates 
directly with the reduction in cartilage loading [7, 

8]. Clinical studies have confirmed the positive 
influence on the pain level and the resilience of 
the knee joint [9–11]. Therefore, it is well evi-
denced that an osteotomy is an effective way of 
realigning and treating malalignment around the 
knee. Depending on the site of coronal plane 
malalignment, a varus or valgus correction oste-
otomy can be performed in an opening- or 
closing- wedge manner. These should be always 
done at the site of malalignment and hence these 
can be carried out laterally or medially at the dis-
tal femur or proximal tibia.

One of the reasons for the recently increasing 
interest in osteotomies is the improved technique, 
which allows the procedure to be performed 
safely without loss of correction. These advances 
have been made possible by the introduction of 
internal plate fixators, combined with an improved 
osteotomy technique (biplanar technique). Angle-
stable internal fixators have previously proven its 
effectiveness in trauma settings [12–14].

26.2  General Aspects 
of Osteotomies around 
the Knee

26.2.1  Degree of Osteoarthritis

The malalignment-correcting osteotomy causes a 
shift of the peak load areas from the painful joint 
compartment to the intact opposite side. The clin-
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ical outcome tends to be more favourable in 
knees with only moderate OA compared to 
advanced unicompartmental OA [10]. In the case 
of a more severe OA, the patient must be informed 
that a decrease of symptoms and increase of 
activity, but no complete relief of symptoms and 
pain can be expected. If there is a considerable 
extension deficit (over 10°), it must be considered 
whether an additional removal of intra-articular 
osteophytes could be helpful [15].

The conventional valgus-producing tibial 
head osteotomy is not indicated in cases of sub-
stantial loss of the outer meniscus and manifest 
lateral OA (extensive third- or fourth-degree 
damage, cartilage ulcers). In case of doubt, a 
stress radiograph should be taken under valgus 
load. If this results in a loss of height in the lateral 
joint section, a total knee arthroplasty is more 
appropriate [15].

26.2.2  Patellofemoral Instability

Valgus deformities can occur in combination 
with lateral instability of the patella. This prob-
lem can be well treated with an osseous and soft 
tissue combined medial intervention. The bipla-
nar distal femoral varus osteotomy allows a cor-
rection of the axis and, if necessary, torsion, 
while at the same time reconstruction of the 
medial patellofemoral ligament can be performed 
using the same approach [16].

26.2.3  Patellofemoral Osteoarthritis

Many patients with unicompartmental OA also 
show degenerative changes in the patellofemo-
ral joint. The evaluation of these patients is 
challenging. The medical history and the clini-
cal examination are important factors. The ret-
ropatellar changes should not be decisive for 
the decision against a joint-preserving proce-
dure such as osteotomy. Leg axis correction 
normalizes the alignment of the extensor 
mechanism and generally improves the loading 
conditions in the trochlear groove. If an HTO 
is indicated, an opening- wedge osteotomy 

using a biplanar technique with distal tuberos-
ity incision can be selected to avoid distaliza-
tion of the patella and an increase in patellar 
pressure [17]. Therefore, patellofemoral 
degenerations that are clinically mostly asymp-
tomatic do not represent a contraindication for 
osteotomy around the knee in the case of uni-
compartmental OA [18].

26.2.4  Imaging

In all patients with possible OA in the knee 
anteroposterior, lateral radiographs with patella 
view as well as long-leg full weight-bearing 
views should be performed. When making the 
long-leg radiographs, it is important to ensure 
that both knees are extended maximally and the 
patellae are pointing forward. MRI scans may 
add valuable information on cartilage condition, 
meniscus, ligament and soft tissue damage. Also 
the location of nerves and vessels relative to the 
area of deformity correction can be assessed 
[19]. If a torsion deformity is found at physical 
examination, a computerized tomography (CT) 
scan with measurements of axial slides at stan-
dardized positions is mandatory. Furthermore, 
combined single photon emission-computerized 
tomography and conventional computerized 
tomography (SPECT/CT) has proved to be help-
ful in the assessment, pre- and postoperatively, 
of osteotomy patients [20, 21]. Mucha et al. have 
shown a significant decrease of bone tracer 
uptake (BTU) after HTO in the medial joint 
compartments in patients with medial compart-
ment overloading due to varus malalignment 
(Fig. 26.1) [21]. The authors concluded that the 
evaluation of patients before and after HTO 
using SPECT/CT with regard to the mechanical 
leg alignment provides the surgeon with helpful 
additional information about the loading history 
of the knee joint. SPECT/CT could be further 
used to identify the optimal individualized cor-
rection for each patient and clinical scenario 
[21]. It is the only imaging modality, which 
allows a direct visualization of the unloading 
effect in the relevant compartment after 
osteotomy.
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26.3  Biomechanical 
Considerations of High Tibial 
Osteotomy

Both valgus and varus malalignment are unfa-
vourable for the joint mechanics and have a major 
influence on the development or progression of 
OA.  A correction of the axis deformity thus 
results in cartilage decompression; the position 
of the loading axis in the frontal plane correlates 
directly with the tibiofemoral cartilage pressure 
distribution in the knee [7]. The normalization of 
the mechanical load conditions leads to a positive 
influence on the homeostasis of the knee joint.

Under normal conditions, the mechanical axes 
of femur and tibia are colinear (articular surface 
of the tibia averages 3° varus (medial proximal 
tibia angle, MPTA) and that of the femur 3° val-
gus (mechanical lateral distal femoral angle, 
mLDFA) relative to the mechanical axis) and the 

mechanical weight-bearing line (WBL) crosses 
the knee joint in the area of the medial spina 
(Fig. 26.2) [22]. In a neural aligned knee, 55–70% 
of the load is transmitted on the medial compart-
ment during the stance phase of gait [23]. A devi-
ation in the varus or valgus direction can be 
caused by a bony malposition in the femur and/or 
tibia, by a defect in the knee joint or by ligamen-
tous instability. In a varus aligned knee, a devia-
tion of 1° varus from the neutral alignment will 
cause an increase of the medial load of 5% [24].

First described by Jackson and Waugh in [25], 
high tibial osteotomy (HTO) is a well-established 
procedure for treating medial compartment OA 
of the varus deformed knee. In HTO, the bone of 
the proximal tibia is cut, and either the osteotomy 
gap is opened in a wedge shape (opening-wedge 
HTO) or a bone wedge is removed (closing- 
wedge HTO). With correct planning, it can nor-
malize the bony anatomy and therefore create 

Fig. 26.1 Left SPECT/CT images (1, 2) and 3D radiolu-
cent reconstructions (3, 4) of a 52-year-old female patient 
before HTO showing medial overloading. Right SPECT/
CT images (5, 6) and 3D reconstructions (7, 8) 16 months 

postoperatively reveal an unloading effect of the medial 
joint compartment and a consolidation of the osteotomy 
gap. Reprinted with permission from Knee Surg Sports 
Traumatol Arthrosc (2015) 23:2315–2323

26 Biomechanics of Osteotomies around the Knee



334

physiological loading conditions for the entire 
leg (Fig. 26.2). The gait pattern is normalized and 
the dynamic distribution of load becomes 
physiological.

Regardless of the type of the osteotomy, the 
biomechanical objective of HTO is to realign the 
WBL in the coronal plane. The aim is to achieve 
the shift of the WBL from the arthritic compart-
ment to the opposite tibiofemoral healthy com-

partment [7, 26]. Fujisawa et  al. [27, 28] 
recommended to align the WBL of HTO through 
the 65–70% coordinate of the width of the tibial 
plateau, which has been refined recently to 62.5% 
towards to the Mikulicz line to restore the kine-
matic alignment profile [1, 29, 30]. Hence, the 
influence of the targeted limb alignment after 
HTO on cartilage repair is under heavy debate in 
literature [31–35]. In a recent retrospective com-
parative study, it has been reported that no differ-
ence between overcorrected knees with mean 
femorotibial angle of 165° and moderately cor-
rected knees with mean femorotibial angle of 
170° was found [31]. Martay et al. proposed cor-
recting the weight-bearing axis to 55% tibial 
width (1.7°–1.9° valgus) for the optimal distribu-
tion of medial and lateral contact stresses [32]. 
Nakayama et al. found a large amount of correc-
tion in opening-wedge HTO with a resultant joint 
line obliquity of 5° or more may induce excessive 
shear stress to the articular cartilage [33]. 
Similarly, Zheng et  al. reported that balanced 
loading occurred at angles of 4.3° and 2.9° valgus 
for the femoral and tibial cartilage, respectively 
[34]. Contradictory, Trad et al. suggested that a 
balanced stress distribution between two com-
partments was achieved under a valgus hypercor-
rection angle of 4.5° [35]. Clinical studies suggest 
that excessive overcorrection leads to poor func-
tional outcomes and degeneration in the lateral 
compartment, while undercorrection does not 
relieve the pain of the medial compartment [27, 
36, 37].

To date, it is unclear how articular cartilage 
repair in the medial compartment is affected by 
the grade of preoperative degeneration of the 
articular cartilage. Koshino et  al. reported that 
knees with advanced degeneration of articular 
cartilage at lateral closing-wedge HTO showed 
better repair compared with knees with early 
degeneration [38], whereas Fujisawa et  al. 
reported conflicting arthroscopic findings [28].

As a result, the question remains unsolved 
whether a “safety corrective range” for HTO in 
patients with OA exists. The effect of excessive 
stress on soft tissue wear or repair and the remod-
elling process after corrective osteotomy is still 
unknown.

a b

Fig. 26.2 50-year-old male patient before (a) and after 
(b) opening-wedge high tibial osteotomy (HTO) due to 
symptomatic varus alignment. The mechanical weight- 
bearing line (brown) crosses the knee joint preoperatively 
(a) in the medial compartment and after HTO (b) in the 
area of the lateral spina. The postoperative correction (b) 
of the medial proximal tibial angle (MPTA) is 3°, which 
results in a horizontal joint line (joint line convergence 
angle (JLCA), the angle between the tangent to the distal 
femoral condyles and the tangent to the tibia plateau). The 
mechanical lateral distal femoral angle (mLDFA) remains 
unaffected with 88° valgus (a, b)
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26.3.1  Mediolateral Stability

Of particular importance in HTO patients is the 
medial collateral ligament (MCL). A medial 
opening-wedge HTO increases the strain on the 
superficial distal part of the MCL by spreading 
the osteotomy gap, whereas a lateral closing- 
wedge procedure has only a minor effect on the 
MCL. In this context, Agneskirchner et al. have 
shown the opening-wedge HTO without MCL 
release resulted in a significant increase of the 
pressure medially. Only after a complete release 
of the MCL a significant decrease of pressure 
medially was observed after opening-wedge 
HTO [7]. Conversely, if HTO has to be performed 
in case of a tibial valgus deformity [2], lateral 
opening-wedge HTO technique or alternatively, a 
medial closing-wedge HTO can be performed to 
correct the valgus leg alignment [39]. However, 
in the medial closing-wedge HTO, the medial 
MCL laxity has been found to increase [40, 41]. 
Hence, it was suggested to perform a surgical 
reefing procedure at all times to tighten the MCL 
in these patients [40].

26.3.2  Influence of Tibial Slope 
Change on Stability

In recent years, it has been shown that the incli-
nation of the tibial plateau in the sagittal plane 
(“slope”) affects the stability of the knee joint 
[42–44]. Physiologically, the tibial plateau is 
slightly tilted posteriorly. To describe the poste-
rior inclination of the tibial plateau, the angle of 
the medial tibial plateau to the right angle to the 
proximal tibial axis is usually stated in literature. 
The mean values of the tibial slope reported in 
literature vary between 5° and 8° with a variance 
between 0° and 14°. In 19% of the population, 
there is a posterior slope of more than 10° [45]. 
An increased tibial slope can accentuate an ante-
rior instability; however, it may also lead to a 
reduction of the posterior drawer, whereas a 
decreased tibial slope leads to a reduction of an 
anterior knee instability [43, 46].

It is well known that all techniques which cor-
rect frontal plane misalignment may also change 

sagittal plane alignment [47, 48]. Posterior tibial 
slope is considered to be an important factor in 
knee joint kinematics [42, 49–53]. Schaefer et al. 
have analysed the frontal and sagittal femorotib-
ial knee alignment after opening- and closing- 
wedge HTO.  Postoperatively, tibial slope had 
decreased by −0.5° in closing-wedge HTO and 
increased significantly by +3° in opening-wedge 
HTO [54].

The combination of symptomatic varus OA 
with significant knee instability due to overload-
ing of the antero- and posterolateral structures is 
quite common in the younger group of patients 
and can be well treated by an HTO [42, 55]. Even 
a relative loosening of the collateral ligament can 
be easily eliminated by an opening-wedge HTO 
[15].

The following paragraphs provide biome-
chanical principles on how changes in the sagittal 
and frontal plane of the knee may alter the stabil-
ity of the joint [56].

26.3.2.1  Coronal Alignment
The lateral joint opening and the tension of the 
anterior cruciate ligament (ACL) on human knee 
specimens with neutral mechanical axis and with 
varus axis have been measured by van de Pol 
et al. in 2009 [57]. There was no lateral opening 
of the joint in the neutral axis, but it was increased 
in the varus axis. The tension in the ACL also 
increased significantly with increasing varus 
deformity.

In a biomechanical study, La Prade et  al. 
examined the effect of the varus axis on the pos-
terolateral structures [58]. In this study, a signifi-
cant increase in varus rotation (ligamentous 
varus) occurred after transecting the posterolat-
eral structures. However, the opening-wedge 
osteotomy of the tibia was able to reduce both the 
varus rotation and external rotation, which were 
caused by the transection of the posterolateral 
structures. La Prade et al. also attribute the stabi-
lizing effect of the osteotomy to increased ten-
sion in the medial collateral ligament.

A recent meta-analysis has shown that frontal 
deformities have no influence on the risk of pri-
mary ACL ruptures [59]. However, various stud-
ies have shown that patients with recurrent 
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instability after ACL reconstruction were signifi-
cantly more likely to have a varus deformity 
(>5°) [59–61].

Clinical studies are also available on the influ-
ence of frontal alignment on the results of posterior 
cruciate ligament (PCL) and posterolateral recon-
struction [62, 63]. In both studies, varus deformity 
was considered as a risk factor for a reinjury after 
PCL and posterolateral reconstruction.

26.3.2.2  Sagittal Alignment
In a biomechanical study, Agneskirchner et  al. 
have changed the tibial slope in human cadaveric 
knees by flexion osteotomies and then measured 
the anterior tibial translation of the tibial plateau 
to the femur [42]. This study demonstrated that 
an increase of posterior slope intensifies the ante-
rior translation of the tibia. In addition, the tibio-
femoral contact area and pressure was shifted 
anteriorly, resulting in decompression of the pos-
teromedial tibial plateau.

Similarly, Giffin et al. were able to show that 
under axial compressive load increased slope of 
the tibia led to an anterior translation of the tibia in 
relation to the femur [44]. In addition, the in- situ 
forces in the ACL increased with increasing slope. 
Shelburne et al. were able to confirm the results of 
both studies in a computer model [64]. In the com-
puter simulation, an increase in slope led to an 
increased anterior translation during daily activi-
ties like standing, squatting or walking.

Yet, there are three meta-analyses that can 
show that both the medial tibial slope and the lat-
eral tibial slope are a risk factor for suffering an 
ACL rupture [59, 65, 66]. In this context, the 
study of Webb et al. should be highlighted: It was 
found that the risk of a further ACL injury was 
increased by factor 5 in patients with a slope of 
>12° [67]. Significantly fewer studies deal with 
the influence of the posterior tibial slope on pos-
terior instability. Schatka et al. were able to show 
that in the uninjured knee, a low posterior slope 
correlates with an increased posterior translation 
of the tibia [68]. Bernhardson et al. found that a 
lower posterior slope is a risk factor for a PCL 
rupture [69].

26.3.2.3  Valgus HTO in Patients 
with Anterior Instability

The triad of anterior instability, medial OA and 
varus deformity [70, 71] as well as an isolated 
double or triple varus deformity without medial 
OA [61, 72, 73] are recognised as indications for 
HTO in patients with anterior instability [56]. 
Double varus occurs due to tibiofemoral varus 
alignment and separation of the lateral tibio-
femoral compartment due to deficiency of lateral 
soft tissues (= joint line conversion angle, JLCA) 
[74]. Triple varus occurs due to deficiency of the 
posterolateral corner ligament and results in 
varus with recurvatum. This arises because of 
varus osseous alignment (primary varus), sepa-
ration of lateral tibiofemoral compartment (dou-
ble varus) and increased external rotation and 
hyperextension caused by posterolateral insta-
bility [75].

With regard to postoperative results, all stud-
ies on HTO in anterior instabilities show that 
clinical scores can be improved by HTO alone or 
by the combined procedure (HTO plus ligament 
reconstruction) [70–72, 76]. It is irrelevant 
whether the ligament reconstruction is performed 
in one or two stages [76]. However, the increased 
complication rate of 63% must also be pointed 
out for the combined procedure [70].

26.3.2.4  Slope Correction during 
Valgus HTO in Patients 
with Anterior Instability

As described above, tibial slope can also be 
changed during valgus HTO. Unfortunately, this 
can happen unintentionally when the surgeon is 
inexperienced and the slope is not observed or 
controlled during a tibial head osteotomy (K-wire 
and lateral image intensifier control). It is there-
fore inevitable that this potential change is taken 
into consideration every time an osteotomy is 
performed on the tibial head. The intentional 
reduction of the slope can clearly improve ante-
rior instability—in contrast, an increase of the 
tibial slope can reduce posterior instability. Arun 
et al. showed that patients after HTO with a pos-
terior slope reduction of more than 5° achieved 

D. T. Mathis and M. T. Hirschmann



337

better functional scores than patients with a slope 
reduction of less than 5° [77].

Hence, in addition to HTO the intentional and 
correct reduction of the tibial slope can improve 
postoperative results in patients with anterior 
instability. However, in many cases an ACL 
reconstruction may also be necessary [78].

26.3.2.5  Slope Correction during 
Valgus HTO in Patients 
with Posterior Instability

Studies have shown that functional clinical scores 
and subjective stability can be improved by an 
isolated valgus medial opening-wedge HTO [72, 
79, 80]. Often effectively enough that secondary 
ligament reconstruction was no longer necessary. 
Reichwein and Nebelung were able to signifi-
cantly improve knee function in patients after 
failed PCL reconstruction with an isolated slope- 
increasing osteotomy [81].

26.4  Biomechanical 
Consideration of Distal 
Femoral Osteotomy

Distal femoral deformities are observed in valgus 
deformities and also in severe varus deformities. 
However, there are some biomechanical differ-
ences compared to the proximal tibia. The lever 
arm is longer and the surface at the level of the 
osteotomy is smaller on the femoral side. There is 
no “hinge-preserver” such as fibres of the proxi-
mal tibiofibular joint in the area of the safe zone. 
Furthermore, the blood circulation at the distal 
femur differ fundamentally from the proximal 
tibia [82, 83]. As a result, DFO is inherently more 
unstable and considered to be difficult proce-
dures with high potential risk of complications 
(3.2% non-union and 3.8% delayed union) [84–
86]. Distal femoral osteotomies can be performed 
with lateral opening- or medial closing-wedge 
osteotomy. However, healing complications and 
irritation of the iliotibial band by the fixator have 
been described more frequently for the lateral 
opening distal femoral osteotomy [87]. For this 

reason, the medial closing osteotomy of the distal 
femur has become increasingly popular in recent 
years [88, 89].

Varus-producing osteotomies of the distal 
femur are a good surgical option for the purpose 
of unloading the affected lateral compartment 
and correcting underlying valgus malalignment 
in high-demand active patients with symptom-
atic unicompartmental OA [90, 91]. While clini-
cal studies have demonstrated successful 
outcomes following distal femoral varus osteot-
omies (DFVO) in the treatment of lateral com-
partment OA [86, 89, 92–95], to date there is 
scarce knowledge on biomechanical effects of 
the load redistribution produced by the DFVO in 
orthopaedic literature. In a recent biomechanical 
cadaveric study, Quirno et al. found progressive 
unloading of the lateral tibiofemoral compart-
ment with increasing DFVO correction angles 
(25% decrease in mean contact pressure with 
15° osteotomy) [96]. The authors recommended, 
when performing a DFVO for valgus malalign-
ment, to aim for an overcorrection of 5° to 
restore near- normal contact pressures and con-
tact areas in the lateral compartment rather than 
the traditional teaching of correcting to neutral 
alignment [96]. Conversely, clinical studies are 
less conclusive with regard to their recom-
mended correction of valgus malalignment with 
no uniform trend towards any particular correc-
tion goal being definitive [92–94, 97].

Based on biomechanical examinations and 
clinical experience, biplanar osteotomies for the 
distal femur are recommended [98, 99]. The 
biplanar technique has geometrical advantages 
by reducing the volume of the osteotomy, 
approximating the metaphysis with better bone 
healing, increasing axial stability, protecting 
against the potential issue of malrotation, and 
allowing open reduction in case of a hinge frac-
ture [12, 98, 99].

The biplanar technique, along with angle- 
stable plate fixators, can be used both laterally for 
valgus corrections and medially for varus correc-
tions with very good midterm results and patient 
satisfaction [84, 100, 101].
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26.5  Biomechanical 
Considerations of Intra- 
Articular Osteotomy

The deviation of the WBL can be caused by a 
bony deformity of the femur and/or tibia (primary, 
constitutional deformity) on the one hand, and by 
a defect in the knee joint itself on the other hand.

For metaphyseal deformities, opening and 
closing tibial osteotomies can be performed, as 
developed for the correction of constitutional 
deformities. If the deformity is located clearly 
within the joint, an intra-articular osteotomy can 
be discussed [102–105]. They directly address 
the incongruent joint surface and can be used for 
deformities in the sagittal and coronal plane. 
Indications for an intra-articular osteotomy may 
be: malunions of the tibial plateau with signifi-
cant intra-articular depression and/or steps; devi-
ation of Mikulicz line in the overloaded 
compartment; flexion−/extension deformity with 
significant restriction of range of motion but also 
constitutional deformities such as Blount disease, 
Ellis–van Creveld syndrome and some types of 
achondroplasia [19, 106].

Posttraumatic intra-articular deformities state 
the main indications for corrective intra-articular 
osteotomies. This is explained by the fact that 
tibial plateau fractures may result in knee incon-
gruity and instability. The incongruity is pro-
duced by the mismatch between the tibial and 
femoral articular surfaces [107]. The lack of con-
tainment of the rim of the joint generates instabil-
ity. The biomechanical aim of the treatment is to 
restore the rim and its containment and thus sta-
bility, as well as a physiological WBL.

26.5.1  Tibial Plateau Widening

Insufficient anatomical reduction of the articular 
surface may produce secondary depression with 
angular deformity, widening of the tibial plateau 
and subluxation of the joint. The goal of correc-
tion is to re-establish “normal” relationships in 
relation to the contralateral side. The widening of 
more than 5  mm is usually considered to have 
worse functional outcomes [102, 108]. Johannsen 
et al. have distinguished residual widening within 

normal variation from pathological widening and 
found even a lower threshold with 2.1 mm [109]. 
Kumar et  al. suggested that 4% of extra width 
relative to femoral articular surface can be con-
sidered normal for the tibia plateau [108]. 
However, pathological widening puts undue 
stress on surrounding ligaments and capsule but 
also alters biomechanics which could affect the 
knee function [108]. An intra-articular closing- 
wedge osteotomy can be performed to restore the 
width and height of the tibial plateau and thus 
joint congruity and stability.

26.5.2  Unicompartmental 
Angulation

As described by Paley et  al., the physiological 
mechanical proximal tibia angle measures 87 ± 3 
degrees [110]. Deviations between the articular 
surface and the 87° proximal tibia angle are often 
caused in posttraumatic situations by a malunited 
split wedge plateau fragment after a tibia plateau 
fracture. Clinically relevant deviation which 
requires surgery may include a change of ≥5° in 
lower limb alignment (varus or valgus), articular 
surface compression ≥5 mm, and a plateau shift 
and axial instability ≥5° [102]. A change in pos-
terior slope angle of ≥10° is also considered to be 
an indication for operation [102].

The correction of unicompartmental angula-
tion is normally performed by an opening-wedge 
intra-articular osteotomy in the plane of the defor-
mity and with a hinge at its apex (at the level of 
the tibial spines) [107]. Thereby, the joint line can 
be elevated in order to restore joint congruity and 
containment of the tibial plateau rim with respect 
to the femoral condyle, and thus malalignment 
will be corrected. Beside relevant articular devia-
tions, surgical indications include joint instability 
and residual knee pain in daily activities [111].

26.6  Conclusion

The osteotomy around the knee is an evidence- 
based joint-preserving procedure for the therapy 
of unicompartmental osteoarthritis with good 
long-term results. A correction of the axis defor-
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mity results in cartilage decompression—the 
position of the loading axis in the frontal plane 
correlates directly with the tibiofemoral cartilage 
pressure distribution in the knee. The normaliza-
tion of the mechanical load conditions leads to a 
positive influence on the homeostasis of the knee 
joint. However, the recommended target for 
alignment correction is under debate for both the 
HTO and the DFO with regard to the biomechan-
ical and clinical findings.

Posterior tibial slope is considered to be an 
important factor in knee joint kinematics. All 
techniques which correct frontal plane misalign-
ment may also change sagittal plane alignment. It 
is well known that opening-wedge HTO gener-
ally increases and closing-wedge HTO decreases 
tibial slope. An increased tibial slope can accen-
tuate an anterior instability, however may also 
lead to a reduction of the posterior drawer, 
whereas a decreased tibial slope lead to a reduc-
tion of an anterior knee instability.

The osteotomy around the knee is a reliable 
technique with significant biomechanical effects 
on the entire lower extremity and, if performed cor-
rectly, can bring significant benefits to the patient.
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27.1  Introduction

Meniscal tears are common injuries in sports and 
in active population, and their surgical treatment 
is one of the most performed procedures in ortho-
paedic surgery. The comprehension of the normal 
and pathological biomechanics of meniscus is 
mandatory to fully address this kind of injury and 
restore the native behaviour of the knee joint. 
This chapter provides an overview of the normal 
meniscus biomechanics, followed by a descrip-
tion of the main mechanical features and conse-
quences of meniscal tears and treatment choices. 
In particular, in the first part the authors analysed 
the literature available about the effects of 

meniscus status on the tibiofemoral contact area 
and pressure, while in the second part the role of 
different meniscal status in knee kinematics was 
described.

27.2  The Normal Meniscus

The biomechanical functions of the meniscus are 
crucial to chondroprotection and joint stability. In 
addition to load-sharing, menisci play a key role 
in joint lubrication, stabilization, congruity and 
proprioception of the knee.

27.2.1  Morphology

The menisci are two crescent-shaped fibrocarti-
laginous structures that partially cover the tibio-
femoral joint surface. While medial meniscus 
covers between around 50–54% of the concave 
medial compartment, the lateral meniscus has 
been shown to cover around 59–70% of the 
slightly convex lateral tibial compartment [1, 2]. 
Both the menisci conform to the tibial and femo-
ral bony geometry: the medial meniscus is larger 
and more like a capital letter “C” compared with 
the lateral meniscus, which is smaller and resem-
bles an incomplete “o” shape (Fig.  27.1). In 
cadaver studies, the wide variation in meniscal 
size between different individuals was reported 
[3], underlining the critical importance of 
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accurate allograft and scaffold sizing. In an 
in  vivo MRI-based study, on the other side, a 
similar shape between the right and left menisci 
was founded, suggesting that the contralateral 
meniscus could be used as a template for three- 
dimensional meniscus allograft sizing [4]. The 
joint capsule is attached to the complete periph-
ery of each meniscus but adheres more firmly to 
the medial meniscus. The lateral meniscus pre-
sented an interruption in the attachment of the 
joint capsule in correspondence to the popliteal 
hiatus which allows the popliteus tendon to pass 
through its femoral attachment site. The medial 
meniscus, otherwise, has not direct muscular 
connection [5]. The menisci are attached to the 
surrounding tibial plateau by the meniscal liga-
ments, which form a functional unit, the 
meniscus- meniscal ligament construct.

27.2.2  Material Properties

The fine meniscal microstructure, with its cir-
cumferentially arranged fibres, defines the menis-
cal behaviour in both tension and compression.

The tensile properties of the human meniscus 
have been analysed in several studies, in which 
uniformly shaped specimens were harvested 
from the whole menisci to perform the tension 
test, taking it in the radial or circumferential 
direction. The results showed a higher elastic 
modulus in the specimen harvested from the 

anterior area of the meniscus compared with 
those harvested from the central and posterior 
portion. Moreover, the circumferential specimens 
taken resulted 10 times stronger than those taken 
radially. These findings may partly explain why, 
in the clinical practice, the circumferential splits 
are more common than radial tears [6].

The compressive properties of the meniscus 
have been investigated through three different 
types of compression tests: unconfined compres-
sion, confined compression and indentation [7–
9]. These tests provided an analysis of the 
meniscal stiffness and permeability. The results, 
despite a considerable variation due to different 
experimental methods and data interpretation, 
showed that the meniscus is considerably less 
stiff in transverse compression than it is in cir-
cumferential tension. This feature allows menisci 
to conform to the variable geometry of the articu-
lar surface under compression when the knee is 
moving, particularly during deep knee flexion on 
the medial side. Moreover, the low meniscal per-
meability allows menisci to retain their load- 
bearing capacity during gait by resisting fluid 
loss under pressure [6].

27.2.3  The Meniscal Ligaments

The menisci are attached to the surrounding tibial 
plateau by the meniscal ligaments, which form a 
functional unit, the meniscus-meniscal ligament 
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Fig. 27.1 Morphology of menisci. The different anatom-
ical features of the menisci lead to different biomechani-
cal behaviour of the medial and lateral meniscus.  

L, lateral; M, medial; AH, anterior horn; PH, posterior 
horn. Courtesy of Pau Golanò
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construct. The functions and biomechanics of 
menisci are strongly related to their attachments 
to the surrounding structures.

The menisco-tibial ligaments (Insertional 
ligaments). The tibial insertional ligaments con-
nect the four horns of the menisci to the bone of 
the tibial plateau and represent the main restric-
tors of meniscal extrusion. These ligaments are 
an extension of the collagen fibres that run cir-
cumferentially through the bulk of the menisci 
and play the hoop stress, which resists the ten-
dency for the meniscus to be forced out from 
between the joint surfaces during the knee load-
ing. In a controlled laboratory study among 64 
human meniscal roots [10], the failure at the 
same force of the connections was reported, with 
the exception of the anteromedial root, which 
was significantly weaker than both the posterior 
attachments. All the insertion failed at the 
meniscus- bone interface. In another cadaveric 
study a range of maximum failure loads of 506–
565 N for the four meniscal roots was provided 
[11]. In a porcine model study in which the bio-
mechanical comparison between two repair tech-
niques, the suture anchor technique, and the 
transtibial pull-out technique, was performed, 
none of the repair methods resulted in adequate 
restoration of the pull-out strength of the menis-
cal root [12].

The menisco-femoral ligaments (MFL). 
These ligaments neither appear in all people, 
although the rate of incidence varies considerably 
in the literature. They are classified in anterior 
(the ligament of Humphry) and posterior (the 
ligament of Wrisberg), and connect the posterior 
horn of the lateral meniscus to the femur. It has 
been shown that they play a role in restraining the 
posterior tibial translation between 15° and 90° 
of knee flexion and that they contribute to exter-
nal rotational stability between 60° and 120° of 
knee flexion [13].

The deep medial collateral ligament (dMCL). 
It is connected to the outer rim of the medial menis-
cus and, with the medial meniscus and posterior 
obliquus ligament, is part of the postero-medial 
complex of the knee. It provides secondary varus-
valgus restraint to the knee joint [14].

The anterior inter-meniscal ligament 
(Transverse geniculate ligament). It connects 

the anterior horn of the medial and lateral menis-
cus and appears to be present in most of the knee 
joints. Its function is not well understood and 
does not appear to contribute to tibiofemoral con-
tact characteristics. However, the position and 
orientation of this ligament suggest that it may be 
involved in the knee rotational stability [15].

The coronary ligaments. These ligaments 
connect the outer circumference of the menisci to 
the proximal tibia. Not a great deal is known 
about their function. It has been demonstrated 
that damage to the anterior and posterior portions 
of the medial coronary ligament does not have a 
significant effect on tibiofemoral contact pres-
sure [16].

The meniscofibular ligament. This ligament 
connects the lateral meniscus to the head of the 
fibula and augments the lateral coronary liga-
ment. It is tense while the knee is extended and 
the tibia externally rotated, suggesting that it may 
have a function in controlling tibial external rota-
tion [17].

27.2.4  Functional Biomechanics

During the normal functional activities, the knee 
joint is subject to the axial compression which 
leads to the development of high contact stresses 
in the articular cartilage. The menisci are exposed 
to compressive, radial tensile, and shear stress: 
they contribute to the distribution of the load, cre-
ating a more congruent articulation and increas-
ing the contact area between the tibia and the 
femur. This increase of the contact area allows 
decreasing the contact pressure, thus protecting 
the articular cartilage. The different anatomical 
features of the menisci led to different biome-
chanical behaviour of the medial and lateral 
meniscus. The 70% and 50% of the load are 
transferred through the lateral and the medial 
menisci respectively in their corresponding com-
partments [18]. On one hand, the lateral menis-
cus covers a higher articular surface compared 
with its medial counterpart and is, therefore, 
more involved in absorption and load transmis-
sion. On the other hand, in the medial compart-
ment the load transmission is more evenly 
distributed between the cartilage surfaces and the 
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medial meniscus [19]. Under an axial load, the 
menisci tend to extrude radially out of the joint, 
causing tissue stress which is resisted by the 
insertional ligaments. The essential mechanical 
property of the meniscus is the circumferential or 
hoop strain developed in its circumferential 
fibres, first described by Krause et al. in [20]. The 
resulting hoop stress, played by the circumferen-
tial fibres, resists the tendency for the meniscus to 
be forced out from between the joint surfaces 
during the knee loading, transmitting the femoro- 
tibial load [21].

The load-bearing role of the menisci occurs 
across the whole knee range of motion since the 
meniscal insertional ligaments allow menisci to 
move during knee flexion. Indeed, during the 
knee flexion the menisci translate posteriorly, 
ensuring congruency between the femoral con-
dyle and tibial plateau. In particular, the lateral 
meniscus was shown to be more mobile than the 
medial meniscus, due to both the deep medial 
collateral ligament attachment and the concave 
morphology of the medial tibial plateau [22]. 
Moreover, the knee flexion leads to a shortening 
of the anterior-posterior diameter of the menisci, 
which can be related to the positioning and cur-
vature of femoral condyles at the tibiofemoral 
contact point [23]. The results of an in  vivo 
dynamic-MRI-assessed study [24] confirmed 
that both menisci moved posteriorly as the knee 
flexed and that the lateral meniscus appeared 
more mobile than the medial meniscus. Moreover, 
the anterior meniscal horns resulted to be more 
mobile than the posterior horns. The lower poste-
rior translation of the medial meniscus, in partic-
ular of its posterior horn, compared with its 
lateral counterpart, leads to the tibial internal- 
external rotation (screw-home mechanism) dur-
ing flexion and extension, respectively [24]. 
Furthermore, these findings may explain the 
higher frequency of medial meniscal tears com-
pared to lateral meniscus tears [25, 26], and the 
observation of medial meniscus tears being 
located more frequently in the posterior horn 
[27].

The menisci undergo different load-bearing 
stresses at different knee flexion angles. In an 
MRI analysis among normal knees [28], in which 

the effects of medial meniscus on tibiofemoral 
contact area were provided, a larger role in load 
distribution of both medial and lateral meniscus 
at higher flexion angles was reported, compared 
with knees in full extension. These results sug-
gest that meniscus undergoes higher loads during 
a more flexed position than knee extension.

27.3  Meniscus Tears: Mechanism 
of Injury and Mechanical 
Consequences

The acute traumatic meniscal tears are common 
in young and active individuals engaged in level 
1 contact sports that comprise frequent pivoting 
such as soccer, American football and rugby. 
Moreover, waiting for more than 12  months 
between anterior cruciate ligament injury and 
reconstruction was found to be a risk factor for 
meniscal tears with strong evidence [29]. On the 
other hand, meniscal tears occur frequently also 
in the general population during an apparently 
innocuous activity such as walking or squatting. 
Advanced age (>60  years old), male gender, 
work-related kneeling, squatting and climbing 
stairs were found as risk factors for the degenera-
tive meniscal tears with strong supporting evi-
dence [30]. In both, sports and the general 
population, the global joint laxity represents a 
risk factor for meniscal tears [31]. The contact 
sports have been correlated with an increased risk 
of meniscal injuries [32]. Moreover, despite their 
low-contact profile, swimming and running 
might be also considered as risk factors [30, 33].

Several patterns of meniscal injury mecha-
nisms have been described. The most frequent 
traumatic mechanism is a twisting or rotating 
forceful movement of the knee while the leg is 
bent. A torsional loading or a high compressive 
force between femoral and tibial surfaces could 
lead to meniscal damage at different angles of 
knee flexion [34]. Another typical mechanism of 
meniscal injury is a sudden transition from knee’s 
flexion to full extension, catching the meniscus 
trapped between the femur and the tibia [35]. 
Moreover, varus and valgus stresses could lead to 
a meniscal tear. A valgus impact associated with 
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tibial external rotation might also cause a triad of 
injuries involving menisci, the lateral collateral 
ligament and the anterior cruciate ligament [36]. 
The most recent reliable and valid classification 
system for meniscal tears is the ISAKOS classifi-
cation, which considers the tear’s depth, pattern, 
length and location [37] (Table 27.1).

Longitudinal-vertical, horizontal and 
radial tears. The most common meniscal tears in 
young and active people are the longitudinal- 
vertical tears [29]. The peripheral longitudinal- 
vertical tears are characterized by a great healing 
potential, probably due to the higher vasculariza-
tion of the peripheral zone compared with the 
other meniscal zones. In a multi-centre study 
among patients who underwent ACL reconstruc-
tion [38], all lateral meniscal tears left untreated 
that required subsequent surgery measured more 
than 10 mm in length at six-years-minimum fol-

low- up, while several medial compartment tears 
that required reoperation measured less than 
10 mm. These findings, in line with the results of 
other clinical studies [39–42], suggested that 
peripheral longitudinal tears of the lateral menis-
cus with less than 10 mm in length may be left 
untreated.

Horizontal and longitudinal-vertical circum-
ferential tears may cause pain and lead to 
mechanical instability of a portion of the menis-
cus, but they will not disrupt the functional conti-
nuity of the circumferential native collagen 
fibres. Hence, the load-bearing and shock- 
absorbing functions of the tissue should be 
largely preserved. The radial tears, on the other 
hand, cause the discontinuity of the circumferen-
tial fibres, preventing the formation of the hoop 
strains that develop within the menisci as they are 
loaded, thus effectively compromising the func-
tion of the meniscal tissue [21, 43, 44] (Fig. 27.2). 
In a cadaveric study in which a simulation of the 
human gait cycle was performed [45], a signifi-
cant increase in the peak of contact pressure and 
decrease in contact area was reported with a 90% 
width radial tear of the body-posterior horn junc-
tion of the lateral meniscus, compared with the 
intact status. In particular, the most pronounced 
changes were observed in the postero-peripheral 
quadrant at 45% of the gait cycle [45].

Root tears. The meniscal root tears represent 
the disruption in the attachment points of the 
meniscus. The anterior and posterior roots are the 
only part of menisci with direct insertion into the 
bone and act as main restrictors of meniscal 
extrusion. The traumatic meniscal root tears are 
mainly radial lesions or avulsion, frequently 

Table 27.1 ISAKOS classification of meniscal tears: 
description categories

Category Descriptors
1 Tear depth Partial or complete
2 Rim width Zone 1 (< 3 mm) zone 2 (3 to 

5 mm) zone 3 (> 5 mm)
3 Location Anterior, middle, posterior
4 Central to 

popliteal hiatus
Yes or no

5 Tear pattern Longitudinal-vertical, horizontal, 
radial, vertical/horizontal flap, 
complex

6 Quality of 
tissue

Nondegenerative, degenerative or 
undetermined

7 Length of tear Length in millimetres
8 Amount of 

meniscus 
excised

Percentage of surface area that was 
excised

a b c

Fig. 27.2 Different biomechanical effects produced by 
different tear patterns. While longitudinal-vertical tears 
will not disrupt the functional continuity of the circumfer-
ential native collagen fibres, radial tears cause the discon-
tinuity of the circumferential fibres, preventing the 

formation of the hoop strains that develop within the 
menisci as they are loaded, and compromising the normal 
biomechanical function of the meniscal tissue. (a) menis-
cal representation showing the circumferential fibres; (b) 
longitudinal tear; (c) radial tear
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associated with rupture of the ACL and located 
in the posterior horn of the lateral meniscus. The 
lesion of the horn fibres, which warrant the hoop 
strength resistant, will finally result in extrusion 
of menisci and loss of their biomechanical prop-
erties. A cadaveric study [46] showed that a 
simulated lateral meniscus posterior root avul-
sion generated a significant decrease of contact 
area and an increase in contact pressure at the 
lateral knee compartment between the knee full 
extension and 90° flexion, compared with the 
intact status. These findings are in line with the 
results reported in another cadaveric study in 
which the avulsion of the posterior root of the 
lateral meniscus or an adjacent radial tear 
resulted in significantly decreased contact area 
and increased mean and peak contact pressures 
in the lateral compartment, across all the knee 
flexion angles except at 0° [47]. Another biome-
chanical study investigated the changes in tibio-
femoral contact pressure and area after a 
simulated medial meniscus root avulsion and 
posterior horn radial lesions at varying distances 
from the root attachment site found that the root 
avulsion and all the radial tears resulted in a sig-
nificantly decreased contact area and increased 
mean contact pressure compared with the intact 
state [48]. Furthermore, the authors reported 
that the derangement in medial compartment 
biomechanics caused by the medial posterior 
root avulsion was similar to that caused by the 
medial posterior horn radial tears in load- 
bearing terms [48]. In a finite element analysis 
of the effects of the longitudinal tears affecting 
the anterior and the posterior horns of the 
menisci during a static stance and a slight flex-
ion simulation [49], the longitudinal tear of the 
posterior horn of the medial meniscus was found 
to be the most relevant: the peak compressive 
and the shear stress of the meniscus, and the 
load on the subchondral bone and cartilage of 
the femur and tibia was significantly increased 
compared with the absence of tear status. 
Furthermore, the meniscus was significantly 
more extruded under both simulations when the 
longitudinal tear occurred at the posterior horn 
of the medial meniscus, compared to that of the 
lateral meniscus [49].

Posterior medial menisco-capsular tears. 
The tears of the peripheral attachment of the pos-
terior horn of the medial meniscus of less than 
25  mm in length have been defined as ramp 
lesions and are frequently associated with inju-
ries to the menisco-tibial ligament [50]. The 
interest in the postero-medial menisco-capsular 
lesions increased since they have been identified 
in up to 30% of patients with ACL injury [51] and 
they have been associated with significant 
changes in the kinematics of both ACL-deficient 
and ACL-reconstructed knee [52]. On the other 
hand, regarding the effect of the ramp lesion on 
the medial compartment bony contact forces and 
the in situ forces in the ACL under 134 N anterior 
load and 200 N compression, no significant dif-
ferences were found in a recent cadaveric study 
between the simulated ramp tear status and the 
meniscus intact status [50].

Bucket-handle tears. In regard to lesions in 
which a higher amount of tissue is involved, the 
bucket-handle tears represent the displacement of 
the inner fragment of a longitudinal tear in the 
intercondylar notch, and, since they lead to knee 
locking or catching, they necessitate surgical 
treatment [53]. Whenever possible, these lesions 
should be reduced and repaired, because they 
represent a big part of the meniscal tissue, and a 
failure to treat or treatment with a medial menis-
cectomy can result in the early progression of 
osteoarthritis. In a cadaveric study [54] in which 
the effect of different treatment for a medial 
bucket-handle tear in the setting of ACL recon-
struction was investigated, a significant increase 
of the medial average contact pressure was 
reported in the bucket tear status compared with 
the meniscus intact status between 30° and 60° of 
flexion under 1000-N axial load condition [54].

27.4  Biomechanical Effects 
of Meniscectomy

The fundamental biomechanical role of menisci 
is underlined by the well-established degenera-
tive effects of the meniscectomy on the articular 
surface [43]. Although in the past 30  years the 
approach to the treatment of meniscal tears has 
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shifted to the preservation of the greatest amount 
of the meniscus possible, meniscectomy is still a 
commonly performed procedure, because of a 
quick return to competition time, good-to- 
excellent short-term results and severity of 
meniscal tears [55].

Meniscectomy leads to a decrease in the joint 
contact area, thus significantly increasing the 
stress acting on the joint surfaces [20, 56] 
(Fig. 27.3). The increase of the contact stresses 
after meniscectomy has been associated with 
overloading of the articular cartilage which pro-
duces changes in material properties, such as loss 
and disaggregation of proteoglycan, increase in 
the synthesis of proteoglycan and increase in 
hydration. These impairments lead to failure of 
articular cartilage, ranging from fibrillation of the 
surface to necrosis and osteochondral tears with 
loss of the cartilage layer and significant func-
tional impairment [43]. Regarding radiological 
assessment, several studies reported degenerative 
articular changes after meniscectomy [43]. In one 
of the more comprehensive studies present in lit-
erature, 107 of 123 patients were analysed at 
21 years follow-up, reporting a relative risk for 
more advanced osteoarthritic radiological 

changes of 14.0 (95% CI 3.5 to 121.2) [57]. In an 
analysis of clinical and radiological results after 
ACL reconstruction at minimum-20-years fol-
low- up, the concomitant medial meniscectomy 
resulted in a significant narrowing of medial joint 
space and presence of radiological osteoarthritis 
signs [58].

Several cadaveric studies showed a significant 
decrease of contact area associated with the 
increase of stress concentration and mean contact 
pressure in the joint compartment after meniscec-
tomy [59, 60]. Because of the clear anatomical 
differences between the medial and lateral com-
partments of the knee and the corresponding 
meniscus, it is implied that the lateral meniscec-
tomy would present a greater risk of osteoarthri-
tis development than the medial one [22]. In 
particular, the absence of the lateral meniscus 
results in an increase in the peak contact pressure 
and a greater tendency towards point loading 
compared to the medial compartment, due to the 
lower degree of congruity between the articular 
surfaces [43].

Regarding the differences in biomechanical 
effects between partial and total meniscectomy, a 
biomechanical study [61] in which an axial load 

Fig. 27.3 Effect of 
meniscectomy on bony 
contact force. The loss 
of meniscal tissue leads 
to a decrease of contact 
area associated with a 
focal increase of peak 
contact pressure
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of 1800 N was applied with the knee flexed at 0°, 
30° and 60°, showed that a progressive medial 
meniscectomy resulted in a significant decrease 
of the contact area and in a significant increase of 
both mean and peak contact stress in comparison 
with the intact knee. However, the amount of 
incremental changes in the contact area and con-
tact stresses suggested the presence of a nonlin-
ear relationship between the degree of 
meniscectomy and the alteration of the contact 
area and the mean contact stress: peripheral 
region of the medial meniscus was found to play 
a greater role in modifying contact area and mean 
contact stress. By contrast, the medial peak of 
contact stress increased proportionally to the 
amount of meniscus removed, demonstrating a 
linear relationship [61]. The linear correlation 
between the increase of peak stress on the tibial 
articular surface and the amount of meniscal tis-
sue removed was also reported in previous cadav-
eric studies [60, 62]. In a clinical and radiological 
evaluation at mean 10.3 years follow-up, no sig-
nificant correlation was found between the 
amount of tissue resected and the subjective, 
clinical and radiological score. Furthermore, the 
patient who underwent lateral meniscectomy pre-
sented a high incidence of degenerative changes 
coupled with a high rate of reoperation and a 
relatively low functional outcome score [44].

Several biomechanical studies reported the 
potential of medial meniscectomy to develop 
degenerative osteoarthritis in both the medial and 
lateral compartment. In a three-dimensional finite 
element model analysis, the peak contact pressure 
in the lateral meniscus was found to be increased 
significantly after total medial  meniscectomy 
[63]. In a cadaveric study with a setting of ACL-
reconstructed knee, the medial meniscectomy for 
a bucket-handle tear resulted in a significantly 
increase in mean and peak pressure of both medial 
and lateral compartments across all tested flexion 
angles, compared with meniscal repair [54]. 
These findings emphasized the negative effect of 
a medial meniscectomy on the whole joint, and 
not just on the medial compartment.

Considering the alteration of knee articular 
contact mechanics and the degenerative conse-
quences of meniscectomy, this procedure, when-

ever possible, should be avoided. By contrast, 
meniscus-sparing or replacing treatment strate-
gies should be performed in order to preserve the 
native tibiofemoral biomechanics of the knee.

27.5  Biomechanical Effects 
of Meniscal Repair 
and Replacing Strategies

Meniscus Repair. Depending on its size and 
location, a meniscal injury that does not require 
meniscectomy should be repaired in order to 
avoid the biomechanical effects of the meniscal 
lesions such as the increase of contact pressure, 
the meniscal extrusion and the kinematics delete-
rious consequences.

In a cadaveric study, in which the effect of a 
90%-width radial tear of the body-posterior horn 
junction of the lateral meniscus was investigated, 
the inside-out repair resulted in a significant 
reduction of the contact pressure compared to the 
radial tear status, while no significant difference 
was found in the contact area between repair sta-
tus and the radial tear status [45].

Different biomechanical studies investigated 
the effects of the repair treatment for the menis-
cal root tears, with regard to the restoration of the 
meniscal anchor point and the native articular 
load distribution. In a porcine model, the nonana-
tomic positioning of the root attachment resulted 
in a significant effect on meniscus hoop tension 
[64]; furthermore, the lower levels of meniscus 
hoop tension caused increased local stress and an 
increased cartilage deformation [64]. In a cadav-
eric study [48], a significant increase in medial 
contact area resulted after an in situ pull-out 
repairs for root avulsion and radial tear of the 
posterior horn of the medial meniscus compared 
with the corresponding tear condition. In the 
same study, the authors reported no significant 
differences between the average contact pressure 
of the in situ pull-out repair of the root avulsion 
and radial tears versus the intact meniscus status 
[48]. A significant improvement of the joint con-
tact pressure after in situ pull-out repair was also 
found in a study investigating the effect of poste-
rior horn and root avulsion of the lateral menis-

A. Grassi et al.



353

cus [47]. In another biomechanical study, in 
which the effect of transosseus repair of a lateral 
meniscus posterior root was investigated, the 
contact area was partially recovered and the mean 
contact pressure significantly decreases after the 
repair at all flexion angles compared with the 
injured and intact status [46]. Moreover, the 
authors reported that the subsequent total lateral 
meniscectomy produced a significant reduction 
of the contact area in the injured compartment at 
90° of flexion and a significant increase of mean 
pressure at 0° of flexion compared with the torn 
status, showing that the meniscectomy leads to a 
higher alteration in contact mechanics compared 
to the root avulsion [46]. These findings sug-
gested that, while the meniscectomy causes 
greater disorders than the avulsion left in situ, the 
repair of meniscal root tears restores the mechan-
ical alterations, in particular between 0° and 60° 
of knee flexion.

Regarding the effect of ramp lesions repair on 
knee mechanics, clear evidence still lacks. In a 
cadaveric study, no significant differences with 
regard to medial compartment bony contact 
forces and in situ force in ACL were reported 
between the repair status and the injured and nor-
mal knee status. The authors of the latter study, 
considering the negligible effects also on knee 
kinematics of the ACL-intact knee after a simu-
lated ramp tear and its subsequent repair, sug-
gested that the indication for the repair of this 
kind of lesion may be limited [50].

In a cutting study, in which the effect of the 
medial bucket-handle tear in the setting of ACL 
reconstruction was investigated, no significant 
differences were found between the intact and the 
bucket-handle repair states at any knee flexion 
angle with regard to the medial contact pressure. 
Moreover, the authors of the study showed that 
the bucket-handle repaired status presented a sig-
nificantly decreased medial contact pressure 
compared with the meniscectomy status between 
30° and 60° of knee flexion [54].

However, despite recent advances, a large pro-
portion of meniscal tears remain irreparable, and 
partial or sub-total meniscectomy is often neces-
sary, regardless of the recognized consequences. 
Complex lesions and large defects that require 

partial meniscectomy should be addressed using 
replacing strategies such as scaffold or allograft, 
with the purpose to avoid the long-term sequelae 
of meniscal injury and meniscectomy.

Meniscus scaffold. The concept of meniscal 
scaffold was introduced in the early nineties to 
prevent or delay the deleterious effects of menis-
cal deficiency. The rationale behind the use of a 
meniscal scaffold was to replace meniscal defi-
ciency with a three-dimensional structure capa-
ble of supporting the production of a meniscus-like 
fibrocartilaginous tissue. In vitro and animal 
studies of collagen and synthetic-based meniscal 
scaffold showed healing of the implant with 
regenerated tissue at the host meniscus rim, 
meniscus-like tissue ingrowth [65, 66]. In clinical 
studies good-to-excellent results have been 
reported, ranging from 70 to 90% [67], and the 
scaffolds have been reported to undergo substitu-
tion with a meniscus-like tissue with the potential 
of chondroprotection. Despite the clinical bene-
fits of this scaffold, further long-term studies are 
needed to confirm outcome over time and the 
protective effects on articular cartilage [68].

Meniscus allograft transplantation (MAT). 
MAT has been reported to be effective in the treat-
ment of meniscus injury, and to partially restore 
the biomechanical function of the knee after men-
iscectomy [69]. An in  vitro study [59] demon-
strated that joint contact pressure in the knee with 
the previous medial meniscectomy was signifi-
cantly higher compared with the MAT status, 
especially at 30° and 60° of knee flexion. In line 
with these findings, another in  vitro study [70] 
showed that joint contact pressure after MAT was 
close to the ones in the intact knee, after being sig-
nificantly risen in knees with meniscectomy. These 
results confirmed the potential  chondroprotective 
effect of MAT in knee osteoarthritis.

27.6  Meniscus Role in Knee 
Kinematics

The menisci play a synergic role with the ACL, 
resulting key structures in joint stability and kine-
matics. Indeed, while the ACL represents the 
main component to control antero-posterior and 
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rotatory knee laxity, the medial and lateral 
menisci contribute to knee stability, acting as sec-
ondary restraints for anterior tibial displacement 
and rotations, respectively.

Several biomechanical studies investigated 
the role of the menisci in the kinematics of the 
knee in different conditions with regard to ACL 
status, and, recently, increased the interests in 
kinematics consequences of the typical meniscal 
tears associated with ACL-injuries as menisco- 
capsular and posterior horn root lesions.

27.6.1  ACL-Intact Knee

The medial translation of the tibia after complete 
radial tears in the lateral meniscus has been dem-
onstrated in porcine knees [71]. This result was in 
line with the findings reported in a cadaveric 
study in which, in response to coupled internal 
and valgus tibial torque, one-third partial lateral 
meniscectomy of the posterior horn significantly 
increased the medial tibial translation in the 
ACL-intact knee [72]. In the same study, the total 
lateral meniscectomy led to a further significant 
increase in medial translation of the tibia com-
pared with the intact status [72]. In an in vivo pre-
liminary kinematics evaluation of the 
biomechanical role of meniscus allograft trans-
plantation (MAT), in a patient with intact ACL 
and previous sub-total lateral meniscectomy, the 
authors reported a decrease of knee laxity after 
lateral MAT was performed, compared with the 
meniscus-deficient status, and in particular of 
anterior tibial translation (ATT) at 30° (from 
4.5 mm to 2.5 mm) and 90° of knee flexion (from 
3  mm to 1,5  mm), internal-external rotation at 
30° (from 21° to 13°) and 90° (from 23.5° to 
17.5°), varus-valgus stress at 0° (from 2° to 1°) 
and 30° (from 3° to 1.8°) [73]. These results sug-
gest that lateral meniscus plays a not neglectable 
role in the stability of the intact-ACL knee and 
that surgeons should always consider repairing or 
replacing strategies for the meniscus, such as 
allograft transplantation, with the aim to fully 
restore the native knee kinematics.

On the other hand, in a cadaveric evaluation of 
the effect of a medial meniscus posterior menisco- 

capsular tear of less than 25 mm (ramp tear) in 
ACL-intact knee kinematics, in response to 90-N 
anterior load and coupled rotation torques and 
axial load, no significant differences were found 
with respect to knee kinematics between menis-
cus intact status and ramp tear status [50].

27.6.2  ACL-Deficient Knee

It has been shown that meniscus plays a greater 
role in contributing to the stability in an ACL- 
deficient knee than in an ACL-intact knee [74, 
75]. Several cadaveric studies investigated the 
effects on knee laxity of meniscectomy and 
meniscus tears in the ACL-deficient knee setting 
(Tables 27.2 and 27.3).

A recent systematic review reported that 
medial and lateral meniscus act differently in 
providing secondary stability in the ACL- 
deficient knee: while the medial meniscus is 
more important than the lateral meniscus in 
restraining uniplanar anterior load of the tibia, 
the lateral meniscus represents a critical second-
ary stabilizer of the knee under combined rota-
tory loads [76]. Different cadaveric studies 
reported that the progressive medial meniscal 
resection led to an increase of the ATT, with the 
most significant effect when the posterior horn 
was involved [77–79]. On the other hand, the 
medial meniscal resection resulted to be not asso-
ciated with changes in internal and external rota-
tion, with the exception of the posterior 
menisco-capsular tears such as the ramp lesions: 
in two cadaveric studies a significant increase of 
internal and external tibial rotation after a simu-
lated ramp tear was reported, with a significant 
decrease of rotatory laxity after that the repair of 
the simulated lesions was performed [52, 80]. 
These findings are in line with the results of a 
recent in  vivo pre-operative evaluation of 275 
patients with an ACL injury, in which a higher 
prevalence of grade III pivot shift test was 
founded in the patient with an associated ramp 
tear compared with isolated ACL injury patients 
[81].

Regarding the lateral meniscus, while no sig-
nificant differences were reported in ATT of 
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ACL-deficient knee specimens after posterior 
horn tears or lateral meniscectomy, a critical role 
was showed in control of the rotational and 
dynamic knee laxity. The lateral meniscus poste-
rior root lesion resulted in a significant increase 
of anterior tibial translation under a simulated 
pivot shift test [82, 83] and in a significant 
increase of internal tibial rotation [84]. The 
 significant increase of pivot shift was reported 
also in a cadaveric study in which the analysis of 

the effect of a total lateral meniscectomy in an 
ACL- deficient knee specimen was provided [85].

The different role of medial and lateral menis-
cus in control of the ACL-deficient knee laxities 
was confirmed in an in vivo study in which analy-
sis of the knee kinematics was performed with a 
surgical navigation system (Fig. 27.4) in patients 
who underwent ACL reconstruction: the authors 
found significantly higher ATT at 30° and 90° of 
knee flexion before the ACL reconstruction in the 

Table 27.2 Cadaveric studies about medial meniscus role in the ACL-deficient knee kinematics

Study Year
Specimen 
number Type of tear Test Force

Kinematics 
evaluation system

Levy et al. [19] 1982 8 knees TSM att 0-90° 125 N ap Dynamic knee-
testing servohydraulc 
testing machine

Shoemaker et al. 
[20]

1986 11 knees removed BH 
tear; TSM; 
DM

att 20° (0.320, 925 N al) +
200, 100, 50 N ap

Dynamic knee-
testing servohydraulc 
testing machine

Bonnin et al. [21] 1996 12 knees PRL; TSM att 5-60° 300 N al 3D Lateral knee 
x-ray based model

Allen et al. [22] 2000 10 knees TSM att 0-90°; 
ier 0-90°

134-N ap Robotic/universal 
force moment sensor 
testing system

Seon et al. [23] 2009 8 knees TSM att 0, 15, 
30, 60, 90°

130 N ap; 400N ql Robotic/universal 
force moment sensor 
testing system

Musahl et al. [24] 2010 8 knees TSM att 30°; ps 
0-30°

68-N ap; mechanized 
ps

Surgical navigation 
system

Ahn et al. [25] 2011 10 knees PH tear; TSM att 0-90°; 
ier 0-90°;
ps 15-30°

(200-N al) + 134 N 
ap; 10Nm vs +5Nm irt

Instron testing 
machine with two 
optical encoders

McCulloch et al. 
[26]

2013 6 knees PH tear; TSM; 
PRL

att 30,60°; 
ps 30, 60°

134 N ap;
10 Nm vs +5 Nm irt

Surgical navigation 
system

Lorbach et al. [27] 2015 12 knees PH tear att 30,90°, 
ps 0-30°

134 N ap; 10 Nm vs + 
4Nm irt

Robotic/universal 
force moment sensor 
testing system

Lorbach et al. [28] 2015 18 knees BH tear; 
removed BH 
tear

att 30,90°, 
ps 0-30°

134 N ap; 10 Nm vs + 
4 Nm irt

Robotic/universal 
force moment sensor 
testing system

Peltier et al. [16] 2015 10 knees menisco- 
capsular 
(ramp) tear

att 0-90°, 
ier 0-90°

134 N ap; 5 N iert Surgical navigation 
system

Stephen et al. [11] 2016 9 knees menisco- 
capsular 
(ramp) tear

att 0-100°, 
ier 0-100°,
att + er 
0-100°

90 N ap; 5Nm iert;
90 N ap + 5Nm ert

Surgical navigation 
system

DePhillipo et al. 
[12]

2018 12 knees menisco- 
capsular 
(ramp) tear

att 30, 90°, 
ier 0-90°,
ps 15, 30°

(10 N al) + 88N ap; 5 
Nm ier; 10 N vs + 
5Nm irt

Robotic/universal 
force moment sensor 
testing system

TSM total/sub-total meniscectomy, BH bucket handle, DM double meniscectomy, PH posterior horn, PRL posterior root 
lesion, att anterior tibial translation, ier internal-external rotation, ir internal rotation, ps pivot shift, ap anterior tibial 
load, irt internal rotation torque, ert external rotation torque, vs valgo stress, vv varo-valgo stress, al axial load, ql quad-
riceps load. Modified by Grassi et al. [76]
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patients who underwent medial meniscectomy 
compared with the intact menisci status; the 
dynamic laxity evaluated through the pivot shift, 
on the other hand, significantly increased in the 
presence of lateral meniscectomy [86].

27.6.3  ACL-Reconstructed Knee

In a cadaveric study investigating the role of 
medial meniscectomy on knee kinematics in the 
setting of ACL reconstruction, the ATT in knee 
specimens with sub-total medial meniscectomy 

after ACL reconstruction was higher than the 
intact knee [87]. Furthermore, among knee speci-
mens of another study, no significant differences 
in knee kinematics were found between ACL- 
reconstructed knee with medial meniscus tear 
repair and the intact status [88]. The significant 
role of medial meniscus in the ACL-reconstructed 
knee was confirmed in an in vivo kinematic eval-
uation in which a residual ATT at 90° of flexion 
was reported in patients with concomitant partial 
medial meniscectomy with respect to those with 
an intact meniscus [86].

A biomechanical study among thirteen knee 
specimens reported that, in the ACL-reconstructed 
knee, a root tear of the lateral meniscus signifi-
cantly increased knee laxity under anterior load-
ing. Furthermore, the authors showed that the 
repair of the root lesion improved knee stability 
under anterior tibial and simulated pivot shift 
loading [89].

In conclusion, the critical role of menisci in 
contributing to knee stability, in particular in 
ACL-deficient and ACL-reconstructed knee, 
should suggest that the preservation of the 
greatest amount of meniscal tissue possible is 
mandatory in order to better restore knee kine-
matics and prevent possible ACL graft overload 
and failure in the setting of ACL reconstruction 
[83, 87].

Table 27.3 Cadaveric studies about lateral meniscus role in the ACL-deficient knee kinematics

Study Year
Specimen 
number Type of tear Test force Kinematics evaluation system

Levy et al. 
[30]

1989 11 TSM; BM att 0-90° 125 N ap Dynamic knee-testing 
servohydraulc testing machine

Musahl 
et al. [24]

2010 8 TSM; DM att 30°; ps 
0-30°

68-N ap; mechanized ps Surgical navigation system

Shybut 
et al. [29]

2015 8 Posterior 
root tear

att 15-90°; 
ps 15-90°

90 N ap; vs 5,7N + irt 
1,2,3 Nm + IT 50-175N

3D CT scan-based model of 
computer controlled loading 
system

Lording 
et al. [13]

2017 16 Posterior 
root tear

att 0-90°; ir 
0-90°

5N irt Surgical navigation system

Frank et al. 
[15]

2017 19 Posterior 
root tear

att 0-90°; ir 
0-90°;
ps 0-90°

(10 N al) + 88N ap; 5N 
irt; 10N vs +5Nm irt

Robotic/universal force 
moment sensor testing system

Forkel et al. 
[14]

2018 8 Posterior 
root tear

att 20°; ir 
0°-90°

(20N al) +
50N ap; 5N irt

Robotic/universal force 
moment sensor testing system

TSM total/sub-total meniscectomy, BH bucket handle, DM double meniscectomy, PH posterior horn, PRL posterior root 
lesion, att anterior tibial translation, ier internal-external rotation, ir internal rotation, ps pivot shift, ap anterior tibial 
load, irt internal rotation torque, ert external rotation torque, vs valgo stress, vv varo-valgo stress, al axial load, ql quad-
riceps load. Modified by Grassi et al. [76]

Fig. 27.4 Intraoperative assessment of knee kinematics. 
Surgical navigation represents the gold standard for knee 
laxity assessment
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27.7  Conclusion

Medial and lateral meniscus played a critical role 
in the biomechanics of the knee, in particular in 
load distribution and knee kinematics, protecting 
the joint from degenerative process.

Meniscal injuries are common in sports 
patients, and the tear and loss of meniscal tissue 
leads to cartilage damage, impairment in knee 
kinematics and onset of osteoarthritis. The 
approach to the treatment of meniscal tears and 
pathologies must be aimed to preservation of the 
greatest amount of meniscus possible in order to 
fully restore knee biomechanics and prevent 
early degenerative changes.
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Patellofemoral Biomechanics

John J. Elias and S. Cyrus Rezvanifar

The patella is a sesamoid bone located within the 
quadriceps extensor muscle tendon (Fig.  28.1) 
[1], which covers and articulates with the anterior 
surface of the distal femur, known as the inter-
condylar or trochlear groove, forming the patel-
lofemoral joint. The patella facilitates knee 
extension by increasing the moment arm of the 
extensor mechanism [2–4] throughout the range 
of motion. The axial cross-section of a patella 
typically resembles a triangle, with a vertical 
ridge dividing the articular surface of the patella 
into a medial and a lateral facet. Wiberg [5] con-
ducted one of the earliest studies investigating 
morphology of the patella, introducing a three- 
level classification based on the proportion of the 
width of the lateral to medial facet. Later studies 
further investigated and compared morphology in 
normal and pathologic patellofemoral joints [6, 
7], laying the groundwork for additional efforts 
that reported an elevated ratio of lateral facet to 
medial facet width for pathologic knees [8, 9]. 
The kinematics of the patellofemoral joint pri-
marily depends upon the forces that are applied 

on the patella through the quadriceps muscles 
and patellar tendon, medial and lateral ligaments 
and retinacular structures, as well as the geome-
try of the trochlear groove on which the patello-
femoral articulation occurs.

The quadriceps muscle group is mainly com-
prised of the vastus medialis obliquus (VMO), 
vastus lateralis (VL), vastus intermedius (VI), 
rectus femoris (RF), and vastus medialis longus 
(VML). Based on muscle fiber orientations and 
physiological cross-sectional area (PCSA) 
reported in the literature [10, 11], VMO has an 
orientation approximately 47° medial to a 
proximal- distal axis and applies nearly 10% of 
the total quadriceps force. In contrast, VL is ori-
ented approximately 25° lateral to a proximal- 
distal axis and applies nearly 40% of the total 
quadriceps force. The remaining 50% of the total 
quadriceps force is applied through the combina-
tion of the RF, VI, and VML, with an orientation 
approximately 5° lateral to a proximal-distal 
axis. Activation of the quadriceps creates passive 
loading within the patellar tendon. With the knee 
extended and a primarily superior-inferior force 
acting on the patella, the patellar tendon force is 
similar to the total quadriceps force. As the 
patella engages with the trochlear groove and the 
patellar tendon balances the flexion moment 
applied by the quadriceps muscles, the patellar 
tendon to quadriceps tendon force ratio increases 
initially before decreasing to approximately 0.7 
by 90° of flexion [12].
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Previous studies have also described the char-
acteristics of patellofemoral articular contact 
through the knee range of motion [13–15]. Based 
on in vitro simulation of closed-chain knee flex-
ion with physiological quadriceps orientation and 
forces, normal patellofemoral contact area has 
been reported to be nearly 2.6 cm2 (20.5% of total 
articular area) at 20° of knee flexion angle, 
increasing to a maximum average of 4.1  cm2 
(32.2% of total articular area) at 90° flexion, with 
average patellofemoral contact pressure ranging 
from 2.0 MPa to a maximum of 4.4 MPa within 
the same range of knee flexion. The steepest 
increase in patellofemoral contact pressure has 
been observed to occur from 30° to 60° of flex-
ion, increasing from an average value of 2.4–
4.1 MPa [13]. As the knee flexes from 20° to 90° 
of flexion, contact area on the patellar articular 
surface moves from the distal third to the proxi-
mal half of the cartilage, reaching the proximal 
margin of the patellar cartilage by 120° of knee 
flexion [13] (Fig.  28.2). Normal knees with a 
physiological quadriceps orientation have indi-
cated similar maximum and mean contact pres-

sures for the medial and lateral facets, with a 
larger contact area for the lateral facet [13, 15–
17]. However, pathologic conditions can result in 
different contact pressure magnitudes and distri-
butions between the two facets. For instance, an 
increased lateral orientation of the quadriceps or 
a lateralized tibial tuberosity has been observed 
to increase contact pressures on the lateral facet 
and decrease the pressure on the medial facet [15, 
18]. In such cases, improving the forces applied 
by the VMO muscle can enhance the force bal-
ance and increase the medial facet contact pres-
sure toward a more uniform pressure distribution 
[17].

The physiological response to the contact 
pressure distribution is a cartilage thickness dis-
tribution to most effectively dampen pressures 
where needed on both patellar and femoral coun-
terparts. Many studies have used high-resolution 
magnetic resonance (MR) images to quantify 
patellofemoral cartilage thickness [19–23]. 
Patellar cartilage is reported to have an average 
thickness of approximately 7 mm in the central 
part of the medial and lateral facets where the 

Rectus
femoris

Vastus lateralis
longus

Vastus lateralis
obliquus

Patella

Vastus medialis
obliquus

Vastus medialis
longus

Fig. 28.1 Anatomy of 
the patella and the 
surrounding quadriceps 
muscles. Reprinted with 
permission from Noyes’ 
Knee Disorders: 
Surgery, Rehabilitation, 
Clinical Outcomes, 
Elsevier Books
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main articular contact occurs, tapering down to a 
thickness of nearly 1 mm in the borders [19, 23]. 
Cartilage thickness on the femoral side is roughly 
3 mm throughout the trochlear groove, increasing 
to an approximate thickness of 4.5 mm within the 
deepest part of the groove [23].

28.1  Patellar Tracking

Patellofemoral disorders are typically related to 
patellar malalignment and maltracking. 
Pathologic patellofemoral tracking is commonly 
observed within young, active patients, with a 
predominant occurrence among females [24]. 
The normal valgus orientation of the knee causes 
a lateral orientation in the resultant force acting 
on the patella from the quadriceps muscles and 
patellar tendon. This lateral force component can 
be elevated by conditions such as genu valgum, 
femoral anteversion, and tibial torsion. External 
rotation of the tibia related to the screw-home 
mechanism, as well as internal rotation of the 
femur associated with weak hip external rotators 
can also contribute to an elevated lateral force 
acting on the patella. Hence, active and passive 
anatomical components including articular con-
straints, soft tissues, and muscle forces are 

required to maintain a stable mediolateral force 
balance and ensure nonpathologic patellar 
tracking.

A sufficiently deep trochlear groove provides 
significant bony containment for normal patellar 
tracking. The patella engages with the trochlear 
groove as the knee flexes, typically becoming 
fully engaged by 30° of knee flexion. When the 
patella is engaged with the trochlear groove, the 
osteochondral constraint is the primary stabilizer 
of the patellofemoral joint. For knees with nor-
mal anatomy, the mean depth of the trochlea is 
4.0 mm, with the average value slightly greater in 
males (4.2 mm) compared to females (3.4 mm) 
[25]. Depth of the trochlear groove can also be 
expressed in terms of the orientation of the lateral 
ridge of the groove with respect to the posterior 
condylar axis, also known as lateral trochlear 
inclination (Fig. 28.3). The lateral trochlear incli-
nation is typically measured from MRI at the 
proximal aspect of the groove, with a value less 
than 11° considered to represent a shallow groove 
[26].

Patellar lateral maltracking is clinically 
expressed with respect to the trochlear groove. 
Bisect offset index (portion of patellar width lat-
eral to the deepest point of the trochlear groove) 
and patellar lateral tilt (angle between the 

contact
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4

Fig. 28.2 Representation of patellar tracking based on 
computational reconstruction of in  vivo function [101]. 
Viewing through the semi-transparent patella shows the 
area of contact as the patella enters the trochlear groove 

(left) and in deeper flexion (center). The patellofemoral 
contact pressure distribution is also shown for the deeper 
flexion angle (right)
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 mediolateral axis of the patella and the femoral 
posterior condylar axis) are common measures to 
quantify patellar tracking with respect to the 
femur (Fig. 28.4). Patellar tracking is considered 
to be normal with a bisect offset index and patel-
lar lateral tilt up to 0.75 [27] and 15° [28], 
respectively.

The medial patellofemoral ligament (MPFL) is 
a fan-shaped ligament connecting the medial facet 
of the patella to the medial femoral condyle 
(Fig. 28.5). Based on cadaveric studies applying 
an isolated lateral force to the patella, the MPFL 
provides nearly 60% of the medial soft tissue 
restraint against excessive patellar lateral transla-
tion. Thus, the MPFL is considered the primary 
passive stabilizer against patellar lateral maltrack-
ing [29–31]. Additional fibers extend to the quad-
riceps tendon, and the combination of soft tissues 
is commonly referred to as the medial patellofem-
oral complex (MPFC). The femoral origin of the 
MPFL is located approximately 10 mm distal and 
10 mm anterior to the adductor tubercle [32]. The 
MPFL merges with the attachment of the vastus 
medialis obliquus (VMO) on the patella and 
extends to the medial border of the patella and 
vastus intermedius tendon. The average width at 
the patella insertion is 30 mm. The fibers attach to 
the patella and the quadriceps tendon, with a 
slight majority attached to the bone [33]. Tension 

within the MPFL produces a force with primary 
components in a medial and posterior direction. 
The MPFL is primarily under tension when the 
patella is proximal to the trochlear groove at low 
flexion angles. The path length from the femoral 

Lateral Trochlear
Inclination Lateral Tibial

Tuberosity

Shallow Trochlear
Groove

TT-TG distance

Fig. 28.3 Patellar tracking for a knee with a normal posi-
tion of the tibial tuberosity and normal trochlear groove 
(left) and for a knee with a lateral position of the tibial 

tuberosity and shallow trochlear groove (right). The tibial 
tuberosity to trochlear groove (TT-TG) distance and the 
lateral trochlear inclination are also shown
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Fig. 28.4 Bisect offset index and patellar lateral tilt used 
to characterize patellar tracking. Bisect offset index is the 
length of the line between points b and c divided by the 
length of the line between points a and c. Lateral tilt is the 
angle between the line connecting points a and c and the 
line connecting points d and c
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attachment to the patellar attachment has been 
shown to peak at low flexion angles and decrease 
as the patella becomes engaged with the trochlear 
groove [34–37]. The average ultimate strength of 
the MPFL has been measured to be 178 N [38]. 
The medial patellotibial ligament (MPTL) and 
medial patellomeniscal ligament (MPML) also 
act as passive stabilizers, attaching to the distal 
inferomedial patella. These two ligaments are pri-
marily under tension when the MPFL is slack 
with the knee flexed [39].

The primary active component of the quadri-
ceps that resists excessive lateral patellar transla-
tion is the vastus medialis obliquus (VMO). 
Previous studies have provided evidence on the 
role of the vastus medialis muscle in resisting 
excessive patellar lateral tracking and reducing 
the pressure applied to the lateral cartilage 
[17, 40–44]. The VMO attaches on the proximal- 
medial surface of the patella, with a medial orien-
tation that provides resistance to lateral patellar 
translation. The VMO also includes a posterior 
component that provides resistance to lateral tilt-
ing of the patella. Both elevated lateral shift and 
tilt increase compression of the cartilage on the 
lateral facet of the patella with the cartilage on 
the lateral ridge of the trochlear groove.

In vitro studies have indicated weakness of the 
VMO increases the maximum pressure applied to 
cartilage on the lateral facet of the patella and 
decreases pressure applied to cartilage on the 
medial facet at multiple flexion angles [17], with 
the increased pressure attributed to increased lat-
eral shift and tilt of the patella. Administering a 
motor branch block to the VMO has been shown 
to increase lateral patellar shift during knee 
extension as measured by dynamic cine phase- 
contrast MRI [45]. Prospective studies have iden-
tified delayed activation of the VMO with respect 
to the vastus lateralis as a source contributing to 
patellofemoral pain [46]. Lateral patellar transla-
tion and tilt have been correlated with a delay in 
the activation of the VMO in patients with pain 
[46].

Overloading of the patellofemoral cartilage 
can be a source of pain at the pain receptors of the 
subchondral bone [47]. Continued overloading 
during function can also contribute to accumulat-
ing cartilage degradation and development of 
patellofemoral osteoarthritis (OA). Patellofemoral 
pain has been shown to be correlated with patel-
lofemoral OA, with an elevated risk of OA due to 
adolescent anterior knee pain noted to be 7.5 
[48]. Overloading of patellofemoral cartilage can 

Patella

a

Vastus medialis obliquus

Medial patellofemoral ligament

Superficial medial collateral ligament

MPFL insertion

Medial epicondyle Adductor magnus tendon

Fig. 28.5 Medial aspect 
of the patella, 
highlighting the medial 
patellofemoral ligament 
and vastus medialis 
obliquus. Reprinted with 
permission from Noyes’ 
Knee Disorders: 
Surgery, Rehabilitation, 
Clinical Outcomes, 
Elsevier Books
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lead to degradation that accelerates continued 
degeneration. As cartilage is overloaded and 
begins to degenerate, the load bearing capacity 
decreases, thereby reducing the area absorbing 
contact forces. In vitro work has shown that areas 
of cartilage degradation on the lateral cartilage 
increase pressure applied to the surrounding car-
tilage [49].

28.2  Patellar Instability

Subluxation and dislocation episodes are charac-
terized as patellar instability, both of which cause 
pain and apprehension within the knee and limit 
functional activities. Patellar instability accounts 
for more than 10% of the office visits to muscu-
loskeletal specialists [50]. A lateral patellar dislo-
cation is a traumatic event that commonly 
requires medical care for reduction of the joint 
and accounts for approximately 3% of all sports- 
related knee injuries [51]. The incidence rate is 
highest in young individuals aged 14–18 and 
19–25 years at 148 and 54 per 100,000 persons, 
respectively [52]. Dislocation episodes also 
induce cartilage degradation, with cartilage 
lesions commonly noted for up to 95% of patients 
treated for patellar instability [53]. Initial carti-
lage degradation can also develop into osteoar-
thritis, as a dislocation episode has been shown to 
increase the risk of developing patellofemoral 
osteoarthritis by a factor of 8 [52].

Several anatomical factors are related to patel-
lar instability. These anatomical factors are linked 
with the lateral forces applied to the patella, as 
well as the articular constraints and passive soft 
tissue constraints that stabilize the patella. The 
primary anatomical parameter associated with 
the active lateral force vector applied to the 
patella is the lateral position of the tibial tuberos-
ity. The lateral position of the tibial tuberosity, 
expressed with respect to another landmark on 
the femur or tibia, characterizes the lateral force 
vector applied to the patella by the quadriceps 
muscles as translated through the patellar tendon. 
The tibial tuberosity is typically positioned in the 
most lateral position with the knee extended due 
to the normal external rotation of the tibia with 

terminal knee extension (Fig. 28.5) [54, 55]. Two 
conditions related to the articular constraint are 
commonly associated with patellar instability: 
patella alta and trochlear dysplasia. Patella alta is 
a condition in which the superior position, or 
height, of the patella is larger than normal 
(Fig.  28.6). The position of the patella delays 
engagement with the trochlear groove as the knee 
begins to flex, decreasing the articular constraint 
to resist lateral translation at low flexion angles. 
Trochlear dysplasia refers to pathologic anatomy 
primarily represented by a shallow proximal 
entry of the trochlear groove (Fig. 28.3). A shal-
low trochlear groove decreases engagement of 
the patella, thereby decreasing the articular resis-
tance to lateral translation. Following a disloca-
tion event, the passive resistance to patellar 
lateral translation is limited by injury to the 
MPFL, which is typically overloaded as the 
patella dislocates from the groove [56].

All the conditions related to patellar instabil-
ity are primarily expressed at low flexion angles. 
Patellar instability is primarily a condition noted 
at low flexion angles, where reduced engagement 
of the patella within the trochlear groove, limited 
passive resistance due to injury of the MPFL, and 
the largest lateral orientation of the patellar ten-
don make the patella susceptible to lateral mal-
tracking. Patellar dislocations primarily occur at 
low flexion angles as the patella is pushed lateral 
to the trochlear groove or fails to be captured by 
the trochlear groove as the knee flexes. One 
mechanism of patellar dislocation is a direct lat-
eral blow to the patella, but non-contact mecha-
nisms are also common. A twisting motion away 
from a planted foot is associated with patellar 
instability as external rotation of the tibia 
increases the lateral force vector acting on the 
patella [24]. A landing or knee flexion activity 
with the knee going into a valgus orientation, 
thereby increasing the lateral force on the patella 
is also associated with patellar instability [57].

The primary tracking pattern associated with 
patellar instability is a J-sign during knee exten-
sion, with the patella constrained by the trochlear 
groove in more flexed positions, but making a 
dramatic lateral shift in the form of an inverted 
“J” as the patella moves to the proximal trochlear 
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groove during knee extension (Fig.  28.7). A 
J-sign is noted for more than 80% of knees being 
treated for recurrent instability, with various 
degrees ranging from a maximum bisect offset 
index of 0.75 to more than 1.25 [27]. Other forms 
of tracking are also noted less regularly, such as 
an inverted J-sign, lateral maltracking throughout 
the range of knee flexion, and nearly normal 
tracking. These tracking patterns are indicative of 

the wide variety of anatomical conditions and 
loading mechanisms associated with patellar 
instability.

As the primary passive stabilizer to lateral 
patellar translation, a dislocation event typically 
injures the MPFL.  Injury to the MPFL further 
compromises patellar stability. Several in  vitro 
studies performed with cadaveric knees tested on 
a loading frame have evaluated the influence of 
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Fig. 28.6 Representation of a knee with (left) and without (center) patella alta. The Caton-Deschamps index to quan-
tify patella alta is also shown
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Fig. 
28.7 Representation of 
patellar tracking 
producing a J-sign. The 

patella shifts laterally 
with knee extension as 
the patella reaches the 
proximal trochlear 
groove
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the native MPFL on patellar tracking. Sectioning 
the MPFL has increased patellar lateral shift and 
tilt by up to 9 mm and 8°, respectively, primarily 
near full extension [39, 58–62]. Applying a lat-
eral force directly to the patella increased the lat-
eral shift and tilt [60, 63, 64]. Cutting the MPFL 
has been shown to reduce the peak medial patel-
lofemoral contact pressure with no influence on 
the lateral pressure [65]. Similar results were 
obtained for the total contact pressure [66]. 
Elevated mean lateral contact pressure has also 
been found after cutting the MPFL, with a similar 
decrease in the mean medial pressure [62, 63]. 
The primary limitation of these cadaveric studies 
is lack of representation of the pathologic condi-
tions associated with patellar instability that can 
influence patellar tracking and the contact pres-
sure distribution.

In the absence of the MPFL following an 
injury, the influence of knee pathology on patel-
lar tracking increases. The lateral position of the 
tibial tuberosity has particularly been associated 
with lateral patellar tilt and shift in patients being 
treated for recurrent patellar instability [54, 67]. 
The lateral position of the tibial tuberosity is 
typically characterized clinically in terms of the 
distance from the most prominent point of the 
tibial tuberosity to the deepest point of the troch-
lear groove or tibial tuberosity to trochlear 
groove (TT-TG) distance (Fig. 28.3), along the 
posterior condylar axis of the femur. Another 
clinical approach to measuring the lateral posi-
tion of the tibial tuberosity is the tibial tuberosity 
to posterior cruciate ligament attachment 
(TT-PCL) distance along a reference axis at the 
proximal tibia. This measurement eliminates the 
variation with respect to knee flexion angle asso-
ciated with external rotation of the tibia with 
knee extension.

Another anatomical factor influencing lateral 
patellar maltracking related to patellar instability 
is trochlear dysplasia. Trochlear dysplasia is typi-
cally quantified based on the lateral trochlear 
inclination, or the orientation of the lateral ridge 
of the trochlear groove with respect to the poste-
rior condylar axis of the femur. Multiple biome-
chanical studies have shown elevated lateral 
maltracking as the depth of the trochlear groove 

decreases from a normal value to one representa-
tive of trochlear dysplasia [68–70]. Computational 
simulation of knee function based on knees being 
treated for patellar instability, with controlled 
variation of trochlear depth, indicated that vary-
ing from a normal to highly dysplastic trochlear 
groove results in the average patellar lateral shift 
increasing by 15% of the total medial-lateral 
width during knee extension [71].

For knees being treated for recurrent patellar 
instability, both trochlear dysplasia and lateral 
position of the tibial tuberosity combine to influ-
ence patellar tracking. Based on subjects per-
forming functional activities during MRI and 
dynamic CT scans, combined with reconstruc-
tion of computational models of the knees from 
the scans, both lateral position of the tibial tuber-
osity and trochlear depth influence bisect offset 
index and patellar lateral tilt [72, 73]. For the 
combination of the two parameters, high correla-
tions were measured at low flexion angles, with r2 
values greater than 0.7 [73].

Patella alta is another anatomical factor com-
monly associated with patellar instability, 
although the correlation with lateral patellar mal-
tracking is not as well established. Patella alta is 
commonly expressed by the Caton-Deschamps 
index (Fig. 28.6), defined as the ratio of the dis-
tance from the most distal point on the articular 
surface to the anterior superior position of the 
tibia to the length of the articular surface of the 
cartilage on the patella, with the knee at 30° of 
flexion. Patella alta has been associated with ele-
vated lateral shift and tilt of the patella in subjects 
with patellar pain [28], although this has not yet 
been identified in a population of patients with 
patellar instability.

28.3  Surgical Treatment 
for Patellar Instability

An initial patellar dislocation is typically treated 
conservatively, with a treatment protocol includ-
ing activity modification, bracing, and physical 
therapy. Physical therapy includes components 
such as general quadriceps and core muscle 
strengthening and stretching of soft tissues, as 
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well as components that improve the medial- 
lateral force balance acting on the patella. 
Physical therapy routines can include exercises to 
strengthen the VMO and improve activation tim-
ing with respect to the vastus lateralis. Exercises 
to improve the strength of the hip external rota-
tors are also commonly prescribed to lateralize 
the trochlear groove to constraint the patella. 
Following conservative treatment, recurrent 
patellar instability has commonly been noted for 
more than 35% of patients [74–77], leading to 
consideration of surgical patellar stabilization.

Currently the most common surgical approach 
for patellar stabilization is reconstruction of the 
MPFL.  The MPFL is typically reconstructed 
with a hamstring tendon autograft or allograft. 
The graft is typically positioned to approximate 
the anatomical attachment points of the native 
MPFL on the femur and the patella. An MPFL 
graft is designed to act as a checkrein to prevent 
patellar subluxation, particularly at low flexion 
angles when the patella is not fully constrained 
by the trochlear groove. Care must be taken to 
avoid over constraining the patella, however, as it 
can limit knee extension and overload cartilage 
on the medial facet of the patella when the patella 
is constrained within the trochlear groove. 
Overloading medial cartilage is a particular con-
cern due to the high rate of developing medial 
cartilage lesions following a lateral patellar dislo-
cation [78, 79]. The formation of these lesions 
has been attributed to the impact of the medial 
facet against the lateral femoral condyle and sub-
sequent abrasion to relocate the patella.

Because MPFL reconstruction acts to address 
the passive resistance to patellar subluxation 
without addressing elevated lateral forces acting 
on the patella or reduced articular constraints, the 
approach is typically recommended for patients 
with mild levels of pathologic anatomy. Other 
approaches are typically recommended for severe 
forms of pathology related to lateral position of 
the tibial tuberosity, patella alta, and trochlear 
dysplasia. An alternative to MPFL reconstruction 
for a lateral position of the tibial tuberosity is 
osteotomy and medialization of the tuberosity for 
a TT-TG distance exceeding 20 mm [80, 81]. An 
alternative to MPFL reconstruction for patella 

alta is osteotomy and distalization of the tibial 
tuberosity for a Caton-Deschamps exceeding 1.4 
[80, 82]. An alternative to MPFL reconstruction 
for trochlear dysplasia is a trochleoplasty to 
deepen the trochlear groove, although the criteria 
for consideration are not as well established due 
to the complexity of the surgical technique. 
MPFL reconstruction can also be performed in 
combination with all of the other surgical 
techniques.

Several computational simulation as well as 
in vitro experimental studies showed that MPFL 
reconstruction decreases lateral patellar mal-
tracking [63, 64, 66, 83, 84]. Several studies were 
performed with computational models based on 
knees being treated for recurrent patellar instabil-
ity, including the anatomical pathology and mal-
tracking associated with patellar instability 
[85–89]. These studies simulated dynamic knee 
squatting and showed that MPFL reconstruction 
primarily decreases lateral patellar maltracking 
with the knee extended. As the knee flexes, grafts 
were shown to guide the patella into the trochlear 
groove, so that articular constraints resist lateral 
patellar maltracking even as the graft becomes 
slack and unloaded with the knee flexed. MPFL 
reconstruction generally decreases the peak 
bisect offset index from conditions that would be 
considered maltracking (>0.75) [27] to one that 
would be considered normal tracking [86]. The 
peak value of patellar tilt has been shown to 
decrease by 3°, in comparison to measures of 
elevated patellar tilt for patients with patellar 
instability of approximately 15° [90, 91], 
although a difference of 3° in patellar tilt can be 
beneficial. A 3° difference was identified between 
initial instability patients who went on to a sec-
ond dislocation within 2 years compared to those 
who did not [92]. The results of MPFL recon-
struction are not uniform, however, as the postop-
erative bisect offset index and lateral tilt were 
found to increase as the lateral position of the 
tibial tuberosity increased and the slope of the 
lateral ridge of the trochlear groove decreased 
[88]. For the squatting motions simulated, graft 
tension values with the knee extended were less 
than 35 N. In vitro testing has identified failure 
loads of greater than 100 N for MPFL grafts [93, 
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94], although higher graft forces could be pro-
duced for activities that induce a larger lateral 
force acting on the patella and more likely to cre-
ate a dislocation episode.

A primary concern with MPFL reconstruction 
is over constraint of the patella. In vitro studies 
have indicated that graft forces of 10 N or larger 
over constrain the patella [16, 39, 62, 63, 95] and 
elevate the force applied to medial cartilage. 
MPFL grafts have generally been shown to have 
little influence on the pressure applied to lateral 
cartilage [16, 85, 89]. The graft tension associ-
ated with elevated medial cartilage pressures is 
primarily associated with a poorly positioned 
attachment point on the femur or intra-operative 
over-tensioning. Errors in either parameter could 
occur intra-operatively [96, 97]. Previous 
dynamic simulation studies indicate that con-
straining the patella so there is no allowable glide 
within the trochlear groove as well as femoral 
fixation that over tensions the graft can elevate 
pressure applied to medial patellofemoral carti-
lage [87, 89]. The general conclusions related to 
these studies are not uniformly applicable, how-
ever, as factors such as patella alta and initial lat-
eral patella tracking likely influence the fixation 
conditions that over constrain the patella.

Tibial tuberosity medialization is reserved for 
patients with a lateralized tibial tuberosity and 
persistent lateral maltracking. In vitro biome-
chanical studies have shown that tibial tuberosity 
medialization decreases lateral patellar tracking 
[15, 61, 49]. In patients treated for recurrent 
instability, computational reconstruction of func-
tion performed within a dynamic CT scanner 
indicated that surgical stabilization of the patella 
including tibial tuberosity medialization reduces 
patellar lateral shift and tilt in patients with recur-
rent instability [98]. The changes due to realign-
ment were greatest near full extension, 
corresponding to the largest values of patellar 
lateral shift and tilt. A dynamic simulation com-
parison between tuberosity medialization and 
MPFL reconstruction for patients being treated 
for patellar instability indicated that tuberosity 
medialization produces the greater decrease in 
patellar lateral tracking [85]. The results are 
dependent on the surgical parameters, however. 

The previous study focused on tuberosity medial-
ization of 10 mm combined with a 5 mm anteri-
orization component to minimize increases in 
patellofemoral contact pressure and MPFL 
reconstruction that allowed freedom of patellar 
lateral glide of one-eighth of the patellar width 
when setting the graft length. Tibial tuberosity 
medialization has also been shown to increase 
external rotation of the tibia due to the altered 
force vector of the patellar tendon [98, 99].

Tibial tuberosity medialization generally has a 
greater influence on patellofemoral contact pres-
sures than MPFL reconstruction. In vitro studies 
have indicated that tuberosity medialization and 
anteromedialization decrease peak lateral contact 
pressures [15, 49, 100], but this phenomenon has 
not been identified when simulating knee func-
tion with knees displaying the pathology related 
to patellar instability [85, 101]. In vitro studies 
have also indicated that tuberosity medialization 
and anteromedialization shift contact pressure 
medially and increase peak medial contact pres-
sures [65, 49, 100]. This trend has also been 
noted during dynamic simulation of knee func-
tion [85, 101].

Tuberosity distalization for patella alta and 
trochleoplasty for trochlear dysplasia have not 
been studied to the same extent as MPFL recon-
struction and tibial tuberosity medialization. 
Previous computational simulation studies 
showed that patella alta increases the maximum 
patellofemoral contact pressure at 30° of flexion 
[102], while tuberosity distalization decreases 
the mean contact pressure at 45° [103], without 
publications specifically focused on the influence 
of tuberosity distalization on patellar tracking 
published to date. Trochlear dysplasia has pri-
marily been addressed with respect to patellar 
tracking based on the studies noted previously. 
The simulation study that represented knees 
being treated for recurrent instability with vary-
ing trochlear depth indicated that changing the 
depth from a highly dysplastic value (lateral 
trochlear inclination = 6°) to a normal value (lat-
eral trochlear inclination = 24°) would represent 
a change in patellar tracking from a high risk of 
patellar instability to still maltracking, but with a 
lower risk of recurrent instability [27, 71].
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28.4  Conclusions

Proper knee function requires interaction of the 
patella with the trochlear groove that varies dra-
matically over the full range of knee flexion. 
Patellar tracking and distribution of contact pres-
sures depend on a complex interaction of muscle 
forces, passive soft tissue restraints, and articular 
constraints. All of these factors can be influenced 
by pathological conditions that make the joint 
susceptible to disorders related to pain and insta-
bility. Appropriate care of patellofemoral disor-
ders requires patient-specific diagnosis and 
treatment to address the variety of pathological 
contributors.

References

 1. Samuels ME, Regnault S, Hutchinson JR. Evolution 
of the patellar sesamoid bone in mammals. PeerJ. 
2017;5:e3103. https://doi.org/10.7717/peerj.3103.

 2. Kaufer H.  Mechanical function of the Patella. 
J Bone Jt Surg. 1971;53:1551–60. https://doi.
org/10.2106/00004623- 197153080- 00007.

 3. Ahmed AM, Burke DL, Hyder A. Force analysis of 
the patellar mechanism. J Orthop Res. 1987;5:69–
85. https://doi.org/10.1002/jor.1100050110.

 4. Fox A, Wanivenhaus F, Rodeo S. The basic science 
of the Patella: structure, composition, and func-
tion. J Knee Surg. 2012;25:127–42. https://doi.
org/10.1055/s- 0032- 1313741.

 5. Wiberg G.  Roentgenographs and anatomic 
studies on the Femoropatellar joint: with spe-
cial reference to chondromalacia patellae. Acta 
Orthop Scand. 1941;12:319–410. https://doi.
org/10.3109/17453674108988818.

 6. Grelsamer RP, Proctor CS, Bazos AN.  Evaluation 
of patellar shape in the sagittal plane: a clini-
cal analysis. Am J Sports Med. 1994; https://doi.
org/10.1177/036354659402200111.

 7. Stäubli H-U, Dürrenmatt U, Porcellini B, 
Rauschning W.  Anatomy and surface geom-
etry of the patellofemoral joint in the axial plane. 
J Bone Jt Surg. 1999;81:452–8. https://doi.
org/10.1302/0301- 620X.81B3.8758.

 8. Pfirrmann CWA, Zanetti M, Romero J, Hodler 
J.  Femoral trochlear dysplasia: MR find-
ings. Radiology. 2000;216:858–64. https://doi.
org/10.1148/radiology.216.3.r00se38858.

 9. Fucentese SF, von Roll A, Koch PP, Epari DR, 
Fuchs B, Schottle PB.  The patella morphology in 
trochlear dysplasia  — a comparative MRI study. 
Knee. 2006;13:145–50. https://doi.org/10.1016/j.
knee.2005.12.005.

 10. Farahmand F, Sejiavongse W, Amis AA. Quantitative 
study of the quadriceps muscles and trochlear groove 
geometry related to instability of the patellofemoral 
joint. J Orthop Res. 1998;16:136–43. https://doi.
org/10.1002/jor.1100160123.

 11. Kwak SD, Ahmad CS, Gardner TR, Grelsamer 
RP, Henry JH, Blankevoort L, Ateshian GA, Mow 
VC.  Hamstrings and iliotibial band forces affect 
knee kinematics and contact pattern. J Orthop 
Res. 2000;18:101–8. https://doi.org/10.1002/
jor.1100180115.

 12. Huberti HH, Hayes WC, Stone JL, Shybut GT. Force 
ratios in the quadriceps tendon and ligamentum 
patellae. J Orthop Res. 1984;2:49–54. https://doi.
org/10.1002/jor.1100020108.

 13. Huberti HH, Hayes WC.  Patellofemoral contact 
pressures. The influence of Q-angle and tendofemo-
ral contact. J Bone Jt Surg- Ser A. 1984;66:715–24. 
https://doi.org/10.2106/00004623-198466050-00010.

 14. Li G, DeFrate LE, Zayontz S, Park SE, Gill TJ. The 
effect of tibiofemoral joint kinematics on patello-
femoral contact pressures under simulated muscle 
loads. J Orthop Res. 2004;22:801–6. https://doi.
org/10.1016/j.orthres.2003.11.011.

 15. Ramappa AJ, Apreleva M, Harrold FR, Fitzgibbons 
PG, Wilson DR, Gill TJ. The effects of medializa-
tion and anteromedialization of the tibial tubercle 
on patellofemoral mechanics and kinematics. 
Am J Sport Med. 2006;34:749–56. https://doi.
org/10.1177/0363546505283460.

 16. Stephen JM, Kaider D, Lumpaopong P, Deehan DJ, 
Amis A a (2014) The effect of femoral tunnel posi-
tion and graft tension on patellar contact mechanics 
and kinematics after medial patellofemoral liga-
ment reconstruction. Am J Sports Med 42:364–372. 
doi:https://doi.org/10.1177/0363546513509230.

 17. Elias JJ, Kilambi S, Goerke DR, Cosgarea 
AJ.  Improving vastus medialis obliquus function 
reduces pressure applied to lateral patellofemoral 
cartilage. J Orthop Res. 2009;27:578–83. https://doi.
org/10.1002/jor.20791.

 18. Elias JJ, Wilson DR, Adamson R, Cosgarea 
AJ.  Evaluation of a computational model used to 
predict the patellofemoral contact pressure distri-
bution. J Biomech. 2004;37:295–302. https://doi.
org/10.1016/S0021- 9290(03)00306- 3.

 19. Sittek H, Eckstein F, Gavazzeni A, Milz S, Kiefer B, 
Schulte E, Reiser M. Assessment of normal patellar 
cartilage volume and thickness using MRI: an analy-
sis of currently available pulse sequences. Skelet 
Radiol. 1996;25:55–62. https://doi.org/10.1007/
s002560050032.

 20. Eckstein F, Adam C, Sittek H, Becker C, Milz S, 
Schulte E, Reiser M, Putz R.  Non-invasive deter-
mination of cartilage thickness throughout joint 
surfaces using magnetic resonance imaging. J 
Biomech. 1997;30:285–9. https://doi.org/10.1016/
S0021- 9290(97)81146- 3.

 21. Cohen ZA, McCarthy DM, Kwak SD, Legrand P, 
Fogarasi F, Ciaccio EJ, Ateshian GA. Knee cartilage 

28 Patellofemoral Biomechanics

https://doi.org/10.7717/peerj.3103
https://doi.org/10.2106/00004623-197153080-00007
https://doi.org/10.2106/00004623-197153080-00007
https://doi.org/10.1002/jor.1100050110
https://doi.org/10.1055/s-0032-1313741
https://doi.org/10.1055/s-0032-1313741
https://doi.org/10.3109/17453674108988818
https://doi.org/10.3109/17453674108988818
https://doi.org/10.1177/036354659402200111
https://doi.org/10.1177/036354659402200111
https://doi.org/10.1302/0301-620X.81B3.8758
https://doi.org/10.1302/0301-620X.81B3.8758
https://doi.org/10.1148/radiology.216.3.r00se38858
https://doi.org/10.1148/radiology.216.3.r00se38858
https://doi.org/10.1016/j.knee.2005.12.005
https://doi.org/10.1016/j.knee.2005.12.005
https://doi.org/10.1002/jor.1100160123
https://doi.org/10.1002/jor.1100160123
https://doi.org/10.1002/jor.1100180115
https://doi.org/10.1002/jor.1100180115
https://doi.org/10.1002/jor.1100020108
https://doi.org/10.1002/jor.1100020108
https://doi.org/10.2106/00004623-198466050-00010
https://doi.org/10.1016/j.orthres.2003.11.011
https://doi.org/10.1016/j.orthres.2003.11.011
https://doi.org/10.1177/0363546505283460
https://doi.org/10.1177/0363546505283460
https://doi.org/10.1177/0363546513509230
https://doi.org/10.1002/jor.20791
https://doi.org/10.1002/jor.20791
https://doi.org/10.1016/S0021-9290(03)00306-3
https://doi.org/10.1016/S0021-9290(03)00306-3
https://doi.org/10.1007/s002560050032
https://doi.org/10.1007/s002560050032
https://doi.org/10.1016/S0021-9290(97)81146-3
https://doi.org/10.1016/S0021-9290(97)81146-3


372

topography, thickness, and contact areas from 
MRI: in- vitro calibration and in-vivo measure-
ments. Osteoarthr Cartil. 1999;7:95–109. https://doi.
org/10.1053/joca.1998.0165.

 22. Cohen ZA, Mow VC, Henry JH, Levine WN, 
Ateshian GA.  Templates of the cartilage layers of 
the patellofemoral joint and their use in the assess-
ment of osteoarthritic cartilage damage. Osteoarthr 
Cartil. 2003;11:569–79. https://doi.org/10.1016/
S1063- 4584(03)00091- 8.

 23. Draper CE, Besier TF, Gold GE, Fredericson M, 
Fiene A, Beaupre GS, Delp SL. Is cartilage thickness 
different in young subjects with and without patel-
lofemoral pain? Osteoarthr Cartil. 2006;14:931–7. 
https://doi.org/10.1016/j.joca.2006.03.006.

 24. Smith TO, Donell ST, Chester R, Clark A, 
Stephenson R. What activities do patients with patel-
lar instability perceive makes their patella unstable? 
Knee. 2011;18:333–9. https://doi.org/10.1016/j.
knee.2010.07.003.

 25. Hasler RM, Gal I, Biedert RM.  Landmarks of 
the normal adult human trochlea based on axial 
MRI measurements: a cross-sectional study. Knee 
Surgery, Sport Traumatol Arthrosc. 2014;22:2372–
6. https://doi.org/10.1007/s00167- 014- 3152- 9.

 26. Batailler C, Neyret P. Trochlear dysplasia: imaging 
and treatment options. EFORT Open Rev. 2018;3: 
240–7. https://doi.org/10.1302/2058- 5241.3.170058.

 27. Tanaka MJ, Elias JJ, Williams AA, Demehri S, 
Cosgarea AJ.  Characterization of patellar mal-
tracking using dynamic kinematic CT imaging in 
patients with patellar instability. Knee Surgery, Sport 
Traumatol Arthrosc. 2016;24:3634–41. https://doi.
org/10.1007/s00167- 016- 4216- 9.

 28. Pal S, Besier TF, Beaupre GS, Fredericson M, Delp 
SL, Gold GE.  Patellar maltracking is prevalent 
among patellofemoral pain subjects with patella Alta: 
An upright, weightbearing MRI study. J Orthop Res. 
2013;31:448–57. https://doi.org/10.1002/jor.22256.

 29. Conlan T, Garth WP, Lemons JE.  Evaluation 
of the medial soft-tissue restraints of the 
extensor mechanism of the knee. J Bone 
Joint Surg Am. 1993;75:682–93. https://doi.
org/10.2106/00004623- 199305000- 00007.

 30. Desio SM, Burks RT, Bachus KN.  Soft tissue 
restraints to lateral patellar translation in the human 
knee. Am J Sports Med. 1998;26:59–65. https://doi.
org/10.1177/03635465980260012701.

 31. Smith TO, Walker J, Russell N. Outcomes of medial 
patellofemoral ligament reconstruction for patellar 
instability: a systematic review. Knee Surg Sport 
Traumatol Arthrosc. 2007;15:1301–14. https://doi.
org/10.1007/s00167- 007- 0390- 0.

 32. Placella G, Tei MM, Sebastiani E, Criscenti G, 
Speziali A, Mazzola C, Georgoulis A, Cerulli 
G. Shape and size of the medial patellofemoral liga-
ment for the best surgical reconstruction: a human 
cadaveric study. Knee Surgery, Sport Traumatol 
Arthrosc. 2014;22:2327–33. https://doi.org/10.1007/
s00167- 014- 3207- y.

 33. Tanaka MJ.  Variability in the patellar attachment 
of the medial patellofemoral ligament. Arthrosc - J 
Arthrosc Relat Surg. 2016; https://doi.org/10.1016/j.
arthro.2016.01.046.

 34. Smirk C, Morris H.  The anatomy and recon-
struction of the medial patellofemoral ligament. 
Knee. 2003;10:221–7. https://doi.org/10.1016/
S0968- 0160(03)00038- 3.

 35. Gobbi RG, Pereira CAM, Sadigursky D, 
Demange MK, Tírico LEP, Pécora JR, Camanho 
GL. Evaluation of the isometry of different points of 
the patella and femur for medial patellofemoral liga-
ment reconstruction. Clin Biomech. 2016;38:8–12. 
https://doi.org/10.1016/j.clinbiomech.2016.08.002.

 36. Redler LH, Meyers KN, Brady JM, Dennis ER, 
Nguyen JT, Shubin Stein BE. Anisometry of medial 
patellofemoral ligament reconstruction in the set-
ting of increased Tibial tubercle–trochlear groove 
distance and Patella Alta. Arthrosc J Arthrosc Relat 
Surg. 2018;34:502–10. https://doi.org/10.1016/j.
arthro.2017.08.256.

 37. Oka S, Matsushita T, Kubo S, Matsumoto T, Tajimi 
H, Kurosaka M, Kuroda R. Simulation of the optimal 
femoral insertion site in medial patellofemoral liga-
ment reconstruction. Knee Surgery, Sport Traumatol 
Arthrosc. 2014;22:2364–71. https://doi.org/10.1007/
s00167- 014- 3192- 1.

 38. LaPrade MD, Kallenbach SL, Aman ZS, Moatshe 
G, Storaci HW, Turnbull TL, Arendt EA, 
Chahla J, LaPrade RF.  Biomechanical evalua-
tion of the medial stabilizers of the Patella. Am 
J Sports Med. 2018;46:1575–82. https://doi.
org/10.1177/0363546518758654.

 39. Philippot R, Boyer B, Testa R, Farizon F, Moyen 
B.  Study of patellar kinematics after reconstruc-
tion of the medial patellofemoral ligament. Clin 
Biomech. 2012;27:22–6. https://doi.org/10.1016/j.
clinbiomech.2011.08.001.

 40. Goh J, Lee P, Bose K. A cadaver study of the func-
tion of the oblique part of vastus medialis. J Bone 
Joint Surg Br. 1995;77-B:225–31. https://doi.
org/10.1302/0301- 620X.77B2.7706335.

 41. Sakai N, Luo Z-P, Rand JA, An K-N. The influence 
of weakness in the vastus medialis oblique muscle 
on the patellofemoral joint: an in vitro biomechani-
cal study. Clin Biomech. 2000;15:335–9. https://doi.
org/10.1016/S0268- 0033(99)00089- 3.

 42. Csintalan RP, Schulz MM, Woo J, McMahon 
PJ, Lee TQ.  Gender differences in patel-
lofemoral joint biomechanics. Clin Orthop 
Relat Res. 2002;402:260–9. https://doi.
org/10.1097/00003086- 200209000- 00026.

 43. Dhaher YY, Kahn LE. The effect of vastus Medialis 
forces on Patello-femoral contact: a model-based 
study. J Biomech Eng. 2002;124:758–67. https://doi.
org/10.1115/1.1516196.

 44. Lee TQ, Sandusky MD, Adeli A, McMahon 
PJ. Effects of simulated vastus medialis strength vari-
ation on patellofemoral joint biomechanics in human 
cadaver knees. J Rehabil Res Dev. 2002;39:429–38.

J. J. Elias and S. C. Rezvanifar

https://doi.org/10.1053/joca.1998.0165
https://doi.org/10.1053/joca.1998.0165
https://doi.org/10.1016/S1063-4584(03)00091-8
https://doi.org/10.1016/S1063-4584(03)00091-8
https://doi.org/10.1016/j.joca.2006.03.006
https://doi.org/10.1016/j.knee.2010.07.003
https://doi.org/10.1016/j.knee.2010.07.003
https://doi.org/10.1007/s00167-014-3152-9
https://doi.org/10.1302/2058-5241.3.170058
https://doi.org/10.1007/s00167-016-4216-9
https://doi.org/10.1007/s00167-016-4216-9
https://doi.org/10.1002/jor.22256
https://doi.org/10.2106/00004623-199305000-00007
https://doi.org/10.2106/00004623-199305000-00007
https://doi.org/10.1177/03635465980260012701
https://doi.org/10.1177/03635465980260012701
https://doi.org/10.1007/s00167-007-0390-0
https://doi.org/10.1007/s00167-007-0390-0
https://doi.org/10.1007/s00167-014-3207-y
https://doi.org/10.1007/s00167-014-3207-y
https://doi.org/10.1016/j.arthro.2016.01.046
https://doi.org/10.1016/j.arthro.2016.01.046
https://doi.org/10.1016/S0968-0160(03)00038-3
https://doi.org/10.1016/S0968-0160(03)00038-3
https://doi.org/10.1016/j.clinbiomech.2016.08.002
https://doi.org/10.1016/j.arthro.2017.08.256
https://doi.org/10.1016/j.arthro.2017.08.256
https://doi.org/10.1007/s00167-014-3192-1
https://doi.org/10.1007/s00167-014-3192-1
https://doi.org/10.1177/0363546518758654
https://doi.org/10.1177/0363546518758654
https://doi.org/10.1016/j.clinbiomech.2011.08.001
https://doi.org/10.1016/j.clinbiomech.2011.08.001
https://doi.org/10.1302/0301-620X.77B2.7706335
https://doi.org/10.1302/0301-620X.77B2.7706335
https://doi.org/10.1016/S0268-0033(99)00089-3
https://doi.org/10.1016/S0268-0033(99)00089-3
https://doi.org/10.1097/00003086-200209000-00026
https://doi.org/10.1097/00003086-200209000-00026
https://doi.org/10.1115/1.1516196
https://doi.org/10.1115/1.1516196


373

 45. Sheehan FT, Borotikar BS, Behnam AJ, Alter 
KE. Alterations in in vivo knee joint kinematics fol-
lowing a femoral nerve branch block of the vastus 
medialis: implications for patellofemoral pain syn-
drome. Clin Biomech. 2012;27:525–31. https://doi.
org/10.1016/j.clinbiomech.2011.12.012.

 46. Pal S, Draper CE, Fredericson M, Gold GE, 
Delp SL, Beaupre GS, Besier TF.  Patellar mal-
tracking correlates with vastus medialis acti-
vation delay in patellofemoral pain patients. 
Am J Sports Med. 2011;39:590–8. https://doi.
org/10.1177/0363546510384233.

 47. Biedert RM, Sanchis-Alfonso V.  Sources of ante-
rior knee pain. Clin Sports Med. 2002;21:335–47. 
https://doi.org/10.1016/S0278- 5919(02)00026- 1.

 48. Conchie H, Clark D, Metcalfe A, Eldridge J, 
Whitehouse M.  Adolescent knee pain and patel-
lar dislocations are associated with patellofemoral 
osteoarthritis in adulthood: a case control study. 
Knee. 2016;23:708–11. https://doi.org/10.1016/j.
knee.2016.04.009.

 49. Saranathan A, Kirkpatrick MS, Mani S, Smith LG, 
Cosgarea AJ, Tan JS, Elias JJ.  The effect of tibial 
tuberosity realignment procedures on the patel-
lofemoral pressure distribution. Knee Surg Sports 
Traumatol Arthrosc. 2012;20:2054–61. https://doi.
org/10.1007/s00167-011-1802-8.

 50. Redziniak D, Diduch D, Mihalko W, Fulkerson J. 
Patellar instability. J Bone Jt Surg. 2009;91:2264–75.

 51. Majewski M, Susanne H, Klaus S.  Epidemiology 
of athletic knee injuries: a 10-year study. Knee. 
2006;13:184–8. https://doi.org/10.1016/j.
knee.2006.01.005.

 52. Sanders TL, Pareek A, Hewett TE, Stuart MJ, Dahm 
DL, Krych AJ.  High rate of recurrent patellar dis-
location in skeletally immature patients: a long- 
term population-based study. Knee Surgery, Sport 
Traumatol Arthrosc. 2018;26:1037–43. https://doi.
org/10.1007/s00167- 017- 4505- y.

 53. Nomura E, Inoue M, Kurimura M.  Chondral 
and osteochondral injuries associated with acute 
patellar dislocation. Arthrosc J Arthrosc Relat 
Surg. 2003;19:717–21. https://doi.org/10.1016/
S0749- 8063(03)00401- 8.

 54. Williams AA, Elias JJ, Tanaka MJ, Thawait GK, 
Demehri S, Carrino JA, Cosgarea AJ. The relation-
ship between Tibial tuberosity–trochlear groove 
distance and abnormal patellar tracking in patients 
with unilateral patellar instability. Arthrosc J 
Arthrosc Relat Surg. 2016;32:55–61. https://doi.
org/10.1016/j.arthro.2015.06.037.

 55. Izadpanah K, Weitzel E, Vicari M, Hennig J, Weigel 
M, Südkamp NP, Niemeyer P. Influence of knee flex-
ion angle and weight bearing on the Tibial tuberosity- 
trochlear groove (TTTG) distance for evaluation 
of patellofemoral alignment. Knee Surgery, Sport 
Traumatol Arthrosc. 2014;22:2655–61. https://doi.
org/10.1007/s00167- 013- 2537- 5.

 56. Balcarek P, Ammon J, Frosch S, Walde TA, 
Schüttrumpf JP, Ferlemann KG, Lill H, Stürmer 

KM, Frosch K-H.  Magnetic resonance imaging 
characteristics of the medial patellofemoral ligament 
lesion in acute lateral patellar dislocations consid-
ering trochlear dysplasia, Patella Alta, and Tibial 
tuberosity–trochlear groove distance. Arthrosc J 
Arthrosc Relat Surg. 2010;26:926–35. https://doi.
org/10.1016/j.arthro.2009.11.004.

 57. Sillanpää P, Mattila VM, Iivonen T, Visuri T, 
Pihlajamäki H.  Incidence and risk factors of 
acute traumatic primary patellar dislocation. Med 
Sci Sports Exerc. 2008; https://doi.org/10.1249/
MSS.0b013e318160740f.

 58. Ostermeier S, Stukenborg-Colsman C, Hurschler C, 
Wirth CJ. In vitro investigation of the effect of medial 
patellofemoral ligament reconstruction and medial 
tibial tuberosity transfer on lateral patellar stability. 
Arthrosc  - J Arthrosc Relat Surg. 2006;22:308–19. 
https://doi.org/10.1016/j.arthro.2005.09.024.

 59. Ostermeier S, Holst M, Bohnsack M, Hurschler C, 
Stukenborg-Colsman C, Wirth CJ. In vitro measure-
ment of patellar kinematics following reconstruction 
of the medial patellofemoral ligament. Knee Surgery, 
Sport Traumatol Arthrosc. 2007;15:276–85. https://
doi.org/10.1007/s00167- 006- 0200- 0.

 60. Zaffagnini S, Colle F, Lopomo N, Sharma B, 
Bignozzi S, Dejour D, Marcacci M.  The influence 
of medial patellofemoral ligament on patellofemoral 
joint kinematics and patellar stability. Knee Surgery, 
Sport Traumatol Arthrosc. 2013;21:2164–71. https://
doi.org/10.1007/s00167- 012- 2307- 9.

 61. Stephen JM, Dodds AL, Lumpaopong P, Kader 
D, Williams A, Amis AA.  The ability of medial 
patellofemoral ligament reconstruction to cor-
rect patellar kinematics and contact mechanics 
in the presence of a lateralized Tibial tubercle. 
Am J Sports Med. 2015;43:2198–207. https://doi.
org/10.1177/0363546515597906.

 62. Stephen JM, Kittl C, Williams A, Zaffagnini 
S, Marcheggiani Muccioli GM, Fink C, Amis 
AA. Effect of medial patellofemoral ligament recon-
struction method on patellofemoral contact pressures 
and kinematics. Am J Sports Med. 2016;44:1186–
94. https://doi.org/10.1177/0363546516631736.

 63. Beck P, Brown NAT, Greis PE, Burks RT. 
Patellofemoral contact pressures and lateral patel-
lar translation after medial patellofemoral ligament 
reconstruction. Am J Sports Med. 2007;35:1557–63. 
https://doi.org/10.1177/0363546507300872.

 64. Sandmeier RH, Burks RT, Bachus KN, Billings 
A. The effect of reconstruction of the medial patel-
lofemoral ligament on patellar tracking. Am J Sports 
Med. 2000;28:345–9. https://doi.org/10.1177/03635
465000280031001.

 65. Beck PR, Thomas AL, Farr J, Lewis PB, 
Cole BJ.  Trochlear contact pressures after 
Anteromedialization of the Tibial tubercle. 
Am J Sports Med. 2005;33:1710–5. https://doi.
org/10.1177/0363546505278300.

 66. Lorbach O, Haupert A, Efe T, Pizanis A, Weyers 
I, Kohn D, Kieb M.  Biomechanical evaluation of 

28 Patellofemoral Biomechanics

https://doi.org/10.1016/j.clinbiomech.2011.12.012
https://doi.org/10.1016/j.clinbiomech.2011.12.012
https://doi.org/10.1177/0363546510384233
https://doi.org/10.1177/0363546510384233
https://doi.org/10.1016/S0278-5919(02)00026-1
https://doi.org/10.1016/j.knee.2016.04.009
https://doi.org/10.1016/j.knee.2016.04.009
https://doi.org/10.1007/s00167-011-1802-8
https://doi.org/10.1007/s00167-011-1802-8
https://doi.org/10.1016/j.knee.2006.01.005
https://doi.org/10.1016/j.knee.2006.01.005
https://doi.org/10.1007/s00167-017-4505-y
https://doi.org/10.1007/s00167-017-4505-y
https://doi.org/10.1016/S0749-8063(03)00401-8
https://doi.org/10.1016/S0749-8063(03)00401-8
https://doi.org/10.1016/j.arthro.2015.06.037
https://doi.org/10.1016/j.arthro.2015.06.037
https://doi.org/10.1007/s00167-013-2537-5
https://doi.org/10.1007/s00167-013-2537-5
https://doi.org/10.1016/j.arthro.2009.11.004
https://doi.org/10.1016/j.arthro.2009.11.004
https://doi.org/10.1249/MSS.0b013e318160740f
https://doi.org/10.1249/MSS.0b013e318160740f
https://doi.org/10.1016/j.arthro.2005.09.024
https://doi.org/10.1007/s00167-006-0200-0
https://doi.org/10.1007/s00167-006-0200-0
https://doi.org/10.1007/s00167-012-2307-9
https://doi.org/10.1007/s00167-012-2307-9
https://doi.org/10.1177/0363546515597906
https://doi.org/10.1177/0363546515597906
https://doi.org/10.1177/0363546516631736
https://doi.org/10.1177/0363546507300872
https://doi.org/10.1177/03635465000280031001
https://doi.org/10.1177/03635465000280031001
https://doi.org/10.1177/0363546505278300
https://doi.org/10.1177/0363546505278300


374

MPFL reconstructions: differences in dynamic con-
tact pressure between gracilis and fascia lata graft. 
Knee Surgery, Sport Traumatol Arthrosc. 2017; 
https://doi.org/10.1007/s00167- 016- 4005- 5.

 67. Tanaka MJ, Elias JJ, Williams AA, Carrino JA, 
Cosgarea AJ. Correlation between changes in Tibial 
tuberosity–trochlear groove distance and patellar 
position during active knee extension on dynamic 
kinematic computed tomographic imaging. Arthrosc 
J Arthrosc Relat Surg. 2015;31:1748–55. https://doi.
org/10.1016/j.arthro.2015.03.015.

 68. Amis AA, Oguz C, Bull AMJ, Senavongse W, Dejour 
D. The effect of trochleoplasty on patellar stability and 
kinematics. J Bone Joint Surg Br. 2008;90-B:864–9. 
https://doi.org/10.1302/0301- 620X.90B7.20447.

 69. Van Haver A, De Roo K, De Beule M, Labey L, 
De Baets P, Dejour D, Claessens T, Verdonk P. The 
effect of trochlear dysplasia on patellofemoral bio-
mechanics. Am J Sports Med. 2015;43:1354–61. 
https://doi.org/10.1177/0363546515572143.

 70. Fitzpatrick CK, Steensen RN, Tumuluri A, Trinh T, 
Bentley J, Rullkoetter PJ. Computational analysis of 
factors contributing to patellar dislocation. J Orthop 
Res. 2016;34:444–53. https://doi.org/10.1002/
jor.23041.

 71. Rezvanifar SC, Flesher BL, Jones KC, Elias 
JJ. Lateral patellar maltracking due to trochlear dys-
plasia: a computational study. Knee. 2019;26:1234–
42. https://doi.org/10.1016/j.knee.2019.11.006.

 72. Biyani R, Elias JJ, Saranathan A, Feng H, Guseila 
LM, Morscher MA, Jones KC. Anatomical factors 
influencing patellar tracking in the unstable patel-
lofemoral joint. Knee Surgery, Sport Traumatol 
Arthrosc. 2014;22:2334–41. https://doi.org/10.1007/
s00167- 014- 3195- y.

 73. Elias JJ, Soehnlen NT, Guseila LM, Cosgarea 
AJ.  Dynamic tracking influenced by anatomy in 
patellar instability. Knee. 2016;23:450–5. https://
doi.org/10.1016/j.knee.2016.01.021.

 74. Sanders TL, Pareek A, Johnson NR, Stuart MJ, 
Dahm DL, Krych AJ. Patellofemoral arthritis after 
lateral patellar dislocation: a matched population- 
based analysis. Am J Sports Med. 2017;45:1012–7. 
https://doi.org/10.1177/0363546516680604.

 75. Christensen TC, Sanders TL, Pareek A, Mohan R, 
Dahm DL, Krych AJ. Risk factors and time to recur-
rent ipsilateral and contralateral patellar disloca-
tions. Am J Sports Med. 2017;45:2105–10. https://
doi.org/10.1177/0363546517704178.

 76. Arendt EA, Askenberger M, Agel J, Tompkins 
MA.  Risk of Redislocation after primary patel-
lar dislocation: a clinical prediction model based 
on magnetic resonance imaging variables. Am 
J Sports Med. 2018;46:3385–90. https://doi.
org/10.1177/0363546518803936.

 77. Ying ZG, Yu DH, Miao LE, Zheng L, Wu BZ, Shi 
H, Jing FF, Guo D. Incidence of second-time lateral 
patellar dislocation is associated with anatomic fac-
tors, age and injury patterns of medial patellofemo-
ral ligament in first-time lateral patellar dislocation: 

a prospective magnetic resonance imaging study 
with 5-year fol. Knee Surgery, Sport Traumatol 
Arthrosc. 2019;27:197–205. https://doi.org/10.1007/
s00167- 018- 5062- 8.

 78. Salonen EE, Magga T, Sillanpää PJ, Kiekara 
T, Mäenpää H, Mattila VM.  Traumatic patel-
lar dislocation and cartilage injury: a follow-up 
study of long-term cartilage deterioration. Am 
J Sports Med. 2017;45:1376–82. https://doi.
org/10.1177/0363546516687549.

 79. Nomura E, Inoue M.  Cartilage lesions of the 
Patella in recurrent patellar dislocation. Am 
J Sports Med. 2004;32:498–502. https://doi.
org/10.1177/0095399703258677.

 80. Weber AE, Nathani A, Dines JS, Allen AA, Shubin- 
Stein BE, Arendt EA, Bedi A.  An algorithmic 
approach to the Management of Recurrent Lateral 
Patellar Dislocation. J Bone Jt Surg. 2016;98:417–
27. https://doi.org/10.2106/JBJS.O.00354.

 81. Post WR, Fithian DC.  Patellofemoral instabil-
ity: a consensus statement from the AOSSM/PFF 
patellofemoral instability workshop. Orthop J 
Sport Med. 2018;6:232596711775035. https://doi.
org/10.1177/2325967117750352.

 82. Bartsch A, Lubberts B, Mumme M, Egloff C, 
Pagenstert G.  Does patella Alta lead to worse 
clinical outcome in patients who undergo iso-
lated medial patellofemoral ligament reconstruc-
tion? A systematic review. Arch Orthop Trauma 
Surg. 2018;138:1563–73. https://doi.org/10.1007/
s00402- 018- 2971- 4.

 83. Melegari TM, Parks BG, Matthews 
LS.  Patellofemoral contact area and pressure after 
medial patellofemoral ligament reconstruction. 
Am J Sports Med. 2008;36:747–52. https://doi.
org/10.1177/0363546508314410.

 84. Alvarez O, Steensen RN, Rullkoetter PJ, Fitzpatrick 
CK.  Computational approach to correcting joint 
instability in patients with recurrent patellar dislo-
cation. J Orthop Res. 2020; https://doi.org/10.1002/
jor.24526.

 85. Elias JJ, Tanaka MJ, Jones KC, Cosgarea AJ. Tibial 
tuberosity anteriomedialization vs. medial patel-
lofemoral ligament reconstruction for treatment of 
patellar instability related to malalignment: compu-
tational simulation. Clin Biomech. 2020;74:111–7. 
https://doi.org/10.1016/j.clinbiomech.2020.01.019.

 86. Tanaka MJ, Cosgarea AJ, Forman JM, Elias 
JJ.  Factors influencing graft function follow-
ing MPFL reconstruction: a dynamic simu-
lation study. J Knee Surg. 2020; https://doi.
org/10.1055/s- 0040- 1702185.

 87. Elias JJ, Kelly MJ, Smith KE, Gall KA, Farr 
J.  Dynamic simulation of the effects of graft 
fixation errors during medial patellofemo-
ral ligament reconstruction. Orthop J Sport 
Med. 2016;4:232596711666508. https://doi.
org/10.1177/2325967116665080.

 88. Elias JJ, Jones KC, Cyrus Rezvanifar S, Gabra 
JN, Morscher MA, Cosgarea AJ.  Dynamic track-

J. J. Elias and S. C. Rezvanifar

https://doi.org/10.1007/s00167-016-4005-5
https://doi.org/10.1016/j.arthro.2015.03.015
https://doi.org/10.1016/j.arthro.2015.03.015
https://doi.org/10.1302/0301-620X.90B7.20447
https://doi.org/10.1177/0363546515572143
https://doi.org/10.1002/jor.23041
https://doi.org/10.1002/jor.23041
https://doi.org/10.1016/j.knee.2019.11.006
https://doi.org/10.1007/s00167-014-3195-y
https://doi.org/10.1007/s00167-014-3195-y
https://doi.org/10.1016/j.knee.2016.01.021
https://doi.org/10.1016/j.knee.2016.01.021
https://doi.org/10.1177/0363546516680604
https://doi.org/10.1177/0363546517704178
https://doi.org/10.1177/0363546517704178
https://doi.org/10.1177/0363546518803936
https://doi.org/10.1177/0363546518803936
https://doi.org/10.1007/s00167-018-5062-8
https://doi.org/10.1007/s00167-018-5062-8
https://doi.org/10.1177/0363546516687549
https://doi.org/10.1177/0363546516687549
https://doi.org/10.1177/0095399703258677
https://doi.org/10.1177/0095399703258677
https://doi.org/10.2106/JBJS.O.00354
https://doi.org/10.1177/2325967117750352
https://doi.org/10.1177/2325967117750352
https://doi.org/10.1007/s00402-018-2971-4
https://doi.org/10.1007/s00402-018-2971-4
https://doi.org/10.1177/0363546508314410
https://doi.org/10.1177/0363546508314410
https://doi.org/10.1002/jor.24526
https://doi.org/10.1002/jor.24526
https://doi.org/10.1016/j.clinbiomech.2020.01.019
https://doi.org/10.1055/s-0040-1702185
https://doi.org/10.1055/s-0040-1702185
https://doi.org/10.1177/2325967116665080
https://doi.org/10.1177/2325967116665080


375

ing influenced by anatomy following medial patel-
lofemoral ligament reconstruction: computational 
simulation. Knee. 2018;25:262–70. https://doi.
org/10.1016/j.knee.2018.02.002.

 89. Elias JJ, Jones KC, Lalonde MK, Gabra JN, 
Rezvanifar SC, Cosgarea AJ.  Allowing one quad-
rant of patellar lateral translation during medial 
patellofemoral ligament reconstruction success-
fully limits maltracking without overconstrain-
ing the patella. Knee Surgery, Sport Traumatol 
Arthrosc. 2018;26:2883–90. https://doi.org/10.1007/
s00167- 017- 4799- 9.

 90. Charles MD, Haloman S, Chen L, Ward SR, 
Fithian D, Afra R.  Magnetic resonance imaging–
based topographical differences between control 
and recurrent patellofemoral instability patients. 
Am J Sports Med. 2013;41:374–84. https://doi.
org/10.1177/0363546512472441.

 91. Askenberger M, Janarv PM, Finnbogason T, Arendt 
EA.  Morphology and Anatomic Patellar Instability 
Risk Factors in First-Time Traumatic Lateral 
Patellar Dislocations: A Prospective Magnetic 
Resonance Imaging Study in Skeletally Immature 
Children. Am J Sports Med. 2017;45:50–58. https://
doi.org/10.1177/0363546516663498.

 92. Balcarek P, Oberthür S, Hopfensitz S, Frosch S, 
Walde TA, Wachowski MM, Schüttrumpf JP, Stürmer 
KM. Which patellae are likely to redislocate? Knee 
Surgery, Sport Traumatol Arthrosc. 2014;22:2308–
14. https://doi.org/10.1007/s00167- 013- 2650- 5.

 93. Saper MG, Meijer K, Winnier S, Popovich J, 
Andrews JR, Roth C.  Biomechanical evalua-
tion of classic solid and all-soft suture anchors for 
medial patellofemoral ligament reconstruction. 
Am J Sports Med. 2017;45:1622–6. https://doi.
org/10.1177/0363546517691951.

 94. Joyner PW, Bruce J, Roth TS, et al. Biomechanical 
tensile strength analysis for medial patellofemoral 
ligament reconstruction. Knee. 2017;24:965–76. 
https://doi.org/10.1016/j.knee.2017.04.013.

 95. Mehl J, Otto A, Comer B, Kia C, Liska F, Obopilwe 
E, Beitzel K, Imhoff AB, Fulkerson JP, Imhoff 
FB.  Repair of the medial patellofemoral ligament 
with suture tape augmentation leads to similar pri-
mary contact pressures and joint kinematics like 
reconstruction with a tendon graft: a biomechani-

cal comparison. Knee Surgery, Sport Traumatol 
Arthrosc. 2020;28:478–88. https://doi.org/10.1007/
s00167- 019- 05668- z.

 96. Nelitz M, Williams RS, Lippacher S, Reichel H, 
Dornacher D.  Analysis of failure and clinical out-
come after unsuccessful medial patellofemoral 
ligament reconstruction in young patients. Int 
Orthop. 2014;38:2265–72. https://doi.org/10.1007/
s00264- 014- 2437- 4.

 97. Servien E, Fritsch B, Lustig S, Demey G, Debarge 
R, Lapra C, Neyret P.  In vivo positioning analy-
sis of medial patellofemoral ligament reconstruc-
tion. Am J Sports Med. 2011;39:134–9. https://doi.
org/10.1177/0363546510381362.

 98. Elias JJ, Carrino JA, Saranathan A, Guseila LM, 
Tanaka MJ, Cosgarea AJ.  Variations in kinematics 
and function following patellar stabilization includ-
ing tibial tuberosity realignment. Knee Surg Sports 
Traumatol Arthrosc. 2014;22:2350–6. https://doi.
org/10.1007/s00167- 014- 2905- 9.

 99. Mani S, Kirkpatrick MS, Saranathan A, Smith LG, 
Cosgarea AJ, Elias JJ.  Tibial tuberosity osteotomy 
for patellofemoral realignment alters tibiofemoral 
kinematics. Am J Sport Med. 2011;39:1024–31. 
https://doi.org/10.1177/0363546510390188.

 100. Stephen JM, Lumpaopong P, Dodds AL, Williams 
A, Amis A a (2015) The effect of Tibial tuberosity 
medialization and lateralization on patellofemoral 
joint kinematics, contact mechanics, and stabil-
ity. Am J Sports Med 43:186–194. doi:https://doi.
org/10.1177/0363546514554553.

 101. Elias JJ, Jones KC, Copa AJ, Cosgarea 
AJ.  Computational simulation of medial versus 
anteromedial tibial tuberosity transfer for patel-
lar instability. J Orthop Res. 2018; https://doi.
org/10.1002/jor.24108.

 102. Watson NA, Duchman KR, Grosland NM, Bollier 
MJ.  Finite element analysis of Patella Alta: a 
patellofemoral instability model. Iowa Orthop J. 
2017;37:101–8.

 103. Yin L, Liao T-CC, Yang L, Powers CM.  Does 
Patella tendon Tenodesis improve Tibial tubercle 
Distalization in treating Patella Alta? A computa-
tional study. Clin Orthop Relat Res. 2016;474:2451–
61. https://doi.org/10.1007/s11999- 016- 5027- 5.

28 Patellofemoral Biomechanics

https://doi.org/10.1016/j.knee.2018.02.002
https://doi.org/10.1016/j.knee.2018.02.002
https://doi.org/10.1007/s00167-017-4799-9
https://doi.org/10.1007/s00167-017-4799-9
https://doi.org/10.1177/0363546512472441
https://doi.org/10.1177/0363546512472441
https://doi.org/10.1177/0363546516663498
https://doi.org/10.1177/0363546516663498
https://doi.org/10.1007/s00167-013-2650-5
https://doi.org/10.1177/0363546517691951
https://doi.org/10.1177/0363546517691951
https://doi.org/10.1016/j.knee.2017.04.013
https://doi.org/10.1007/s00167-019-05668-z
https://doi.org/10.1007/s00167-019-05668-z
https://doi.org/10.1007/s00264-014-2437-4
https://doi.org/10.1007/s00264-014-2437-4
https://doi.org/10.1177/0363546510381362
https://doi.org/10.1177/0363546510381362
https://doi.org/10.1007/s00167-014-2905-9
https://doi.org/10.1007/s00167-014-2905-9
https://doi.org/10.1177/0363546510390188
https://doi.org/10.1177/0363546514554553
https://doi.org/10.1177/0363546514554553
https://doi.org/10.1002/jor.24108
https://doi.org/10.1002/jor.24108
https://doi.org/10.1007/s11999-016-5027-5


377© ISAKOS 2021 
J. Koh et al. (eds.), Orthopaedic Biomechanics in Sports Medicine, 
https://doi.org/10.1007/978-3-030-81549-3_29

Biomechanics of Cruciate 
Retaining and Posterior Stabilised 
Total Knee Arthroplasty 
and Return to Sports

A. Kropelnicki and D. A. Parker

29.1  Introduction

Total knee arthroplasty (TKA) has shown to be 
an effective and reliable treatment of end stage 
arthritis of the knee [1–5], once medical manage-
ment has become ineffective [6]. Some 1.1 mil-
lion knee joint replacements have been performed 
since the start of the National Joint Registry of 
the United Kingdom in 2003 [7], with this 
demand set to increase [4]. Knee replacement 
procedures produce obvious benefits in relieving 
arthritic pain, correcting deformity and improv-
ing ambulation, thus allowing an improvement in 
physical and mental health [1, 8–10]. Clinical 
studies on total knee arthroplasty demonstrate 
considerable variation in kinematics and func-
tional performance [11].

The knee itself is a complex, incongruent joint 
[12] with little inherent stability [13] and corre-
spondingly complex kinematics [14]. It is rein-
forced by the surrounding capsule, ligaments, 
menisci and muscles, all of which contribute to 
knee stability and movement [8, 15]. The normal 

anatomy of the knee varies widely, and patho-
logical changes increase its variability further 
[14]. For example, approximately 20% of the 
population have varus knees of 3° or greater, such 
that a mechanically neutral-aligned TKA is a sig-
nificant anatomical adjustment and would require 
considerable soft tissue re-balancing [14].

The movement of the knee is considered a 
complex hinge with femoral roll-back and the 
‘screw home’ mechanism, which are unique to 
the knee [8]. These have been discussed in detail 
in earlier chapters. Restoration of the functional 
anatomy of the knee, including alignment, soft 
tissue balancing, and restoration of the joint line 
are integral to improving function [8]. The com-
plexity of movement as described in previous 
chapters needs to be understood and reproduced 
as much as possible when performing a TKA, in 
order to achieve the best outcome.

The average age at which patients seek TKA 
surgery is decreasing. Comparing the cumulative 
TKA data from the 19th NJR report against that 
of 5 years ago, the mean age has dropped from 70 
to 69 years [7, 16]. Year-by-year data is likely to 
reflect an ongoing trend. For example, in Canada 
the number of 45- to 64-year olds diagnosed with 
arthritis is set to double between 1991 and 2031 
to 2.1 million [17]. In general, with decreasing 
age comes increasing expectations, and patients’ 
functional demands and expectations of a TKR 
have evolved, with many wishing to resume some 
form of sporting activity after surgery [6, 18]. 
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Furthermore, it is well understood that meeting 
patients’ expectations is highly correlated with 
satisfaction following TKA [19]. It is well- 
established that regular physical activity has sig-
nificant health benefits, yet sports activity after 
TKA has not been particularly well studied [2], 
and, to our knowledge, no prospective controlled 
trials exist assessing sporting outcomes with dif-
ferent TKA designs or techniques.

29.2  TKA Design

There are many designs in current use for total 
knee replacement. The Australian National Joint 
Registry lists 68 common total knee replacement 
designs with another 194 forming an ‘Other’ cat-
egory [20].

Although knee replacement design has been 
based on native knee anatomy, it is not a pure 
anatomic reproduction of the native knee [1, 2, 
14], particularly given the wide variation in 
individual anatomy, which clearly presents chal-
lenges and limitations when trying to reproduce 

normal knee function. The majority of total 
knee arthroplasty designs can be primarily 
divided into whether they are cruciate retaining 
(CR; sacrificing the ACL, but preserving the 
PCL) or cruciate sacrificing (PS; removing both 
cruciate ligaments) (Fig.  29.1). Both of these 
have good success rates over time with 4.9% 
revised at 10 years for the CR, and 6% for the 
PS [20]. At 15 years, these rates remain similar 
for the CR compared with the PS with revision 
rates of 7% and 8%, respectively [20]. However, 
it is well recognised that despite these relatively 
low revision rates, up to 20% of patients with a 
total knee replacement are dissatisfied with their 
outcome [14].

Forces transmitted across the articulating sur-
faces are determined by a combination of the 
alignment, movement and integrity of anatomical 
structures within the knee [8]. More constrained 
designs offer greater global stability and rely less 
on soft tissues, but increase the stresses on the 
bone–implant interface [21], whereas less con-
strained designs rely more on the soft tissues for 
stability. It is important to remember that the sta-

Fig. 29.1 Cruciate retaining TKA (left) and posterior stabilised TKA (right). (Reprinted with permission from 
Yagashita K, et al., J Arthroplasty 2012)
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bility of the TKA is highly dependent on not only 
the conforming design of the prosthesis but also 
the surgical techniques employed whilst implant-
ing the prosthesis [21]. Soft tissue releases may 
help with varus/valgus balance, but can introduce 
both antero-posterior and rotational instability 
[22].

29.2.1  Anatomy

The role of the cruciates is debated in TKA with 
most prosthetic designs requiring complete exci-
sion of the ACL [15]. This is frequently justified 
by the fact that in end stage arthritis the ACL is 
often compromised or ruptured, and also that 
patients in this demographic are unlikely to expe-
rience instability when not competing in more 
vigorous twisting and pivoting activities. Many 
current TKA designs can result in anterior tibial 
subluxation in full extension [15], which could 
potentially compromise certain movements 
involved in sports, such as jumping and pivoting. 
There have been several attempts to design an 
ACL preserving TKA, but with limited success 
and ongoing investigation.

29.2.1.1  Soft Tissues
Accurate soft tissue balancing with preservation 
of normal anatomy is an important component of 
success with TKR, influencing range of motion, 
proprioception and kinematics [8, 15]. Balance 
of the flexion–extension gaps is required to pro-
duce stability throughout the arc of motion [1]. 
Navigated or computer-assisted surgery enables 
the surgeon to more accurately achieve alignment 
of the implants in the three planes and provides 
feedback on soft tissue balancing [12]. Carefully 
planned and accurately executed surgical tech-
nique, therefore, contributes to achieving optimal 
range of motion with good stability [12].

Restoration of the native joint line has been 
shown to be important for both tibiofemoral and 
patellofemoral kinematics, and achieving opti-
mal soft tissue balance [1]. Modelling also 
showed that the most influential factor was resto-
ration of the joint line and coronal plane align-
ment [11]. Recent debate has centred around the 

concept of ‘kinematic’ or ‘constitutional’ align-
ment, which aims to recreate a patient’s presumed 
pre-arthritic anatomy, with early reports from 
selected centres reporting improved functional 
outcomes when compared to more traditional 
mechanical alignment strategies [23]. At this 
point in time, the debate continues, but these 
more anatomical strategies do seem to show 
some promise in improving outcomes and restor-
ing more normal function for TKA recipients. 
Longer term outcomes studies will be necessary 
to demonstrate that these early promising results 
are sustained and that there is no compromise to 
longer term survival.

29.2.2  Design Considerations

29.2.2.1  Femoral Component
Design features influence tibiofemoral contact 
mechanics and kinematics [11]. There are many 
different femoral designs on the market; how-
ever, substantial differences in patient outcomes 
has not been proven [13].

The trochlea grooves of many modern designs 
has been deepened, laterally flared and flattened 
to improve patella tracking and congruity 
throughout the range of motion [13].

The single axis total knee replacement was 
designed on the concept of a single flexion 
extension axis of the knee. The single radius 
design, however, lengthens the quadriceps 
moment arm, with a resulting decrease in quad-
riceps force [8]. Consistent with this, biome-
chanical studies have shown less eccentric 
knee extensor muscle activation and greater 
mediolateral stability during the stand-to-sit 
movement with this single-radius design. 
Multiple radius designs of the femoral compo-
nent have been shown to develop several com-
pensatory mechanisms, such as increased 
hamstring co-activation in order to increase 
joint stability [8]. Overall, the increased power 
output shows better functional recovery for the 
patient [8]. However, the multi-radius knee has 
been associated with mid-range instability 
despite rectangular flexion and extension gaps 
at 0 and 90° [14].
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29.2.2.2  High Flexion Implants
Range of motion is an important component of 
patient satisfaction after TKA.  In an effort to 
improve flexion post TKA, designers have pro-
duced femoral prostheses with both increased 
posterior femoral condylar offset and shortened 
posterior condyles to improve ‘clearance’ in deep 
flexion and reduce pressure over the extensor 
mechanism. Such designs also aim to achieve a 
larger contact area during high flexion, thus theo-
retically reducing contact pressures and wear, 
whilst a deepened trochlea avoids impingement of 
the extensor mechanism [13]. Reviews have how-
ever failed to show sufficient evidence of consis-
tently improved function or range of motion [8].

29.2.2.3  Mobile Bearing Versus Fixed 
Bearing

Conformity of the femoral implant with the poly-
ethylene insert has a conflicting impact on native 
knee kinematics and contact stresses. A highly 
conforming design in a fixed bearing prosthesis 
decreases contact stress and hence polythene 
wear but adversely affecting normal knee kine-
matics [13]. A low conforming design, however, 
results in high contact stresses increasing wear 
and the prospect of failure whilst allowing more 
normal knee kinematics [13]. Reproducing the 
natural movement of the knee requires a design 
that allows movement in all three planes [8], and 
mobile bearing prosthesis was designed with the 
intention of allowing both antero-posterior and 
axial rotation to be accommodated along with 
greater congruency, theoretically providing 
improved kinematics and reduced polyethylene 
wear [8]. Yet, clinical and cadaver studies have 
failed to show any significant benefit of these 
prostheses, for either kinematics or polyethylene 
wear [8]. Furthermore, there are concerns that the 
mobility of the bearing increases the risk of poly-
ethylene wear and osteolysis.

29.2.3  Cruciate Retaining

The CR prosthesis was developed based on the 
concept that motion is guided by the soft tissue, 
with the ligaments helping to drive the kinemat-

ics of the knee [13]. Preservation of the PCL has 
potential advantages of bone preservation, 
improved proprioception, femoral rollback, kine-
matics closer to that of the native knee, and 
improved stability [15]. In this design, the PCL 
alone provides antero-posterior stability and roll- 
back of the femoral condyles as long as its struc-
ture is preserved by careful surgical technique, 
and normal function preserved by adequately 
balancing the flexion and extension gaps [1, 8]. 
The tibial surface must be relatively flat in order 
to allow this rollback and prevent excessive ten-
sion in the PCL [8], yet have a degree of concav-
ity to contribute towards the antero-posterior 
stability of the prosthesis [21]. Previous kine-
matic studies have, however, demonstrated lim-
ited success with the PCL alone consistently 
producing roll-back, and do not reproduce the 
screw-home mechanism [1].

29.2.4  Cruciate Sacrificing

When the posterior cruciate ligament is sacri-
ficed, the posterior stabilised (PS) design uses a 
cam-post mechanism to create an artificially pro-
duced roll-back [1, 15, 21]. This implant is based 
more on a functional philosophy than an anatom-
ical one with the implant driving the kinematics 
rather than the soft tissues [13]. The PS implant 
produces more reliable rollback, and therefore 
usually results in improved flexion, but does not 
reproduce the screw-home mechanism [1, 13, 
15]. The centre post may also contribute to 
antero-posterior stability in the case of extensor 
mechanism weakness [8]. The PS however may 
have decreased mid-range stability [1] and have 
greater lift-off in the gait cycle that may be detri-
mental to the polyethylene bearing [1].

29.2.5  Kinematics of CR Compared 
with PS

The decision to retain or sacrifice the posterior 
cruciate ligament has been a longstanding debate 
within orthopaedics [24, 25]. Both prostheses 
came about at a similar time, and the PS is obvi-
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ously required in the event of PCL insufficiency. 
However, the selection of the sub-type of TKA is 
often driven by the surgeon’s training and expe-
rience rather than biomechanical or kinematic 
evidence [25]. As discussed in previous chapters, 
there are arguments that the CR implant retains 
more natural knee kinematics, better propriocep-
tion and thus greater stability [24], whereas 
those arguing for the PS total knee replacement 
suggest this implant produces more predictable 
kinematics, reduces tibiofemoral loads and is 
simpler to balance [24]. Overall, the PS is also 
considered to allow a greater range of movement 
post- operatively [24]. In order to address this, 
many using the CR implant increase the poste-
rior slope as part of their surgical technique [26]. 
However, fluoroscopic studies show that all total 
knee arthroplasties reduce the range of motion 
compared with native knees regardless of sub-
type [27]. On average, TKA does not gain flex-
ion above 120° [28]. Despite the above 
differences, there is no good evidence to support 
functional superiority between these two implant 
sub-types [29]. Singleton et al. [29] did note less 
stiffness at 1  year post-operatively in the PS 
knee, but in comparisons at 5 and 10  years 
showed there was no difference between the out-
comes of the CR and PS knees. Whilst efforts to 
reproduce anatomy and function more closely to 
the native knee continue, it would certainly be 
universally agreed that, although TKR usually 
results in good outcomes, it does not reliably 
reproduce normal knee kinematics, irrespective 
of the design.

29.2.5.1  Gait
Gait in patients following a TKA does not nor-
malise, rather frequently returns to pre-surgery 
joint loading patterns and abnormal biomechan-
ics or adaptive changes to compensate to the 
effects of a TKA [38]. Modelling shows that 
there is a complex interaction of patient, surgical 
and implant design factors which vary in their 
predominance throughout the gait cycle [11]. 
Therefore, it is extremely difficult to tease out the 
sole influence of the biomechanics of the TKA 
prostheses. Gait analysis has been criticised for 
its diversity in reporting due to comparing differ-

ent patient characteristics, different prosthetics 
and different methodologies of analysis [5]. A 
systematic review by McClelland et al. [5] found 
that patients do not demonstrate a normal walk-
ing gait after TKA, the most consistent findings 
being walking with a reduced range of motion, 
specifically less flexion, compared with control 
subjects, as well as reduced loading in the stance 
phase. These findings would certainly be consis-
tent with reduced ability to play a pivoting or 
twisting sport, but should allow a reasonable 
level of leisure activity such as golf or hiking.

Comparing the gait achieved with CR or PS 
TKA designs, Andriacchi found that the CR 
implant produced statistically normal ranges of 
motion compared to the PS implant [39]. This 
was attributed to the lack of dynamic interaction 
between the PCL, tibial rollback with flexion, 
and the changing of the lever arm of the quadri-
ceps during flexion. Patients with the PS implant 
leant forward in order to compensate for a lack of 
flexion, despite those with a PS implant having 
an identical range of motion to those with a CR 
TKA, which was then interpreted to reflect either 
weakness or avoidance of use of the quadriceps 
[39]. More recently, as prosthetic designs have 
improved, studies have failed to find a significant 
difference in gait when comparing CR and PS 
prostheses [5]. It is noted that quadricep avoid-
ance is a phenomenon also seen in the ACL- 
deficient gait [39]. It is therefore possible that the 
ACL is more critical than previously thought for 
stability, and its absence an explanation for these 
gait changes seen post-operatively, regardless of 
the type of TKA.

29.3  Sports After TKA

As discussed above, no TKA restores normal 
knee biomechanics. The abnormal kinematics are 
likely to be detrimental to the performance of the 
TKA [30], and it is this that necessitates activity 
restrictions that are discussed below. Since TKA 
does not restore normal knee function, the chal-
lenging movement patterns and speed required to 
perform sports could be significantly impacted. 
More than half of patients report some degree of 
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limitation in their activities following TKA, com-
pared with only one fifth in age-matched subjects 
with no previous knee disorders [31]. Further, up 
to one quarter of patients have reported dissatis-
faction following TKA [15]. Therefore, clini-
cians are increasingly forced to question how 
much activity a TKA patient can perform and 
what sports are acceptable [10].

Patients are increasingly involved in the 
shared decision-making process, thus the clini-
cian must be able to counsel and inform them 
according to the available evidence [10]. 
However, to the best of our knowledge, there are 
no studies that specifically compare CR and PS 
implants with regard to sporting activity, as stud-
ies tend to group all TKA designs together. 
Furthermore, there appear to be no trials looking 
specifically at biomechanics and the challenges 
of pivoting sports. Much of the evidence in this 
field of return to sports and TKA is sparse and 
appears to be low level retrospective studies pre-
dominantly using questionnaires on self-reported 
outcomes. They are, therefore, heavily flawed 
with recall bias.

Return to sports is a complex and multi- 
factorial outcome, and of course there will always 
be examples of patients who get back to rela-
tively high-level sports, largely related to preop-
erative fitness, skill, experience, and motivation. 
There will also be others who are at the other 
extreme and fail to return to any level of sport. 
The reason for this variation goes well beyond 
the design of the TKA implant. Healy et al. [32] 
suggest the ability to return to sports participa-
tion after TKA is dependent on several factors: 
(1) pre-operative athletic ability, (2) pre- operative 
(p)rehabilitation, (3) surgical reconstruction, (4) 
implant failure, (5) implant fixation, (6) wear of 
the bearing surface and (7) trauma [1]. Further, 
others show that sports participation is dependent 
on ageing and motivation [31].

Functional results in athletes are primarily 
linked to the flexion of the knee and strength of 
the quadriceps [12]. Flexion is multifactorial 
concerning the patient, the surgical technique, 
the implant design and post-operative rehabilita-
tion [12]. These factors influencing return to 

sport could simply be divided into the implant 
design, surgical technique and patient variables 
[11]. It might therefore be reasonable to question 
how critical a factor the biomechanics of the 
TKA implant actually is in a patient’s ability to 
return to sport.

29.3.1  What Is Sport?

Most surgeons recommend low impact, low 
demand, low duration sports following TKA [1, 
33]. Flecher et al. [12] state that the majority of 
activities can be resumed excluding team sports, 
ball sports and jogging. However, there is little 
evidence to support these suggestions, which are 
largely based on first principles and left to sur-
geons’ discretion [33]. Guidelines published by 
Healy et al. [34] after surveying the members of 
the Knee Society (1999) [34] set out their recom-
mendations for sports considered appropriate 
after TKA (see Table  29.1). Furthermore, these 
recommendations appear based on opinion rather 
than evidence, thus it is not entirely clear what 
should and should not be recommended for each 
individual after TKA. It is, of course, important 
to define what may be considered ‘sport’ versus 
‘leisure activities’ in order to clearly counsel 
patients appropriately and ensure their expecta-
tions are addressed accurately.

29.3.2  Patient Concerns

Patients in general are not as likely to return to 
sports after a TKA compared with those having a 
total hip replacement [6], and tend to decrease 
their participation in, and intensity of, athletic 
activities [4]. Recommendations for participation 
in sports after TKA appear to be based predomi-
nantly on opinions rather than evidence [1]. 
However, as discussed above, if the average age 
of the TKA patient is decreasing and the demand 
and expectations are rising, we must consider 
sporting options for the more active patient.

Kawamura showed that preoperative flexion 
(positively) and varus/valgus deformity (nega-

A. Kropelnicki and D. A. Parker



383

tively) affects post-operative flexion [12], 
 supporting the importance of good physiotherapy 
prior to surgery. Silva et al. note that quadriceps 
strength decreases by around 30% compared 
with the contralateral side following a TKA [12]. 
Lamb et al. state that the two most predictive fac-
tors of post-operative strength are BMI and pre- 
operative strength, again highlighting the 
increasingly recognised importance of 
‘pre-habilitation’.

Regarding the impact of body weight, biome-
chanical modelling has shown a significant effect 
of vertical hip load (related to body weight) on 
compressive load to the knee and the contact 
areas of both the tibio-femoral and patellofemo-
ral joints, demonstrating the potentially deleteri-
ous effect of obesity on outcomes [11].

29.3.3  Implant Concerns

Typically the concern over sports participation 
relates to early component failure through exces-
sive polyethylene wear, and excessive stress lead-
ing to loosening or trauma [1, 32]. Accumulating 
data suggests that prosthetic wear is not simply a 
function of time but one of use [3, 32]. The forces 
encountered by the TKA vary from 3 to 8 times 
body weight when ascending and descending 
stairs [1]. Jogging exceeds 7 times body weight 
and isokinetic exercise can exceed 12 times body 
weight [1]. Even whilst hiking, flexion between 
40 and 60° loads the joint by 5–10 times body 
weight [10]. Thus, even the most basic of antici-
pated activities could be significantly contribut-

ing towards early wear of the prosthesis. This 
raises concerns about implant longevity for those 
wishing to return to sports [12, 33], and surgeons 
should educate patients regarding these risks. 
Table  29.2 illustrates the joint reaction forces 
through the knee during various activities.

29.3.3.1  Longevity
Studies taken from the Norwegian Arthroplasty 
Registry find a higher risk of revision of TKA in 
males under 65 year of age [2]. To our knowledge, 
there are no long-term studies on TKA longevity 
as related to sporting activities, but it would seem 
to be a reasonable assumption that younger age is 
a surrogate for higher activity levels, which in 
turn contributes to the higher revision rate.

Trauma caused by athletic participation 
remains a primary concern in advising on return 
to sports. Component dislocation, particularly in 
the PS TKA, and periprosthetic fracture are two 
severe complications that may occur during 
sports participation [1].

Table 29.1 1999 Knee Society Survey Recommendations for Activity after TKA

Recommended Allowed with prior experience Not recommended No conclusion
Walking Road cycling Squash Fencing
Swimming Doubles tennis Soccer Downhill skiing
Low-impact aerobics Rowing Jogging Rollerblading
Stationary bike Weight machines Singles tennis Weightlifting
Hiking Cross-country skiing Volleyball
Ballroom dancing Hockey
Bowling Basketball
Croquet Handball
Golf Rock climbing

Modified from [4, 34]

Table 29.2 Knee joint reaction forces during different 
sports

Knee joint reaction forces Body weight
Walking 3
Cycling 1.2
Stair ascent 5
Stair descent 6
Isokinetic knee extension 9
Jogging 8–9
Running 14
Skiing 3.5–10

Adapted from Hartford et al. [1]
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29.3.4  Sports/Leisure Activities 
Following TKA

Several retrospective studies have suggested ath-
letic activity decreases after TKA, which is appli-
cable to all ages [32]. In a survey of patients with 
TKA, Dahm et  al. [3] found the mean activity 
level reported according to the UCLA activity 
scale was ‘regularly participating in active events’ 
(level 7). However, what one interprets as an 
‘active event’ is open to interpretation as the only 
example given is cycling. About 16% of patients 
reported participating in heavy lifting, strenuous 
tasks or ‘not recommended’ sports. Baumann 
et al. [17] found a similar mean level of activity 
as assessed by the UCLA scale (mean of 6—
moderate activity) as reported by Dahm et al. [3], 
but with no patients involved in any impact 
activity.

Bock et al. also reported a reduction in higher 
impact-type sports such as climbing, soccer and 
tennis, with no one returning to these sports, but 
an increase in participation of low-impact activi-
ties such as walking and swimming [10]. 
Bradbury et al. [6] also found that no one could 
return to high impact/pivoting sports and noted a 
decrease in participation in most low-level activi-
ties with the exception of cycling, in which par-
ticipation increased. In a retrospective survey in 
Korean patients by Chang et al. [35] participation 
in a number of low-impact activities increased 
following TKA, but more challenging and higher 
impact sports showed a decrease in participation. 
Similarly, Bradbury et al. [6] showed an overall 
decrease in all activities following TKA with 
only 77% returning to any level of activity. There 
was an increase in cycling, but a complete avoid-
ance of any high impact/contact sports such as 
running, skiing, football (soccer) and rugby.

Diduch et  al. [36] found that only 24% of 
TKA patients reached level 5 on the Tegner activ-
ity scale. Bonnin et al. [18] used a retrospective 
self-reported questionnaire to TKA patients, with 
an average length of time from surgery to study 
of 44  months and a low respondent rate. More 
than a quarter reported they were less active than 

prior to the operation, and more than half consid-
ered their activities to be limited by their knee. 
Only 10% of patients participated in what was 
considered ‘strenuous sports’, defined as skiing, 
tennis and running over 500 m. However, a closer 
look at the data showed only 1 of the 347 respon-
dents actually participated in tennis and only 3 
could run more than 500  m. Furthermore, the 
level of activity was only rated in terms of level 
of participation rather than the level of perfor-
mance. This study highlights the importance of 
appropriately counselling prospective TKA 
patients and managing their expectations.

Hepperger et al. [37] reported that sports activ-
ity is maintained or increased following TKA for 
78% of their cohort. Their prospective study was 
based on standardised outcome scores over 
2  years and showed statistical improvements, 
although the median Tegner score, for example, 
did not change from level 3 at any time point from 
pre-operative to 24 months post-operative. This is 
a lower level than reported by Diduch et al. [36]. 
The sports chosen in this cohort were not dis-
cussed in detail but was predominantly cycling, 
swimming, hiking and skiing, and did not include 
any more vigorous pivoting sports. Bradbury 
reported that the 75% of patients who performed 
a sport (walking, bowling, golf) pre- operatively 
could continue post-operatively, but only 20% of 
those who played tennis could return [12, 33]. 
Clearly the baseline level of activity within any 
cohort will influence patients’ expectations for 
activity post TKA and the potential for improve-
ment in activity level.

The difficulty with interpreting survey data is 
that it is always prone to selection bias, in that 
only those who want to participate respond, usu-
ally selecting those with the more positive out-
look and results. Further caution must always be 
placed on measurement of level of participation 
in any sport. There is a clear difference between 
performing at a competitive level compared with 
social level, and self-reporting is not always reli-
able or objectively accurate. Furthermore, the ret-
rospective nature of these surveys is additionally 
subject to recall bias, and bias based on the rela-
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tionship between the patient and surgeon. No 
data exists with regard to TKA kinematics during 
running, turning, cutting or pivoting sports [1], 
only modelling and cadaver studies. Return to 
sport must be gentle and progressive with moder-
ate activities limited to short sessions. Some 
TKA patients may be able to return to moderate 
activities proving they have prior experience and 
an adequate level of technique for that sport [2].

29.3.4.1  Specific Sports

Golf
Golf is a sport that patients would usually expect 
to be able to return to after TKA, and indeed an 
inability to play golf or walk the course is a com-
mon catalyst for patients to seek surgery. The 
reported results around patients returning to golf 
after TKA have been somewhat variable. 
Limitations affecting patients’ ability to return to 
golf largely relate to the ability to walk comfort-
ably over relatively long distances on an uneven 
soft surface (requiring good proprioception) and 
a tolerance for the pivoting movement involved 
with the golf swing (Fig. 29.2).

Mallon and Callaghan studied 83 active golf-
ers who had undergone TKA.  All returned fol-

lowing surgery, although 87% used a cart whilst 
playing and 36% reported experiencing a mild 
ache in the operated knee after playing. Naal 
et al. [40] reported an increase in golf participa-
tion from 5 to 8 within their cohort. However, 
other authors have found a significant reduction 
(19 to 9) in those continuing to play golf follow-
ing TKA [33]. The total of those leaving the sport 
represented a reduction of 44% (109 to 61), sug-
gesting golf may be a realistic sport to anticipate 
returning to post-operatively, but very unlikely as 
a new sport to undertake.

Tennis
Tennis demands a higher level of impact than golf 
and requires more rapid movements including piv-
oting and lunging. In a small survey of 33 highly 
experienced tennis players (mean experience of 
35 years, range 15–70 years) who had undergone 
TKA, Mont et al. [42] found a 100% return to ten-
nis, both singles and doubles play. These players 
returned to the same level as pre-operatively, but at 
a relatively low level, and all players reported a 
significant loss of court speed [42].

These findings are not replicated when look-
ing at non-selected patient groups with all of 
these studies reporting a significant drop in par-

Fig. 29.2 Demonstration of knee movement during the golf swing. Note the valgus stress and pivot stability required
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ticipation. Table 29.3 shows a number of studies 
citing rates of participation in tennis before and 
after TKA.  Totalling the numbers from these 
studies, the expected percentage returning to ten-
nis is considerably lower than thought, at 18% 
(15 from 84 pre-operative tennis players). Thus, 
the experience, motivation and conditioning of 
the patient prior to surgery would appear to be a 
significant factor in return to tennis rather than 
specific TKA implant.

Tennis demands knee stability in antero- posterior 
and medial-lateral directions in both extension and 
flexion extension and flexion (Fig. 29.3).

29.4  Summary

The understanding of native knee kinematics has 
been, and continues to be, used by implant manu-
facturers to innovate and improve TKA outcomes 
and longevity, as well as accommodate patient 
demands with a goal of allowing patients to 
return to their chosen activities, including sports, 
postoperatively and increase patient satisfaction. 
The result is a wide spectrum of TKR implant 
designs with varied biomechanical philosophies. 
Following this review, it would seem that being 
able to reliably restore a patient’s ability to return 
to sports is affected by multiple factors, of which 
implant design is only one. Only with all of these 
factors including patient characteristics, surgical 
technique and implant factors considered, can the 
surgeon offer the patient realistic and evidence- 
based information regarding the likely outcomes 
of TKA and create valid expectations.

The other concern is the actual definition of 
‘sport’. In the case of the vast majority of the 
studies reviewed above, one might question if 
the activities described can be fairly described as 
sport or should be more accurately labelled as’ 
leisure activities’. Cycling, swimming and hik-
ing once or twice a week at a Tegner-defined 
level 3 is, at best, recreational. It is unfair to give 
the impression to patients that they might return 
to sports quoting upwards of 77% when in fact 

Table 29.3 Return to tennis following total knee 
arthroplasty

Study

No. playing 
tennis 
pre-operatively

No. 
playing 
tennis post 
TKA

Percentage 
drop (%)

Bock  
et al. [10]

2 0 100

Bradbury  
et al. [6]

30 6 80

Chatterji  
et al. [33]

14 2 86

Huch  
et al. [43]

6 2 67

Naal  
et al. [40]

21 3 86

Walton  
et al. [41]

11 2 88

a b c

Fig. 29.3 (a) Knee flexion in tennis. (CC Search (cre-
ativecommons.org). “Andy Murray” by Carine06 is 
licensed with CC BY-SA 2.0. To view a copy of this 
license, visit https://creativecommons.org/licenses/by- 
sa/2.0/. Andy Murray | Andy Murray during his semi- final 
with Rafael … | Flickr). (b) Pivoting on knee. (“Aggie 
Women’s Tennis—58” by StuSeeger is licensed with CC 

BY 2.0. To view a copy of this license, visit https://cre-
ativecommons.org/licenses/by/2.0/)). (c) High loads are 
experienced by the knee. (CC Search (creativecommons.
org). “Andy Murray” by Carine06 is licensed with CC 
BY-SA 2.0. To view a copy of this license, visit https://
creativecommons.org/licenses/by- sa/2.0/. Andy Murray | 
Andy Murray during his semi-final with Rafael … | Flickr)
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the numbers of patients involved in pivoting 
sports is less than 5%, and all of these had sig-
nificant prior experience within that sport. 
Patients’ expectations should be fully explored 
on an individual basis and a good understanding 
of the actual activities one is able to participate 
in should be realistically discussed. This discus-
sion should clearly include advice around which 
sports the patients are realistically likely to be 
capable of returning to, as well as which sports 

are less advisable due to concerns for implant 
longevity.

In summary, participation in leisure activities is 
deemed to be acceptable following a TKA, but this 
is based on consensus statements, surveys of ortho-
paedic surgeons and retrospective studies [17]. 
Recommendations regarding appropriate activities 
should be made on a case-by-case basis with a full 
understanding of the patient’s expectations, pre-
operative activity level and sporting experience.

 

Life-long and ex-professional surfer following a right total knee replacement
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Biomechanics 
of Unicompartmental Knee 
Replacement
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30.1  Introduction

Osteoarthritis of the knee is a complex disorder 
that may involve any one of the three compart-
ments of the knee alone or in combination. 
Proponents of unicompartmental knee arthro-
plasty (UKA) point to the clinical benefits that 
UKA offers knee arthritis patients compared to 
total knee arthroplasty (TKA) when managing 
isolated medial or lateral wear. In summary, they 
feel a well-functioning UKA is better than a well- 
functioning TKA with patients describing a more 
naturally behaving knee. Tailoring the treatment 
to the involved compartment avoids replacing 
non-worn parts as can be the case with many 
patients undergoing TKA.  Given that unicom-
partmental knee arthritis is not necessarily the 
beginning of a progressive global knee arthritis, 
preference for patient-tailored solutions is grow-
ing, but it has been a journey with some twist and 
turns.

30.2  Historical Perspective 
on Implant Design 
and Survivorship

The modern era of UKA began with the St 
George Sled (1969) and Marmor (1972) prosthe-
ses, the designs of which were based on a poly-
centric metal femoral condyle, articulating with a 
flat and non-congruent tibial polyethylene com-
ponent designed to minimize constraint, thus 
reducing shear forces at the implant bone inter-
face. In 1974, the Oxford mobile bearing UKA 
combined femoral and polyethylene congruency 
and reduced shear forces by introducing a gliding 
minimally constrained mobile bearing articula-
tion with a spherical femoral component [1].

Evaluation of early failures demonstrated that 
altered knee kinematics frequently contributed to 
poor outcomes. Overstuffing, mobile bearing dis-
location, polyethylene wear and malalignment 
following overcorrection of limb deformity 
resulted in failures with malalignment causing 
symptoms and progressive wear in the opposite 
non-resurfaced compartment. Whilst stress 
shielding and polyethylene wear were recognized 
as technical and design problems, there is little 
doubt that the quality of polyethylene from that 
period and its sterilization in air rather than an 
inert gas contributed to the higher failure rate and 
that further improvements such as cross-linking 
polyethylene with radiation have helped lower 
revision rates.
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Polyradial femoral designs demonstrated 
increased joint compression forces in flexion, 
leading to excessive polyethylene wear particu-
larly posteriorly. Coronal axis over-correction 
shifted load to the uninvolved compartment and 
was associated with progressive symptoms in the 
remaining compartment as well as stress shield-
ing of the medial tibia. Ligament balancing as an 
essential part of the surgical technique to avoid 
polyethylene dislocation and joint overstuffing 
gained appreciation. However, few if any studies 
showed long-term survivorship of UKA to match 
that of TKA.  More recently, data from joint 
replacement registries has consistently shown 
UKA revision rates to be two to three times that 
of TKA. As a consequence, UKA as a proportion 
of all knee arthroplasty has fallen in the past 
10–15 years. It has become clear that UKA is a 
less forgiving procedure than TKA in terms of 
imperfect implant positioning. It must also be 
acknowledged that the threshold to revise a well 
fixed but painful UKR is lower than for a well 
fixed but painful TKR. A recent resurgence has 
been seen driven in part by new technology to 
improve implant positioning, in particular com-
puter navigated and robotic surgery.

30.3  Biomechanics of the Native 
Knee and Limitations of FEA 
to Predict Outcome in UKA

Radiostereometric analysis (RSA) and MRI stud-
ies have shown that the tibia rotates internally 
with increasing flexion. Whilst this rotation—
known as roll-back—is greater on the lateral 
side, some medial femoral rollback does occur, 
creating shear forces at the interface for a medial 
UKA.

Force transmission during the gait cycle is 
impacted by the mechanical properties of the 
materials used. Many finite element analysis 
(FEA) studies have shown that implanting a 
UKA in the anatomical position without altering 
lower limb alignment increases load transmission 
to the remaining un-resurfaced compartment. 
This is in part because metal-backed tibial trays 
demonstrate a relative strain shielding [2]. The 

aim of surgery should be to balance load trans-
mission across medial and lateral compartments 
to limit wear of polyethylene and prevent pro-
gressive arthritis in the remaining compartment. 
It is important for the surgeon to recognize that 
load transmission characteristics do not necessar-
ily correlate with lower limb alignment once the 
material properties of the relative compartments 
are altered by the UKA implant.

Heyse et  al. in cadaver studies [3] demon-
strated that UKA replicates well the biomechan-
ics of the native knee, and vivo studies [4] support 
these findings. However, a limitation is that many 
FEA studies have chosen as their computer model 
a healthy adult knee, despite the fact that the 
kinematics of an arthritic knee may be altered.

Clinical studies have shown residual varus 
does not correlate with a poor clinical outcome 
[5], and the results are best when the implant 
minimally adjusts the biomechanics of the knee, 
without attempting to restore “normal” align-
ment. An FEA study by Guo et al. [6] supports 
the concept of leaving the limb in some residual 
varus to prevent early progressive lateral com-
partment osteoarthritis. In effect, the implant 
functions best as a joint resurfacing of the 
involved compartment.

Bearing in mind the limitations of direct trans-
ference of in vitro results to the clinical situation, 
a summary of the current knowledge and research 
in this field is presented below.

30.4  Surgical Considerations

There are three matters for the surgeon to con-
sider when performing UKA, preserving the 
original joint line, resecting the correct amount of 
bone on both sides of the joint and creating an 
articulation with balanced soft tissues. Although 
there is little evidence that subtle modification of 
the joint line has much clinical impact on the on 
the patellofemoral joint in UKA, it does alter the 
distribution of forces to the opposite compart-
ment particularly if associated with an alteration 
in alignment.

Determining optimal tibial resection remains 
one of the most challenging aspects of this 
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 procedure. Advice on planning tibial resection 
varies between prosthetic designs. The Oxford 
UKA which is indicated for anteromedial osteo-
arthritis acknowledges tibial bone loss results in a 
pseudolaxity of the medial collateral ligament. A 
stated goal of implanting an Oxford UKR is to 
restore the MCL to its physiological length. 
Other implant designs are not as specific in their 
advice. Many designs suggest a minimal tibial 
resection of 4 mm in order to accommodate the 
implant and avoid overstuffing. The surgeon must 
choose between either under resection with sub-
sequent over stuffing the replaced compartment 
or excessive tibial resection removing the harder 
bone under the plateau, thereby increasing the 
risk of both tibial subsidence and fracture.

30.5  Joint Line Preservation

Kwon et  al. [7] in 2017 with a fixed bearing 
design and Kang et al. [8] in 2018 with a mobile 
bearing design performed FEA studies on the 
effect of proximalizing and distalizing the joint 
line over a range of 6 mm above and below neu-
tral. They observed the contact stress on the poly-
ethylene in the replaced medial compartment as 
well as the stress on the articular cartilage of the 
lateral compartment. They described a reciprocal 
relationship for stress distribution, being that 
when stress was increased on the polyethylene, it 
was reduced on the remaining (lateral) compart-
ment articular cartilage. They noted that the 
effects were proportionately greater for proxi-
malizing the joint line than for distalizing it and 
concluded that preservation of the original joint 
line would provide the best conditions for implant 
survival.

30.6  Tibial Component 
Positioning

30.6.1  Limb Alignment

Clinical studies demonstrating improved out-
comes for under-corrected lower limb alignment 
led to a general acceptance of residual varus as 

the goal of medial UKA.  A figure up to 3° 
mechanical varus has been cited in many publica-
tions [9–11].

30.6.2  Tibial Cut Orientation

Several biomechanical studies describe the effect 
of variations in frontal and coronal plane orienta-
tion of the tibial component on polyethylene and 
on the remaining (lateral) joint articular cartilage 
throughout the gait cycle. Innocenti et  al. [12] 
performed a finite element analysis to quantify 
bone stress, load distribution, ligament strain and 
polyethylene stress distribution over a range of 
angles from 6° varus to 6° valgus. Their results 
agreed with the current consensus that stress is 
better balanced across the proximal tibia, and the 
strain in ligaments is optimal when the coronal 
axis of the tibial cut remains within three degrees 
varus.

In their finite element analysis, Inoue et  al. 
[13] examined tibial tray angles from 6° of varus 
to 6° of valgus combined with sagittal extension 
of the posterior tibial cut. They concluded that 
increasing valgus cuts and greater loss of bone 
volume medially increase the risk of medial tibial 
condylar fracture.

Guo et  al. [14] performed a finite element 
analysis of an Oxford medial UKA with a mobile 
bearing design and focused on the stress transfer 
to medial tibial bone over a range of 4° varus to 
4° valgus for the tibial implant. They found 
increased compressive strain on the medial tibia 
with increasing valgus positioning of the tibial 
component and theorized that this could clini-
cally lead to pain. Varus above 4° resulted in high 
compressive forces at the keel slot, potentially 
causing component migration. They cautioned 
that the tibial implant should not exceed these 
parameters. However, the findings of this FEA 
study are not supported in the earlier published 
clinical findings of Clarius et al.

The effect of posterior tibial slope (PTS) on 
the outcome of UKA has received attention. Most 
authors report reduced contact stress with a PTS 
of 7°. A recent FEA by Kang et al. [15] demon-
strated the effects of PTS on contact stress of the 
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polyethylene insert as well as the remaining com-
partment. They determined that the relationship 
between polyethylene stress and stress on the 
remaining (lateral) compartment was reciprocal, 
under the influence of PTS.  With increasing 
slope, polyethylene stress decreased, whilst 
opposite compartment stress increased. The 
authors recommended aiming for a slope within 
2° of the native slope and generally agreed with a 
consensus slope of 7°.

30.6.3  Medial Tibial Condylar 
Fracture Risk

As proximal medial tibial fracture is one of the 
most devastating complications of medial UKA, 
the biomechanical factors that may contribute to 
the risk of fracture have extensively been 
investigated.

Scott et al. [2] used composite tibial saw bones 
to assess the proximal tibial strain transmission 
under all-polyethylene and metal-backed medial 
tibial components. The measured strain transmis-
sion demonstrated strain shielding with metal 
backed implants, for both fixed and mobile bear-
ings. The authors caution surgeons against the 
use of all polyethylene tibial components in 
patients whose activity level is likely to impose 
higher medial strains on their knees.

Pegg et al. [16] use a finite element analysis to 
apply a probabilistic approach to predict the aeti-
ology of medial tibial condylar fracture after uni-
compartmental knee replacement. In their 
analysis, they considered several factors:

• Excessive depth of surgical cuts made for the 
tray, tray keel, or pegs

• Multiple cortical holes for alignment guide 
placement

• Perforation of the tibial cortex
• Under-sizing of the tibial tray
• Use of excessive force when impacting the 

implant
• Excessive bone removal

They concluded that the parameters most 
likely to contribute to medial tibial condylar frac-

ture were resection depth (excessive removal of 
tibial bone) and distal extension of the posterior 
part of the sagittal plane cut.

30.7  Femoral Component 
Positioning

Given correct restoration of the joint line with the 
correct depth of cut, the femoral component can 
vary in position in the sagittal and coronal planes 
and can vary its rotation in the coronal, sagittal 
and axial planes. From the surgeon’s perspective, 
positional options include anteroposterior and 
mediolateral placement with rotational options as 
varus valgus, flexion extension and internal or 
external rotation.

Limb alignment is usually established in 
extension by most systems with the tibial cut 
first. Following this a measured distal femoral 
resection occurs, producing a range of varus–val-
gus alignments that varies with the amount of 
bone removed and the implant thickness. Many 
systems use ligament balancing to determine 
combined implant thickness. Femoral component 
positioning is critical for its impact on the medial 
collateral ligament and mobile bearing inserts.

Many biomechanical studies based on FEA 
have been performed, considering varying con-
figurations of femoral component placement. 
Outcomes measured include strain on the remain-
ing compartment, the polyethylene insert, as well 
as ligamentous structures. A further variable in 
these analyses is bearing mobility. Given the lim-
itations of comparing the outcomes of these var-
ied studies, most authors conclude that restoration 
of the rotational centre represents the biomechan-
ical ideal.

Pegg et al. [17] demonstrated increased tibial 
strain with medialization of the femoral compo-
nent of more than 3 mm in their FEA of a virtu-
ally implanted mobile bearing medial Oxford 
UKA. These findings were supported by the FEA 
study of Kang et  al. [18] using a fixed bearing 
model where the effect of mediolateral transla-
tion of the femoral component was studied. The 
authors describe the effect on contact stress with 
varying the position of the femoral component 
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had over five locations from medial to lateral, 
including the centre and 3 and 5 mm medial and 
lateral, respectively. Again, an inverse relation-
ship was determined, whereby medializing the 
femoral component reduced the contact stress on 
the polyethylene but increased the stress on the 
remaining (lateral) articular cartilage. This pat-
tern was maintained throughout the gait cycle. 
The authors concluded that the optimum position 
to be the centre of the femoral condyle, hypothe-
sizing that medialization of the femoral compo-
nent could be a basis for persistent medial pain 
clinically.

Inui et al. [19] in their clinical study looking at 
femoral component positioning described an 
association between lateralization of the femoral 
component and mobile bearing tilt. Again, a cen-
tral location of the femoral component was 
recommended.

Kang et  al. performed a similarly validated 
FEA method in 2018 [20] to observe the distribu-
tion of contact stresses between the polyethylene 
and the remaining articular cartilage, and the 
forces on collateral constraints across a range of 
femoral coronal plane alignments from 9° of 
varus to 9° of valgus. Under the conditions of a 
preserved neutral lower limb mechanical align-
ment and femoral and tibial cuts, isolated varus–
valgus positioning of the femoral component 
resulted in an inverse relationship of increasing 
stress on the polyethylene, resulting in decreased 
contact stress on the opposite compartment. 
Valgus alignment resulted in increased medial 
edge loading of the polyethylene, whilst varus 
femoral component alignment led to increased 
contact stress on the lateral aspect of the polyeth-
ylene and increased stress on the lateral articular 
cartilage. Overall, the effect of valgus malalign-
ment of the femoral component was more pro-
nounced than varus malalignment over the range 
considered with respect to redistribution of load-
ing forces over the polyethylene and lateral 
cartilage.

The same authors showed that valgus 
malalignment produced increased strain in the 
medial collateral ligament. Again, this was more 
pronounced than the increased strain observed in 
the lateral collateral ligament by varus malalign-

ment. The popliteo-fibular and the anterolateral 
ligament demonstrated no change in strain with 
respect to the malpositioning of femoral compo-
nent. The authors concluded that valgus malposi-
tioning of the femoral component should be 
avoided to minimize the risk of MCL-related 
complications.

A further study by Park et al. [21] used a simi-
larly validated technique of FEA to study the 
effect of variations in sagittal position of the fem-
oral component over a range of 10° of flexion 
through to 10° of extension. Virtual implantation 
of a fixed bearing medial UKA showed that par-
ticularly flexion of the femoral component 
resulted in increased contact stress on both the 
polyethylene and the un-resurfaced (lateral) com-
partment. Extension of the femoral component 
appeared to be more forgiving, showing only 
slight increase in contact stress on polyethylene 
and no increase in stress on the lateral articular 
cartilage. Extension of the femoral component 
had the effect of increasing the strain in the 
medial collateral ligament, whilst reducing strain 
in the lateral collateral, patellofemoral and 
anterolateral ligaments. The opposite effect was 
noted with flexion of the femoral component.

Clinical validation of the extensive laboratory 
analyses discussed above remains to be pub-
lished, and in all likelihood, we will never see 
published results of a human trial where implants 
are inserted in markedly non anatomical posi-
tions. However, a review of outcomes where 
implant position is closely measured may con-
firm laboratory findings. Clarius et  al. [22] 
reported their medium-term results in 59 patients, 
where only 29% of components were placed cen-
trally on the medial femoral condyle. At that 
point in follow-up, there was no evidence of 
poorer clinical outcome. Varus–valgus align-
ment, in their series, however, was much more 
closely controlled with 96% of cases falling 
within the recommended values. The authors 
concluded that there is room for variation in 
implant positioning, given the biomechanical 
advantages specific to the mobile bearing Oxford 
UKA, provided the surgeon adheres to the prin-
ciples of restoring the mechanical axis and pre-
serving ligament balancing.

30 Biomechanics of Unicompartmental Knee Replacement



396

30.8  Ligament Balancing

Heyse et al. [3] performed a cadaver study look-
ing at the impact of overstuffing the medial com-
partment in a medial UKR. They observed that a 
subjective assessment of a ‘balanced’ knee 
resulted in valgus malalignment of the limb and 
significantly increased strain in the superficial 
medial collateral ligament. Results most compa-
rable to the native knee kinematics could be 
achieved by understuffing the medial 
compartment.

30.9  Fixed Bearing Versus Mobile 
Bearing

Brockett et  al. [23] looked at wear patterns in 
fixed and mobile bearing UKRs. Despite theo-
retically reduced shear forces with the Oxford 
mobile bearing inlay, the guide railing on the lat-
eral side of the tibial tray can block rotation 
between the femoral condyle and the mobile 
bearing, resulting in multidirectional motion and 
shear forces which will precipitate wear [23].

Ettinger et al. [24] performed a cadaver study 
comparing fixed and mobile bearing UKA 
designs assessing the effect of quadriceps exten-
sion force on tibiofemoral contact pressures. 
They determined a mechanical advantage for 
mobile bearing designs with respect to quadri-
ceps extension force. Pressure distribution analy-
sis showed higher concentrated peak pressures 
for fixed bearing designs, but lower pressure 
introduction in deep flexion when compared with 
mobile designs.

30.10  Clinical Reports

Gulati et  al. [25] in their 4-year clinical and 
radiological follow-up of a cohort of medial 
UKAs concluded that due to the spherical nature 
of the Oxford femoral implant, component 
malalignment was relatively well tolerated. Most 
cases (98%) lay within a range of femoral com-
ponent varus–valgus alignment of up to 10°, as 
well as flexion–extension alignment up to 10°. 

This variation of femoral alignment was well tol-
erated, with no significant difference in radio-
graphic evidence of loosening, nor significant 
difference in Oxford Knee Score (OKS) between 
groups. Positioning of the tibial components was 
also variable. Most patients (92%) lay within a 
range between 5° of varus to 5° of valgus, and the 
same percentage were within 5° superior/inferior 
tilt (neutral tilt being 7°), with no significant dif-
ferences between categories for radiolucency or 
OKS.

In their clinical and radiological report on the 
results of the Oxford medial UKA, Clarius et al. 
[22] reported their results for 59 patients at a 
minimum follow-up of 4 years. They considered 
similar radiographic parameters of femoral align-
ment (10° varus to 10° valgus, 5° extension to 5° 
flexion) and tibial alignment (10° varus to 5° val-
gus, slope +7° to −5°) but also included medio-
lateral positioning of the femoral component, 
posterior overhang of the femoral component and 
tibial overhang including anterior (+10  mm to 
−12  mm), posterior (−12  mm to +5  mm) and 
medial (+5  mm to −5  mm). They observed no 
correlation between implant positioning and 
radiological or clinical outcome, although they 
stressed the importance of slope as this is ‘key for 
normal kinematics of the joint with intact 
ligaments’.

30.11  Lateral UKA

Whilst the biomechanics of the lateral compart-
ment and its variations in the arthritic state has 
been studied, there is scarce literature when com-
pared to that available for the medial compart-
ment. This is not surprising given that isolated 
lateral compartment osteoarthritis is less com-
mon and lateral UKR is performed less 
frequently.

The biomechanics of the lateral compartment 
differ significantly from the medial compartment. 
The medial compartment is closer to a ball and 
socket through motion whilst with increasing 
knee flexion, the lateral femoral condyle trans-
lates posteriorly. This is known as femoral roll- 
back and results in internal tibial rotation. As a 
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consequence, the observed arthritic changes iso-
lated to the lateral compartment tend to be located 
posteriorly [26]. Shear forces tend to be greater 
in the lateral compartment in flexion during the 
gait cycle, whilst load transmission in the stance 
phase is more in the medial compartment. This 
consideration has implications for alignment cor-
rection. Khamaisy et  al. [27] demonstrated that 
despite robotic-assisted surgery, there was a ten-
dency to over-correct lower limb alignment with 
lateral UKR into varus, thereby increasing the 
risk of progressive medial compartment arthritis.

The posterior slope of the lateral tibial can 
vary dramatically with that of the medial tibia 
within the same knee. Preventing lateral lift-off 
in flexion is an acknowledged challenge and per-
sisting lift-off is a reason for the relative poor 
performance of mobile bearing lateral UKA 
designs when compared to medial UKR [28]. 
Experienced centres warn against the risk of ele-
vating the lateral joint line in a mobile bearing 
lateral UKR [29] to minimize the chance of 
mobile bearing dislocation.

In their cadaver study, Ali et al. [30] found that 
excessive (>5°) PTS resulted in a significant 
increase in mean major principal strain in the 
posterior tibial zone. They concluded that small 
changes in implant orientation could significantly 
affect tibial cortical strain and cautioned against 
excessive PTS in lateral UKA.

A Swedish Registry study [31] demonstrated a 
higher revision rate than for medial UKR, and it 
is the authors’ opinion that lateral UKR should be 
performed in centres with experience in this 
procedure.

30.12  Summary

Whilst it is commonly acknowledged that func-
tion in a well-executed UKA is generally better 
than a well-done TKR, the procedure is highly 
dependent on good surgical technique. Surgical 
decisions including variation in the plane and 
depth of bone resection for both the tibial and 
femoral implants affects the load transmission in 
the resurfaced and also the un-resurfaced com-
partments as well as loads on the collateral liga-

ments and this has a marked bearing on the 
outcome. It is likely that further refinements in 
surgical accuracy will enhance both function and 
longevity of implants.
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Biomechanics of the Ankle Joint
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31.1  Introduction

The ankle joint is one of the most complex articu-
lations in the human body. It provides highly 
stable and efficient interactions between the body 
and ground during stance, gait, and other daily 
activities. The ankle must rapidly adapt to vari-
able ground surfaces, absorb, and translate forces 
placed upon it, and provide rigid propulsion dur-
ing stance. The ankle joint must also be durable 
enough to withstand considerable compressive, 
shear, and rotatory force quantities from body 
weight during activities of daily life (ADLs). As 
a result, it is less susceptible than other joints 
such as the hip and knee to primary degenerative 
joint disease (DJD) or osteoarthritis (OA) [1, 2]. 
Rather, the ankle is more commonly affected by 
DJD secondary to bony and/or cartilaginous 
injury and inflammatory joint disease such as 
rheumatoid arthritis (RA).

The purpose of this chapter is to discuss nor-
mal anatomy and biomechanics of the ankle joint 
complex. DJD has a significant impact upon nor-

mal ankle anatomy and biomechanics, which will 
be explored in this text. This will include discus-
sion of current surgical treatment options for 
ankle arthritis, such as ankle arthrodesis and 
arthroplasty, and their effect upon biomechanics 
of the ankle joint.

31.2  Anatomy and Kinematics

The ankle is a constrained mortise-and-tenon 
joint that consists of the distal tibia and fibula 
articulating with the dome of the talus [3, 4]. The 
distal tibial articular surface or plafond has a 
quadrilateral shape to properly conform to the 
talar dome [5]. The primary articulations of the 
ankle joint complex are the tibiotalar or talocru-
ral, talofibular, and distal tibiofibular joints. An 
important anatomical aspect of the distal tibia 
and fibula is that the former’s medial projection 
or malleolus is anterior and superior to the latter’s 
lateral malleolus. This contributes to the ankle 
having a slight oblique axis of motion. 
Specifically, the ankle’s axis is 10° and 6° from 
the horizontal medial–lateral axis in the coronal 
and transverse planes, respectively.

While the foot is beyond the scope of this chap-
ter, some discussion of its anatomy is warranted 
since the talus is an integral part of both the ankle 
and foot. Including the talus, the foot accounts for 
28 bones and nearly 40 joints (see Fig. 31.1). The 
foot can be divided into three  anatomical units 
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from distal to proximal: the forefoot, midfoot, and 
hindfoot. The forefoot includes the phalanges of 
all five toes, all five metatarsals, and the sesamoids 
of the plantar first metatarsal head with inter-pha-
langeal (IP) and metatarso- phalangeal (MTP) 
joints. The midfoot consists of the navicular, 
cuboid, and all three cuneiforms with naviculocu-
neiform (NC), metatarso- cuneiform (MTC), tarso-
metatarsal (TMT), and cubo-metatarsal joints. The 
hindfoot consists of the talus and calcaneus with 
the talocalcaneal or subtalar (ST), talonavicular 
(TN), and calcaneocuboid (CC) joints.

31.2.1  Kinematics

Ankle motion or kinematics is highly complex, 
involves particular movements around three axes, 
and involves the hindfoot’s ST joint to achieve a 
full range of motion (ROM). Ankle flexion and 
extension are better known as plantarflexion and 
dorsiflexion, respectively. This occurs at the tib-
iotalar joint around a slightly oblique medial to 
lateral axis in the sagittal plane. Normal gonio-
metric measurements of these motions are 10–20° 
of dorsiflexion and 40–55° of plantarflexion. 

Ankle inversion and eversion occur around an 
anterior to posterior axis in the coronal plane, but 
primarily at the ST rather than the ankle joint. 
Ankle abduction and adduction occur around a 
vertical axis in the axial plane, but mainly at the 
ST rather than the ankle joint as well. Of note, 
these movements are quite limited.

When describing ankle kinematics completely, 
it is important to understand that the ankle and ST 
joints have additional axes of motion that are 
oblique to the standard orthogonal axes discussed 
earlier. Ankle supination and pronation occur 
around oblique axes that are composed of simul-
taneous ankle and ST motion in the three orthogo-
nal axes. Supination is triplanar with components 
of plantarflexion, adduction, and inversion. 
Pronation is also triplanar with elements of dorsi-
flexion, abduction, and eversion.

31.2.2  Tibiotalar and Talofibular 
Joints

The talus articulates with the distal tibia and fib-
ula simultaneously. Specifically, the talar dome 
and body sit in a groove formed by the distal tib-

Fig. 31.1 Anatomy of the foot–ankle based on CT imaging and CAD reconstruction techniques. (DOI: https://doi.
org/10.1016/j.clinbiomech.2012.05.005)
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ia’s medial malleolus and plafond, and distal fib-
ula’s lateral malleolus. This bony anatomy unique 
to the ankle joint provides it with stability.

The primary weight-bearing surface of the 
ankle is the tibiotalar joint. The tibial plafond is 
the weight-bearing surface of the distal tibia and 
concave to articulate appropriately with the talar 
dome or trochlea underneath. While the distal 
tibia’s medial malleolus does not provide a 
weight-bearing articular surface at the tibiotalar 
joint, it provides a medial restraint to the talus 
within the ankle mortise. At the dome and body, 
the talus is shaped like a truncated cone. Inman 
et al. found the dome and body of the talus to be 
4.2 mm wider anteriorly than posteriorly, which 
offers greater stability with the ankle in dorsiflex-
ion versus plantarflexion [2, 6]. In dorsiflexion, 
the anterior talus is tightly compressed between 
the distal tibia and fibula. These authors also 
measured the ankle mortise’s arc of curvature to 
be within 1 mm of the talus laterally and within 
1–3.2 mm of the talus medially [2, 7].

Forward progression during locomotion occurs 
at the tibiotalar joint, where the ankle’s instant 
center of rotation varies slightly within the talus. 
Sammarco et  al. measured ankle joint surface 
motion and found joint distraction and posterior 
talar gliding with initial dorsiflexion. It was only 
with complete dorsiflexion that the talus was fully 
compressed by the distal tibia and fibula.

Compared to dorsiflexion and plantarflexion, 
the talus is much more constrained within the ver-
tical and anterior–posterior (AP) axes which 
causes limited transverse and coronal plane 
motion. Such stability allows torque from trans-
verse plane forces at the leg to be transmitted 
across the ankle to the ST joint. This allows the 
ST joint to provide inversion, eversion, abduction, 
and adduction. In addition to its articulation with 
the calcaneus, the talus also interacts with the 
navicular to form the TN joint at the hindfoot.

In contrast to the tibiotalar joint, the talofibu-
lar joint is primarily non-weight-bearing at the 
ankle. The specific portion of the distal fibula that 
articulates with the lateral talar dome, body, and 
tubercle is called the incisura fibularis, which is 
shaped as a concavity to allow for optimal con-
formity. While the fibula can rotate and move 

sagitally within the incisura during gait, the 
amount of ankle rotation (<5°) and weight- 
bearing through this joint is minimal. Akin to the 
medial malleolus providing medial constraint, 
the lateral malleolus at the talofibular joint con-
tains the talus in the ankle mortise laterally.

31.2.3  Distal Tibiofibular Joint

The distal tibiofibular joint is not truly a joint 
lined by articular cartilage, but rather a syndes-
mosis or ligamentous connection between the 
distal tibia and fibula just superior to the talar 
dome at an area called the sigmoid notch. This 
syndesmosis consists of four ligaments, which 
are the anterior inferior tibiofibular ligament 
(AITFL), posterior inferior tibiofibular ligament 
(PITFL), transverse tibiofibular ligament (TTL), 
and interosseous membrane. These ligaments 
provide stability between the distal tibia and fib-
ula, allowing both bones to move as one unit 
with ankle motion. This stability is conferred to 
the ankle joint as it provides additional lateral 
constraint to the talus in the ankle mortise later-
ally. Ogilvie-Harris et  al. found the AITFL, 
PITFL, TTL, and interosseous membrane to pro-
vide 35%, 40%, 22%, and less than 10% resis-
tance to lateral talar translation within the 
mortise, respectively. While the fibula is able to 
move in the sagittal plane against the distal tibia 
at the sigmoid notch, such motion is minimal as 
1 mm and 2° of external rotation. However, this 
small amount of distal fibular migration is 
enough to deepen the ankle mortise in dorsiflex-
ion for additional ankle stability. As the distal 
tibiofibular joint contributes much to ankle sta-
bility, many consider it to be part of the tibiotalar 
and talofibular joints rather than a separate entity 
[1, 6, 8].

31.2.4  Subtalar (ST) Joint

The ST joint has one degree of freedom at an 
oblique angle directed upwards at 42° from the 
horizontal and 16° medially from the midline. 
This split between the AP and vertical axes cre-
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ate equal amounts of inversion/eversion and 
abduction/adduction with ST motion. In contrast 
to the ankle, the ST joint has very little dorsiflex-
ion and plantarflexion. While non-weight-bear-
ing (NWB), the talus is static and the calcaneus 
is mobile. With weight-bearing and locomotion, 
the talus is more mobile as the calcaneus is sta-
tionary at the ST joint. This allows the lower leg 
to rotate in the transverse and coronal planes 
without requiring movement from the foot. 
Combined with the ankle joint’s function, the 
limb is able to progress forwards, balance, 
change direction, and adjust to variable ground 
surfaces.

The ST joint consists of anterior, middle, and 
posterior facets where the plantar talus articulates 
with the superior calcaneus. The largest of these 
is the posterior facet, which accounts for 70% of 
the ST joint’s articular surface. These facets are 
concave at the talus and convex at the calcaneus 
to allow for ankle and foot inversion and eversion 
[1, 6]. These facets also resemble a spiral or 
screw, where the calcaneus translates posterior to 
anterior along the ST joint’s axis as it rotates 
counter-clockwise to clockwise. Akin to the 
threads of a screw, the ST joint has a single 
degree of freedom. Specifically, the calcaneus 
moves constrained at the ST joint across all three 
planes in eversion/inversion and abduction/
adduction. Eversion/inversion are easier to mea-
sure than abduction/adduction and are approxi-
mately 22–23°/12–13°, respectively. Subtalar 
joint motion is also related to the rotation of the 
tibia. Subtalar joint inversion and eversion occur 
with tibial external and internal rotation, respec-
tively [5].

Subtalar joint stability is primarily capsular 
and ligamentous. The posterior and combined 
anterior and middle facets have their own joint 
capsules. The interosseous and cervical anterior 
ligaments are between the posterior and anterior/
middle facets to provide maximal ST joint stabil-
ity. Other ST ligaments include the weaker poste-
rior, lateral, and medial talocalcaneal ligaments. 
Changes to ST joint stability and reactive forces 
can increase or decrease contact stresses at the 
subtalar joint and lead to abnormal ankle and foot 
kinematics.

31.2.5  Muscles and Tendons

Ankle motion is highly complex, where each 
muscle–tendon unit that crosses the joint has a 
specific function and role to provide full range of 
mobility. These muscles are separated by fascia 
into four groups or compartments: the anterior, 
lateral, superficial posterior, and deep posterior 
compartments. Anterior compartment muscles 
are primarily the tibialis anterior (TA), extensor 
hallucis longus (EHL), and extensor digitorum 
longus (EDL) which provide ankle dorsiflexion, 
first toe extension, and lesser (second through 
fifth) toe extension, respectively. Some individu-
als have an additional anterior muscle called the 
peroneus tertius, which aids in ankle dorsiflexion 
and eversion. Lateral compartment muscles are 
the peroneus longus (PL) and peroneus brevis 
(PB), which provide ankle and foot eversion and 
weak plantarflexion. Superficial posterior com-
partment muscles are the medial and lateral gas-
trocnemius and soleus, which are also known as 
the triceps surae. These three muscles conjoin 
distally to form the Achilles tendon, which inserts 
upon the posterior calcaneus to provide ankle 
plantarflexion. Some individuals have an addi-
tional superficial posterior muscle called the 
plantaris, which aids in ankle plantarflexion. 
Deep posterior compartment muscles are the pos-
terior tibial tendon (PTT), flexor hallucis longus 
(FHL), and flexor digitorum longus (FDL), which 
provide ankle inversion, first toe flexion, and 
lesser (second through fifth) toe flexion, respec-
tively [1, 5].

31.2.6  Ligaments

The ankle has several ligaments that traverse the 
joint which are classified as complexes based on 
anatomic location. The lateral ankle ligament 
complex includes the anterior and posterior talo-
fibular ligaments (ATFL and PTFL), and the 
calcaneo- fibular ligament (CFL) (see Fig. 31.2). 
These ligaments resist inversion and varus joint 
stresses. The ATFL is the primary restriction of 
excess talar internal rotation, but has the greatest 
strain and lowest load to failure within the lateral 
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ankle ligament complex. Additional functions of 
the ATFL are resistance to anterior talar and 
internal rotational displacement within the mor-
tise. The CFL provides stability to the ankle and 
subtalar joint by restricting excessive adduction 
of both joints. Of note, the ATFL and CFL are 
positioned perpendicular to one another to form 
an angle of 90–105°. This anatomy allows the 
ATFL to limit inversion during plantarflexion 
while the CFL constrains inversion during dorsi-
flexion [2]. The PTFL is the strongest ligament 
within the lateral ankle ligament complex with 
the lowest strain and highest load to failure to 
rupture less frequently than the ATFL and CFL 
[9]. The PTFL is under maximal strain in dorsi-
flexion and limits posterior translation and exter-
nal rotation within the mortise.

The medial ankle ligaments are collectively 
called the deltoid ligament complex as they 
resemble the Greek letter, delta, in appearance. 
The superficial deltoid ligaments originate at the 
medial malleolus’ anterior and posterior collic-
uli and insert upon the medial calcaneus, talar 

neck, and navicular bones as the tibiocalcaneal, 
posterior tibiotalar, and tibionavicular liga-
ments, respectively. The deep deltoid ligaments 
begin at the medial malleolus’ anterior colliculi 
as the anterior tibiotalar ligaments, but have 
three fascicles that attach to three distinct 
regions of the medial talar body [2, 7, 10]. Both 
the superficial and deep portions of the deltoid 
ligament complex are extra synovial and intra-
articular. This ligamentous complex helps to 
resist eversion and valgus joint stresses upon the 
ankle joint. The deep deltoid provides greater 
resistance against lateral ankle translation with 
eversion than the superficial deltoid [9]. Studies 
have shown no lateral displacement or valgus 
tilt of the talus within the ankle mortise when 
both superficial and deep deltoid ligaments are 
intact. When either the superficial or deep liga-
ments were transected individually, ankle joint 
stability remained. Rather, ankle instability in 
valgus occurs when both the superficial and 
deep portions are sectioned or ruptured [2, 11, 
12].
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Other ligaments at the ankle joint include the 
distal tibiofibular syndesmotic and subtalar joint 
ligaments that were discussed earlier. These liga-
ments cooperate with the medial and lateral ankle 
ligament complexes to optimize ankle joint sta-
bility. The syndesmosis and subtalar joint’s inter-
osseous, anterior, posterior, and medial 
talocalcaneal ligaments work with the deltoid 
ligaments to provide resistance against abduc-
tion, eversion, and external rotation forces 
applied to the ankle joint. The interosseous, ante-
rior, posterior, and lateral talocalcaneal ligaments 
offer constraint from adduction, inversion, and 
internal rotation at the ankle and subtalar joint 
alongside the CFL at the lateral ankle [5, 9].

Combined with bony congruency, the ankle’s 
ligaments provide joint stability. Under physio-
logic loads of weight-bearing, bony congruency 
provides 100% resistance to inversion/eversion 
and 30% resistance to internal/external rotation. 
During weight-bearing, ligaments provide the 
additional rotational stability needed to resist 
joint translation and excessive motion. This has 
been demonstrated in cadaveric models where 
absent lateral ankle ligamentous constraint causes 
as much as 20° varus talar tilt under the tibial 
plafond.

31.3  Normal Ankle Joint 
Biomechanics

31.3.1  Gait

Gait or locomotion is a complex process in which 
the ankle plays a critical role. A full cycle of gait 
between heel strikes to the ground is known as 
stride. Each stride consists of a stance and swing 
phase. Stance occupies nearly 2/3 of stride length, 
which progresses from heel strike to toe-off from 
the ground. Swing phase accounts for the remain-
der of stride time, which lasts from toe-off to heel 
strike with the ground [5]. To provide efficient 
gait, the ankle joint is critical in providing for-
ward progression while adapting to individual 
body weight distributions, external walking envi-
ronments, and any alterations that can occur with 
either.

During stride, the ankle joint employs the 
three primary cardinal planes of motion dis-
cussed earlier. Dorsiflexion and plantarflexion 
occur in the sagittal plane (see Fig.  31.3). 
Inversion and eversion occur in the frontal plane. 
Adduction and abduction occur in the transverse 
plane. As states earlier, the ankle joint mechani-
cal axes are not perpendicular to these cardinal 
planes. This allows the ankle to achieve complex 
movements involving any and/or all of its three 
cardinal planes of motion during stride, such as 
supination and pronation [13].

During stride, stance encompasses more com-
plex interactions between the ankle and ground 
than during swing. Stance specifically progresses 
from heel strike to the foot flat to mid-stance to 
the heel off from the ground to end with the toes 
off from the ground. In terms of limb support, 
stance advances from double-limb to single-limb 
to revert back to double-limb support by the end 
of stance [5]. Most individuals have mean walk-
ing parameters of 82 m and 58 heel strikes per 
minute. Running is speed at which double stance 
disappears into a float phase where both limbs are 
off the ground at mean velocities of 201 meters/
minute (m/min).

Ankle motion during gait has been greatly 
studied. At heel strike, the leg internally rotates 
and the ankle is in slight plantarflexion. At this 
time, the ST joint everts as the calcaneus’ point 
of contact to the ground is lateral to the ankle 
joint’s center. Ankle plantarflexion continues 
until the foot is flat, but then rapidly reverses to 
dorsiflexion at mid-stance. Simultaneously, the 
leg externally rotates and the ST joint inverts. In 
turn, this increases the foot’s rigidity to allow for 
propulsion and the ankle resumes plantarflexion 
to allow the limb clear the ground for toe-off. The 
ankle begins dorsiflexion from early to mid- 
swing and back to slight plantarflexion for 
another heel strike. In walking, mean ankle 
 dorsiflexion and plantarflexion is 10° and 14°, 
respectively. Maximum ankle dorsiflexion and 
plantarflexion occur at 2/3 through stance and 
toe-off, respectively. ST pronation occurs from 
heel strike to foot flat. ST supination occurs at 1/3 
through gait to approach a maximum of 6° of 
supination just before toe-off.
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Daniels et al. examined gait within the context 
of likening the ankle and foot to a three-rocker 
steady-state mechanism (see Fig. 31.4). The three 
rockers are the calcaneus, ankle joint, and fore-
foot. The calcaneus is the first rocker through 
heel strike and the first third of stance. The ankle 
joint is the second rocker throughout the mid- 
stance phase, where it bears much of the load of 
body weight before this is transferred to the fore-
foot. Finally, the forefoot is the third rocker as it 
supports body weight at the end of stance [14].

Dubin et al. offer another look at gait analysis 
focusing on optimizing energy expenditure in 
relation to the stance and swing phase in gait. 
This is obviously not a trivial problem, however 
if we examine the basic relation between force, 
height and energy in its simplified form, we see 
that: Body mass × gravity × change in height 
(mgΔh)  =  potential energy during ambulation 

[15]. This formula dictates that decreasing joint 
forces, such as those transmitted to the ankle 
joint, allows for less energy spent in locomotion. 
Optimizing energy used by muscles at the ankle 
translates into less work and more efficient gait 
on the part of the ankle. A particular adaptation of 
the ankle to sustain loading forces is that the 
joint’s normal soft tissue and bony anatomy 
allows for eccentric loading during stride. This 
allows for optimal distribution of forces upon the 
ankle with less energy and potential for injury 
imparted to the joint. An important clinical impli-
cation from this is that normal ankle anatomy, 
without pathologies such as bone and/or joint 
disease, is critical to an efficient gait that mini-
mizes energy and work spent while ambulating.

The muscles of the ankle act during stride to 
allow for efficient transfer of muscle force to the 
floor and smooth limb and body movement along 

Knee Joint

knee’s angle = 0°

ankle’s angle = 0°

Dorsiflexion(+)Extension

Dorsiflexion
Ankle Joint

Plantarflexion

Plantarflexion(−)

Extension

Flexion Flex
ion155°

90°

45°

0°
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the axis of progression. In stance, the gastrocne-
mius and soleus provide plantarflexion to decel-
erate the leg over the foot. At the same point, the 
TA eccentrically fires to prevent the foot from 
slapping the ground. Furthermore, the PTT 
inverts the ST joint during stance to lock the 
hindfoot and make the foot rigid enough by the 
point of toe-off. In swing, the TA allows the foot 
to clear the floor.

In a static analysis of the ankle joint, forces 
produced by contraction of the gastrocnemius 
and soleus muscles are directed along the Achilles 
to the calcaneus. Ankle joint reactive forces are 
applied from the talar dome. Studies have found 
the Achilles tendon and joint reactive forces to be 
1.2 and 2.1 times body weight, respectively. 
More loading forces are applied through the tib-
iotalar rather than the talofibular joint. Wang 
et al. measured that 17% and 83% of body weight 
forces are transmitted to the fibula and tibia, 
respectively. Fibular loading forces decrease with 
ankle varus and/or plantarflexion but increase 
with valgus and/or dorsiflexion.

In a dynamic analysis of the ankle joint, forces 
produced by contraction of the gastrocnemius 
and soleus muscles and ankle reactive forces are 
much increased than in the static phase. At late 
stance, compressive forces from the gastrocne-
mius and soleus muscles are 4–5 times body 
weight. At faster walking speeds, ankle joint 
reactive forces are 3–5 times body weight with 

peaks at early and late stance. With running, 
ankle joint reactive forces can be as high as 13 
times body weight.

The ankle has a load bearing surface area of 
11–13  cm2, where load distribution is partially 
determined by ankle position. With weight- 
bearing, 77–90% of loading forces are transmit-
ted to the central talar dome. With inversion, the 
medial talar dome is loaded more. During ever-
sion, the lateral talar dome is loaded more. With 
dorsiflexion, the central contact area at the talar 
dome moves anterior which is greatest at this 
point.

31.4  Ankle Degenerative Joint 
Disease and Its Effect 
on Biomechanics

31.4.1  Degenerative Joint Disease

Degenerative joint disease (DJD) is more com-
monly known as arthritis. This condition is 
 characterized by diffuse breakdown of articular 
hyaline cartilage and the underlying or subchon-
dral bone at the affected joint. At times, inflam-
mation of the joint capsule and lining or synovium 
can occur. On gross examination, DJD displays 
joint space-narrowing, sclerosis or altered miner-
alization of subchondral bone, and presence of 
bone spurs or osteophytes. These spurs occur at 

Heel Rocker Ankle Rocker Forefoot Rocker

Fig. 31.4 Ankle–foot three-rocker steady-state mechanism
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the margins of the joint and are believed to form 
as the human body attempts to restore joint con-
gruence in the absence of cartilage.

When the ankle is affected, the joint can 
become significantly altered from its normal 
state. DJD commonly causes ankle pain, stiff-
ness, weakness, joint incongruence, abnormal 
gait, functional disability, and ultimately a poor 
quality of life. Most ankle arthritis is post- 
traumatic [16]. Snedeker et  al. reported that 
nearly 70% of cases of ankle DJD result from 
prior trauma, such as ankle fractures or chronic 
ligamentous injuries. Other causes of arthritis 
include infection, talar osteonecrosis, and 
Charcot neuroarthropathy [3, 4, 17]. The ankle 
joint appears less susceptible to primary osteoar-
thritis (OA) than other joints such as the hip and 
knee. This may stem from a number of factors, 
including different joint loading configurations 
which could have less dramatic effects on articu-
lar cartilage [9]. DJD can eventually lead to varus 
or valgus deformity at the ankle which contrib-
utes to limitations in joint range of motion [5]. As 
DJD worsens at the ankle joint, normal ankle 
kinematics and biomechanics become effected 
and altered. This leads to altered ankle joint func-
tion, which will be discussed below.

31.4.2  Effect of DJD upon Ankle 
Biomechanics

DJD has a dramatic effect upon the normal ankle 
joint and its biomechanics. As articular cartilage 
degenerates and DJD develops, the ankle 
becomes painful. Daniels et al. discuss the path-
way in which a painful ankle joint can lead to 
inefficient biomechanics, with a shortened stance 
and antalgic gait in order to avoid ankle pain [14]. 
As arthritis progresses, the joint becomes increas-
ingly stiff with significantly decreased range of 
motion (ROM) in all planes of motion [18–20]. 
This leads to increased contact forces at the ankle 
joint, which alters gait. Snedeker et  al. further 
examined forces at the ankle joint in arthritic 
patients and recorded diminished peak ground 
reactive forces and power in these individuals. 
They also found these altered forces clinically 

correlated to a decreased ankle joint ROM in all 
cardinal planes [9].

The particular pattern of gait that occurs in the 
arthritic ankle is known as an antalgic or vaulting 
gait [21, 22]. Specifically, the arthritic patient 
will maintain his/her knee in greater extension 
than flexion during stride to decrease forces, 
pressure, and pain at the ankle joint. It has also 
been suggested that the ankle’s muscles have to 
work harder during gait to minimize forces, pres-
sure, and pain at the ankle. Valderbano et  al. 
examined gait parameters and found a mean 
9.1% decrease in cadence, 16.2% decrease in 
walking speed, 37.5% reduction in total plan-
tarflexion movement, 26.7% decrease in maxi-
mal medial ground reactive forces, and 54.8% 
decrease in joint power among patients with 
ankle arthritis compared to those without [20]. In 
Daniels’ model of the ankle and foot being three 
rockers, these changes shorten stance phase and 
limits the functions of the second and third rocker 
functions during gait. All of these above altera-
tions involving the ankle joint lead to increased 
energy expenditure and decreased efficiency. 
These results demonstrate the extent to which 
ankle arthritis can affect multiple areas of ankle 
joint biomechanics that include range of motion, 
gait cycle, and joint forces. Increased energy 
expenditure, painful gait, and decreased joint 
motion and function lead to the conversation of 
methods to improve such developments.

31.4.3  Treatment of Ankle Joint 
Arthritis and Its Effect 
on Biomechanics

31.4.3.1  Ankle Joint Fusion or 
Arthrodesis

Ankle joint fusion or arthrodesis is the traditional 
method of treating severe ankle DJD that has 
failed nonsurgical treatment options [23–26]. 
This procedure involves removal or resection of 
the diseased articular cartilage and connecting or 
fusing the subchondral bone of the distal tibia 
and talar body at both sides at the tibiotalar joint. 
The distal fibula at the ankle joint can either be 
morcellized for use as bone graft or left intact for 
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added bulk at the tibiotalar fusion so long as its 
talofibular joint is free of degenerated cartilage. 
The means used to achieve a rigid ankle arthrod-
esis with complete bony healing or fusion across 
the tibiotalar joint include screws and/or plate- 
and- screw constructs.

The goal of ankle arthrodesis is to construct a 
plantigrade foot that will allow for pain-free 
weight-bearing and walking. The position and 
alignment of the lower limb and ankle joint for 
fusion is critical. The optimal position for the 
ankle joint to be fused in is neutral in the sagittal 
plane with 0–5° of valgus and 0–10° of external 
rotation [3, 4, 23, 27, 28]. This position results in 
a plantigrade foot and allows for maximal foot 
function (see Fig.  31.5). Malpositioning of the 
ankle arthrodesis can lead to persistent pain and/
or unwanted stresses on the collateral ligaments 
of neighboring joints such as the knee [23, 29]. 
From numerous outcome studies, ankle arthrod-
esis has been shown to offer arthritic patients 
decreased pain, improved function, and high 
rates of satisfaction [23, 30].

It is important to recognize that while ankle 
arthrodesis can treat DJD, the procedure does so 
without restoring or improving ankle joint bio-
mechanics. By its very nature, ankle fusion leads 
to decreased joint ROM in all planes [30–34]. 
Thomas et  al. found that patients from ankle 
arthrodesis demonstrated significantly lower sag-
ittal, coronal, and transverse plane ROM, with 

the greatest decrease seen in the sagittal plane. 
Specifically, the authors measured mean hindfoot 
and forefoot sagittal ROM at 10.25° and 14.99° 
in fused ankles, compared to 17.09° and 21.45°, 
respectively, in normal ankles [30]. Such biome-
chanical alterations at the ankle due to its fusion 
can lead to consequences within the foot in the 
intermediate to long-term. Following ankle 
arthrodesis, the ST joint and the midfoot’ s MTC 
and TMT joint compensate with hyper-extension 
and hyper-flexion to provide more sagittal plane 
motion than in the normal state. Such altered ST 
and midfoot motion can increase joint forces that 
can lead to future DJD at any or all of those par-
ticular joints [21, 30, 35].

As expected, gait is greatly affected from 
ankle joint fusion. Beyaert et  al. assessed the 
stride in patients after ankle arthrodesis and 
observed a reduction in walking speed from 1.28 
to 1.09 (m/s), a reduction in stride length from 
152 to 135 (% leg length), and earlier heel-off 
and knee extension compared to cohort of 
patients with normal ankle function [36]. Other 
authors have corroborated these findings, but also 
shown improvements compared to those with 
untreated ankle arthritis [30, 31, 33]. Barton et al. 
studied gait in patients with ankle arthritis that 
was untreated and treated with arthrodesis [34]. 
They found mean walking speed, cadence, and 
stride length improved with arthrodesis com-
pared to those without surgical treatment. These 

Fig. 31.5 Range of motion for normal and ankle arthrodesis
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authors suggest that while patients truly have less 
pain after ankle arthrodesis, some abnormal gait 
persists as patients walk with more caution and 
less speed to avoid movements or ankle joint 
positions that caused discomfort prior to surgery.

Ground reaction force and joint power are also 
affected from ankle arthrodesis [31–34]. As dis-
cussed earlier, ground reaction forces and power 
at the ankle are diminished in arthritic patients. 
With increased ankle joint stiffness from arthrod-
esis, these parameters remain decreased rather 
than normalize. Wu et al. examined gait analysis 
in patients following ankle arthrodesis and found 
significantly decreased ground reaction forces in 
the sagittal, coronal, and transverse planes com-
pared to normal controls [33]. Similar studies 
support these findings and have recorded signifi-
cantly higher ankle joint power at the contralat-
eral limb [31, 32]. Such an effect on the 
contralateral ankle is important to recognize as 
this increases stresses upon that ankle. A clinical 
implication is that an ankle arthrodesis may lead 
to initial or worsen preexisting DJD at the contra-
lateral ankle. However, this has not yet been 
shown in the orthopedic literature.

31.4.3.2  Total Ankle Arthroplasty 
(TAA)

Total ankle arthroplasty (TAA) is an alternative to 
arthrodesis for treating severe ankle DJD that has 
failed nonsurgical treatment [23]. Akin to arthrod-
esis, TAA involves removal or resection of the 
diseased articular cartilage of the distal tibia and 
talar dome at both sides at the tibiotalar joint. 
Unlike arthrodesis, porous-coated metal implants 
that are shaped to recreate the normal anatomy of 
the tibial plafond and talar dome are placed under 
and above the distal tibial and talar body’s sub-
chondral bone respectively to allow for bony 
ingrowth of these implants. To recreate ankle 
motion, a polyethylene spacer is placed between 
the tibial and talar implants that the talar implant 
can move or glide against. Some TAAs, known as 
third generation TAAs, are designed to allow the 
polyethylene to move against both the tibial and 
talar implants. For most current TAAs, the distal 
fibula and talofibular joint at the ankle joint is left 
untouched with neither resection nor removal.

Similar to arthrodesis, the goal of TAA is to 
provide a plantigrade foot with some ankle 
motion that will allow for pain-free weight- 
bearing and walking. Based on design, the TAA 
is intended to be placed in neutral in the sagittal 
plane with 0° of valgus and 0–10° of external 
rotation within the ankle joint [3, 4, 23, 27, 28]. 
This position results in a plantigrade foot and 
allows for maximal post-surgical foot and ankle 
function with TAA stability. TAA malposition 
within the ankle joint can cause continued pain 
and/or dysfunction with increased edge loading 
of the TAA to cause early implant wear. From 
numerous outcome studies, TAA has been shown 
to offer arthritic patients decreased pain, 
improved function, and high rates of 
satisfaction.

As clinical symptoms improve, ankle biome-
chanical parameters are affected positively after 
TAA. Valderrabano et al. assessed ROM before 
and after TAA to find mean increases in ankle 
plantarflexion, inversion, and adduction of 4.3°, 
1.1°, and 1.6°, respectively. Similar to these 
investigators, others have found the greatest gains 
in ankle ROM from arthroplasty to be in sagittal 
plane motion. Valderrabano et al. examined gait 
before and after TAA to find improvements in 
stride length, cadence, walking speed, and sup-
port time by 5 cm, 5.5 cm/s, 12 cm/s, and 0.04 s, 
respectively, after this surgery. Brodsky et  al. 
confirmed these benefits from TAA and reported 
increases in stride length, cadence, and walking 
speed by 17 cm, 12.9 steps/min, and cm/s after 
this surgery. While ankle ROM and gait clearly 
improve from before to after TAA, the surgery 
does not restore ankle biomechanics to normal.

Several studies have compared ankle biome-
chanics after arthrodesis and TAA [21, 37]. 
Unlike arthrodesis, TAA improves upon preop-
erative arthritic ankle ROM.  Preserved ankle 
ROM from TAA provides less stress to the ST 
joint and midfoot than ankle arthrodesis. 
However, current TAA designs do not allow a 
return to normal ankle ROM and biomechanics. 
During stride, TAA is able to significantly 
improve walking speed and gait symmetry com-
pared to ankle arthrodesis. However, these gains 
from TAA remain just below normal parameters. 
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Currently, neither arthrodesis nor TAA are able to 
increase ankle joint power measures during 
stance and gait to normal values [37].

31.5  Conclusion

The ankle is one of the most complex joints in the 
human body. In normal conditions, the ankle pro-
vides stable and efficient interactions between 
the body and ground during stance, gait, and 
other daily activities. The ankle simultaneously 
adapts to variable ground, absorbs, and translates 
forces placed upon it and provides rigid propul-
sion during stride. The ankle joint is also durable 
enough to withstand considerable compressive, 
shear, and rotatory force quantities from body 
weight during daily activities. Knowledge of 
ankle joint biomechanics allows for a better 
understanding of ankle function in normal and 
abnormal states.

One of the most common joint diseases to 
involve the ankle is DJD, which has a dramatic 
negative effect upon the joint. As DJD affects the 
ankle, ROM decreases and gait becomes ineffi-
cient and dysfunctional with greater energy expen-
ditures. Currently, the primary surgical treatment 
options are ankle joint arthrodesis or arthroplasty. 
Both alleviate pain, but neither restores normal 
ankle motion, biomechanics, and gait. It is impor-
tant to recognize that arthroplasty preserves more 
ankle motion than arthrodesis. This feature of joint 
arthroplasty improves gait parameters such as gait 
symmetry, walking speed, and hindfoot and mid-
foot motion in ways that an ankle arthrodesis can-
not. In time, arthroplasty design may improve to 
the point where such future implants can offer 
restored normal ankle biomechanics.
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32.1  Introduction

The ankle is one of the most complex joints in the 
human body. It provides limb balance and effi-
cient interactions between the body and ground 
during stance, locomotion, and other daily activi-
ties. The ankle must be stable enough to adapt to 
ground, absorb and translate forces placed upon 
it, and provide movement while simultaneously 
providing limb and body support. Much ankle 
stability comes from ligaments that traverse its 
joint. These ligaments are classified as lateral, 
medial, and syndesmotic complexes based on 
their anatomic location. Injuries to any or all of 
these ligaments can greatly affect ankle 
biomechanics.

The purpose of this chapter is to discuss bio-
mechanics of the ankle within the context of the 
ligaments that provide joint stability. This will 
include an explanation of normal ankle ligament 
function, to be followed by consideration as to 
how ligamentous injuries affect ankle stability 

and biomechanics. This will include discussion 
of current surgical treatment options for ankle 
ligamentous injury and their effect upon biome-
chanics of the ankle joint.

32.2  Anatomy

As discussed in an earlier chapter, the ankle joint 
is a constrained mortise-and-tenon that consists 
of the distal tibia and fibula articulating with the 
dome of the talus [1, 2]. The main articulations of 
the ankle joint complex are the tibiotalar or talo-
crural, talofibular, and distal tibiofibular joints. 
An important anatomical aspect of the distal tibia 
and fibula is that the former’s medial projection 
or malleolus is anterior and superior to the latter’s 
lateral malleolus. These features contribute to 
ankle ligamentous anatomy.

While the foot is beyond the scope of this 
chapter, some discussion of its anatomy is war-
ranted due to bony areas where many of the 
ankle’s ligaments insert. The foot can be divided 
into three anatomical units from proximal to dis-
tal: the forefoot, midfoot, and hindfoot. The hind-
foot consists of the talus and calcaneus with the 
talocalcaneal or subtalar (ST), talonavicular 
(TN), and calcaneocuboid (CC) joints. The mid-
foot consists of the navicular, cuboid, and all 
three cuneiforms with naviculocuneiform (NC), 
metatarso-cuneiform (MTC), tarso-metatarsal 
(TMT), and cubo-metatarsal joints. The forefoot 
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includes the phalanges of all five toes, all five 
metatarsals, and the sesamoids of the plantar first 
metatarsal head with inter-phalangeal (IP) and 
metatarso-phalangeal (MTP) joints.

32.2.1  Lateral Ankle Ligament 
Anatomy

The lateral ankle ligament complex includes the 
anterior and posterior talofibular ligaments (ATFL 
and PTFL), and the calcaneofibular ligament 
(CFL) (see Fig.  32.1). These ligaments resist 
inversion and varus joint stresses. The ATFL 
spans the antero-lateral malleolus to the lateral 
talar body. It is the primary restriction of excess 
talar internal rotation, but has the greatest strain 
and lowest load to failure within the lateral ankle 
ligament complex. Additional functions of the 
ATFL are resistance to anterior talar and internal 
rotational displacement within the mortise. The 
CFL runs from the inferior lateral malleolus to the 
lateral calcaneal wall. It provides stability to the 
ankle and ST joint by restricting excessive adduc-
tion of both joints. Of note, the ATFL and CFL are 
positioned perpendicular to each other to form an 
angle of 90°–105°. This anatomy allows the ATFL 
to limit inversion during plantarflexion while the 
CFL constrains inversion during dorsiflexion [3]. 
The PTFL originates at the posterior lateral mal-
leolus and inserts at the posterolateral talus. It is 
the strongest ligament within the lateral ankle 
ligament complex with the lowest strain and high-
est load to failure. Subsequently, the PTFL rup-
tures less frequently than the ATFL and CFL [4]. 
The PTFL is under maximal strain in dorsiflexion 

and limits posterior translation and external rota-
tion within the mortise.

32.2.2  Medial Ankle Ligament 
Anatomy

The medial ankle ligaments are collectively 
called the deltoid ligament complex as they 
resemble the Greek letter, delta, in appearance. 
The superficial deltoid ligaments originate at the 
medial malleolus’ anterior and posterior colliculi 
and insert upon the medial calcaneus, talar neck, 
and navicular bones as the tibiocalcaneal, poste-
rior tibiotalar, and tibionavicular ligament, 
respectively (see Fig.  32.2). The deep deltoid 
ligaments begin at the medial malleolus’ anterior 
colliculi as the anterior tibiotalar ligaments, but 
have three fascicles that attach to three distinct 
regions of the medial talar body [3, 5, 6]. Both 
the superficial and deep portions of the deltoid 
ligament complex are extrasynovial and intra- 
articular. This ligamentous complex helps to 
resist eversion and valgus joint stresses upon the 
ankle joint. Each portion of the superficial deltoid 
contributes to medial ankle instability at different 
ankle positions. The tibiocalcaneal ligament pro-
vides stability in ankle pronation, where it is tight 
at greater than and equal to 0° of dorsiflexion. 
The posterior tibiotalar ligament provides stabil-
ity in ankle dorsiflexion, where it is tight at 
greater than and equal to 0° of dorsiflexion. The 
tibionavicular ligament provides stability in 
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Fig. 32.1 Lateral view of the ankle joint ligaments
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Fig. 32.2 Medial view of the ankle joint deltoid 
ligaments
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ankle plantarflexion, where it is tight at greater 
than and equal to 10° of plantarflexion. The deep 
deltoid has a higher load to failure and provides 
greater resistance against lateral ankle translation 
with eversion than the superficial deltoid [4, 7].

32.2.3  Syndesmotic Ankle Ligament 
Anatomy

The syndesmotic ligaments connect the distal 
tibia and fibula to each other just superior to the 
talar dome at an area called the sigmoid notch. 
This syndesmosis consists of four ligaments, 
which are the anterior inferior tibiofibular liga-
ment (AITFL), posterior inferior tibiofibular liga-
ment (PITFL), transverse tibiofibular ligament 
(TTL), and interosseous membrane. These liga-
ments provide stability between the distal tibia 
and fibula, allowing both bones to move as one 
unit with ankle motion. This stability is conferred 
to the ankle joint as it provides additional lateral 
constraint to the talus in the ankle mortise later-
ally. Ogilvie-Harris et  al. found the AITFL, 
PITFL, TTL, and interosseous membrane to pro-
vide 35%, 40%, 22%, and less than 10% resis-
tance to lateral talar translation within the mortise 
respectively [8]. While the fibula is able to move 
in the sagittal plane against the distal tibia at the 
sigmoid notch, such motion is minimal as 2°–5° 
of external rotation and 1–3 mm of posterior and/
or medial translation [9]. However, this small 
amount of distal fibular migration is enough to 
deepen the ankle mortise in dorsiflexion for addi-
tional ankle stability. An additional feature of the 
syndesmotic ligaments is that they work with the 
deltoid ligaments to provide resistance against 
abduction, eversion, and external rotation forces 
applied to the ankle joint.

32.3  Lateral Ankle Ligament 
Injuries

32.3.1  Introduction

Ligamentous injuries of the ankle are one of the 
most commonly seen orthopedic conditions by 
general and specialized physicians in an active 

patient population, particularly among athletes 
[10]. Studies of United States Emergency 
Department visits have shown that ankle liga-
ment injuries or sprains occur in the general pop-
ulation at a rate of 2.15–3.29 sprains/1000 person 
years with roughly half occurring during athletic 
activity [11, 12]. The vast majority of these inju-
ries are to the lateral ankle ligaments, which typi-
cally occur with excessive inversion and/or 
internal rotation stress applied to the ankle (see 
Fig. 32.3).

32.3.2  Biomechanical Effects 
of Lateral Ankle Ligament 
Injuries

It is important to recognize that ligament injuries 
do not occur in a loaded ankle, but rather in the 
process of loading the ankle such as landing or 
cutting.

As discussed in an earlier chapter, both liga-
mentous structures and articular joint anatomy 
are primary determinants in ankle stability. Under 
an axial load, the ankle’s articular congruency is 
shown to be the primary restraint to rotation and 
the sole constraint to translation and inversion or 
eversion [13, 14].

In lateral ankle ligament injuries, any or all 
can be affected. Of the three lateral ligaments, the 
most commonly injured is the ATFL. This is seen 
clinically and confirmed biomechanically where 
the ATFL has lower loads to failure than the CFL 
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Fig. 32.3 Ankle joint ligament injury
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and PTFL [15]. The ATFL also experiences the 
highest strain to failure, which is typically with 
ankle plantarflexion and inversion. In compari-
son, the CFL is the second most common lateral 
ligament to be injured. It has a lower strain to 
failure than the ATFL, where the CFL’s peak 
strain occurs with ankle dorsiflexion and inver-
sion. This shows synergy between the ATFL and 
CFL for providing ankle stability against inver-
sion during physiologic range of motion (ROM). 
The PTFL is the least likely lateral ligament to 
sprain or tear. It has a lower strain to failure than 
the CFL, where the PTFL’s peak strain occurs 
with ankle dorsiflexion and external rotation. 
This shows that the PTFL has a lesser role in pro-
viding ankle stability to inversion and internal 
rotation than the ATFL and CFL [16]. While the 
PTFL is subject to injury during ankle external 
rotation, isolated injuries to it are rare. This is 
likely due to its low strain to failure. In biome-
chanical studies, external rotation stresses have 
been shown to produce higher strain in either the 
deltoid or syndesmotic ligaments than the PTFL 
[17].

Without an axial load, the lateral ankle liga-
ments are the primary restraint to anterior trans-
lation of the talus from the tibial plafond [14]. 
The ATFL is the primary restraint to internal rota-
tion in plantarflexion, with less contribution as 
the ankle progresses to dorsiflexion. The CFL is 
the primary restraint to inversion in the sagittal 
plane with decreased contribution from the ATFL 
in plantarflexion [13]. With ATFL tear or rupture, 
there is increased anterior translation and internal 
rotation of the ankle, with minimal to mild 
increased inversion. With CFL injury, there is 
significantly increased talar inversion, with 
absent to minimal change in internal rotation or 
anterior translation [18–21]. These biomechani-
cal findings correlate with clinical findings in 
patients with ATFL and CFL injuries. With ATFL 
tear, patients will exhibit an anterior drawer 
where the talus can subluxate anteriorly from the 
distal tibial plafond. With CFL injury, patients 
can demonstrate abnormal talar tilt on both phys-
ical examination and stress radiographs, where 
the talus is inverted under the distal tibial 
plafond.

Whether any or all of the lateral ankle liga-
ments are sprained, partially torn, or completely 
ruptured, the initial management for these inju-
ries is nonsurgical. This includes providing rest, 
ice, compression, and elevation (RICE) to the 
limb. Those individuals with ligament sprains 
that are typically not very painful can be mobi-
lized immediately with a functional ankle brace. 
More severe injuries will often have symptoms of 
ankle instability, pain with ankle motion, and/or 
pain with weight-bearing. Such patients may 
benefit from a brief period of ankle immobiliza-
tion, whether in a cast or controlled ankle motion 
(CAM) boot. While there is no current consensus 
regarding how long patients should be immobi-
lized for treatment of severe lateral ankle liga-
ment injuries, most agree that such problems can 
heal well nonsurgically. In collegiate athletes 
with a variety of lateral ligament sprains that 
ranged from mild to severe, Roos et al. found that 
44% and 96% of patients were able to return to 
play within 24 h and 3 weeks, respectively [10]. 
In patients with more severe ligament injuries 
and more persistent symptoms, proprioceptive 
physical therapy is included as acute treatment. 
Several investigators have shown proprioceptive 
therapy to improve patient reported outcomes 
and decrease risk of recurrent lateral ankle liga-
ment injury [22, 23].

While many patients fully heal after acute lat-
eral ankle ligament injuries, some individuals do 
not and subsequently develop chronic ankle 
instability (CAI) with lasting alterations in ankle 
biomechanics. Brown et al. studied gait parame-
ters in patients with painful CAI, painless CAI, 
and uninjured ankle. As expected, they found that 
those with CAI had increased mean inversion 
laxity compared to the control population [24]. 
However, the authors and others observed 
patients with painful CAI to have increased inver-
sion during swing phase and heel strike in stride 
than those with painless CAI [25]. Moisan et al. 
found that CAI patients have increased inversion, 
plantarflexion, and forces through the lateral foot 
during stance with increased magnitude and 
duration of peroneal activation [26]. Of note, 
some investigators have recorded proximal limb 
adaptations with CAI. Such altered biomechanics 
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include increased hip flexion and adduction, 
decreased gluteal strength, and increased knee 
flexion with gait, jumping, and cutting. However, 
these studies are heterogeneous in quality and 
methodology [27]. Further investigation is war-
ranted to clearly characterize the specific nature 
and significance of proximal limb adaptations 
with CAI.

32.3.3  Biomechanical Effects 
of Treatment of Lateral Ankle 
Ligament Injuries

The initial management for patients with 
unhealed lateral ankle ligaments with CAI is non-
surgical. This typically involves brace immobili-
zation to the ankle, where options include 
over-the-counter braces and custom molded 
ankle foot orthoses (AFO). Other nonsurgical 
treatment modalities include physical therapy 
that focus primarily on proprioception and pero-
neal muscular activity. In this situation, the goal 
of increasing peroneal recruitment is to transform 
these muscle–tendon units into alternate lateral 
ankle stabilizers rather than promote lateral ankle 
ligament healing. Specifically, intensifying pero-
neal activation and the resultant ankle eversion is 
intended to overcome the increased ankle inver-
sion laxity that occurs with CAI. Surgery upon 
the lateral ankle ligaments becomes a viable 
treatment option should patients do poorly with 
these nonsurgical management options.

The traditional surgical treatment for patients 
with unhealed lateral ankle ligaments with CAI is 
a Gould modification of a Brostrom lateral ankle 
ligament reconstruction. This involves a direct 
repair of the lateral ankle ligaments and imbrica-
tion of the lateral ankle joint capsule or inferior 
extensor retinaculum (IER) to the inferior lateral 
malleolus. This procedure is highly successful in 
providing lateral ankle ligament healing and 
improving lateral ankle instability. An important 
factor of this procedure is that it not only repairs 
but also tightens the lateral ankle ligament com-
plex. This has a variable effect on lateral ankle 
stability. Bahr et  al. studied biomechanics in 
ankle specimens with normal lateral ankle liga-

ments and those with transected lateral ligaments 
before and after the Brostrom procedure [28]. 
They found that the Brostrom provided speci-
mens with decreased ankle joint laxity and more 
normalized ankle ROM and force patterns. Boey 
et  al. performed a similar study in ankle speci-
mens with normal lateral ankle ligaments and 
those with transected lateral ligaments before and 
after the Brostrom procedure [29]. Their study 
differs from Bahr et  al.’s, where some of their 
specimens received a thick strand or tape of fiber- 
wire suture (Internal Brace, Arthrex, Naples, FL) 
connecting the inferior lateral malleolus to the 
lateral talar body for augmenting the Brostrom. 
They found that not all specimens that received 
the Brostrom were able to achieve normal ankle 
ROM.  They observed a greater percentage of 
specimens attained normal ankle parameters with 
suture tape augmenting the Brostrom rather than 
without, but this was not statistically significant. 
Further study is needed to determine the extent to 
which the Brostrom procedure with or without 
modifications is able to normalize ankle 
biomechanics.

32.4  Medial or Deltoid Ankle 
Ligament Injuries

32.4.1  Introduction

Harm to the medial or deltoid ligaments account 
for 5–10% of all ankle ligament injuries [30–32]. 
Most deltoid sprains and/or tears occur in a 
younger, athletic population, where the most 
common sports involved are football, gymnas-
tics, and soccer. The most common mechanism 
of ligament injury is forceful or high-energy con-
tact with another individual in which a large 
external rotation stress or moment is applied to 
the ankle [33]. This may occur with the ankle in 
supination, pronation, or neutral. Due to the 
robust nature of the deltoid ligament complex, 
sprains are not commonly seen in low-energy 
injuries. Rather, deltoid ligament damage implies 
a high-energy injury to the ankle where it is not 
uncommon for other structures at the ankle to be 
harmed simultaneously. Many deltoid ligament 

32 Biomechanics of the Ankle Joint in Relation to Ankle Ligament Injuries



420

injuries can occur with lateral ankle ligament 
rupture and/or bony fracture to the distal fibula’s 
lateral and/or distal tibia’s posterior malleoli 
[30].

32.4.2  Biomechanical Effect 
of Deltoid Ligament Injuries

The deltoid ligaments’ contributions to ankle sta-
bility vary based on loading and position of the 
ankle. With axial loads, cadaveric biomechanical 
studies demonstrate that the ankle’s bone and 
joint articulations provide 100% of inversion, 
eversion, and medial/lateral translational stabil-
ity. In addition, this particular congruity provides 
70–80% anterior translational, 50–80% posterior 
translational, and 20–74% rotational stability. 
Rather it is when the ankle is unloaded and plan-
tarflexed that the deltoid ligaments provide the 
primary restraint to lateral translation and ever-
sion. Investigators have also shown that the del-
toid ligaments work cooperatively with the lateral 
ligament complex to provide rotational stability, 
where the ankle exhibits increased internal and 
external rotation with disruption of either liga-
ment complex [13, 14].

The effect that deltoid ligament injury has 
upon ankle biomechanics is well studied. As 
stated earlier, the deltoid provides little ankle sta-
bility during locomotion on a flat surface. Tochigi 
reconciled this in suggesting the deltoid liga-
ments likely provide ankle stability in maximal 
plantarflexion and/or dorsiflexion during stride 
[34].

Both the superficial and deep deltoid liga-
ments provide ankle stability, but in different 
ways. Simulating isolated injuries to the superfi-
cial deltoid ligament causes increased talar exter-
nal rotation within the mortise with little eversion. 
Earll et  al. found that the condition also led to 
decreased ankle joint contact areas by 43% and 
increased peak joint pressures by 30% [35]. Such 
altered biomechanics have clinical implications 
where patients can develop ankle degenerative 
joint disease (DJD) as a result. In addition, Ziai 
et al. found that the superficial deltoid has some 
role in resisting ankle inversion stresses. In simu-

lated injuries to the lateral ankle and superficial 
deltoid ligaments, they measured increased talar 
inversion within the mortise when both structures 
are injured compared to isolated damage to the 
lateral ankle ligaments [36]. Others have shown 
that subsequent transection of the deep deltoid 
with the superficial ligaments cause increased 
talar eversion and lateral translation with external 
rotation within the mortise [37].

Deltoid ligament injuries can also signifi-
cantly affect ankle biomechanics with respect to 
joint congruency. Years ago, Ramsey et  al. 
showed up to 42% reductions in ankle joint con-
tact area with every 1 mm of lateral talar transla-
tion within the mortise [38]. As stated earlier, this 
finding has clinical implications where patients 
can develop secondary ankle DJD. Harper subse-
quently demonstrated that complete superficial 
deltoid ligament rupture caused no significant 
talar translation in the mortise [39]. Rather, he 
found that a combined deep deltoid ligament rup-
ture and distal fibular fracture led to lateral talar 
translation. As previously discussed, Earl et  al. 
achieved different results and found that superfi-
cial deltoid ligament damage caused mean 
decreased ankle joint contact areas by 43%, 
increased peak joint pressures by 30%, and later-
alized peak ankle joint pressures by 4 mm [35]. 
Such altered biomechanics have clinical implica-
tions where patients can develop ankle degenera-
tive joint disease (DJD). While the particular 
contributions between the superficial and deep 
deltoid ligaments require further study, it is 
agreed that complete deltoid ligament injury can 
significantly alter the ankle’s articular contact 
pressures, which can contribute to development 
of ankle DJD.

As long as the deltoid ligaments are the only 
structure harmed at the ankle, the initial 
 management for these injuries is nonsurgical 
whether these ligaments are sprained, partially 
torn, or completely ruptured [40]. This includes 
providing rest, ice, compression, and elevation 
(RICE) to the limb. Those individuals with liga-
ment strains that are not very painful can be 
mobilized immediately with a functional ankle 
brace. Other persons with more acute ankle insta-
bility, pain with ankle motion, and/or pain with 

M. Haden et al.



421

weight- bearing may benefit from a brief period 
of ankle immobilization, whether in a cast or 
CAM boot. While there is no current consensus 
regarding how long patients should be immobi-
lized for treatment of severe isolated deltoid liga-
ment injuries, most agree that such problems can 
heal well nonsurgically. However, these condi-
tions often take longer to heal than injuries to the 
lateral ankle ligaments. To the authors’ knowl-
edge, there are no studies addressing the effect of 
nonoperative treatment of isolated deltoid liga-
ment injury on ankle biomechanics.

Of note, isolated complete deltoid ligament 
ruptures are rare. Rather, these more commonly 
occur with other injuries such proximal or distal 
fibular fracture, posterior malleolar fracture, and/
or syndesmotic ligament injury which itself will 
be discussed later in this chapter. To date, there is 
limited literature regarding acute deltoid liga-
ment repair. While associated injuries such as 
fracture may necessitate surgical intervention, 
there is no consensus regarding treatment of the 
deltoid ligaments in the setting of concomitant 
fracture. Given the rarity of isolated deltoid rup-
ture, there is scant literature regarding acute liga-
ment repair in this situation.

32.4.3  Biomechanical Effects 
of Treatment of Deltoid 
Ligament Injuries

While many patients heal after acute deltoid liga-
ment injuries, some individuals do not and can 
subsequently develop CAI with lasting altera-
tions in ankle biomechanics. As rare as isolated 
deltoid ligament injuries are, those that lead to 
CAI are even less frequent. However, existing lit-
erature shows that the talus can become 
malaligned in valgus and varying amounts of 
external rotation in the ankle mortise with long- 
standing CAI of the deltoid ligaments.

Currently, there are a variety of surgical tech-
niques for treatment of unhealed deltoid liga-
ments with CAI. Most of these surgeries can be 
divided into deltoid ligament repair versus recon-
struction. In cases where there is adequate deltoid 
ligament tissue available or preserved, the liga-

ment can be primarily repaired with suture. In 
cases of deltoid ligament avulsion from the 
medial malleolus or talar body, suture anchor 
fixation can be used between the ligament and the 
affected bone. When there is inadequate deltoid 
tissue where the ligament may be greatly attenu-
ated, the ligament requires a reconstruction uti-
lizing tendon autograft or allograft [41].

Most biomechanical studies regarding surgi-
cal treatment of deltoid ligament instability focus 
upon ligament reconstruction. Haddad et  al. 
described a technique of deltoid ligament recon-
struction with an anterior tibial tendon graft 
secured through bone tunnels at the talar and cal-
caneal insertions of the ligament [42]. The 
remaining loop of graft is passed through a bone 
tunnel at the medial malleolus. These investiga-
tors recorded medial ankle stability in eversion 
and external rotation that was equivalent to the 
native deltoid ligaments.

Xu et al. compared four different types of del-
toid ligament reconstruction [43]. Deland, 
Kitaoka, Hintermann, and Wiltberger previously 
described those particular techniques separately 
[44–46]. Deland’s method involves passing a 
peroneus longus tendon graft through the talus 
from lateral to medial and through another bone 
tunnel in the medial malleolus with fixation to the 
tibia. Kitaoka’s technique utilized a free extensor 
digitorum longus graft through bone tunnels in 
the medial malleolus and medial cuneiform. 
Hintermann described suture imbrication of the 
existing deltoid ligament and augmentation with 
plantaris tendon autograft through bone tunnels 
in the medial malleolus and navicular tuberosity. 
Finally, Wiltberger utilizes a split posterior tibial 
tendon graft from the navicular through a bone 
tunnel in the medial malleolus. While these four 
procedures were all originally described in the 
context of deltoid reconstruction for certain cases 
of flatfoot deformity with deltoid instability, Xu 
et al. compared them at the ankle through finite 
element analysis. The investigators demonstrated 
improved medial ankle stability in external rota-
tion and eversion for all four techniques when 
compared to a deltoid deficient ankle. They clari-
fied that none of these methods of deltoid recon-
struction restored normal external rotation 
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stability, but the Kitaoka procedure was closest 
among all four to normalized deltoid ligament 
biomechanics. With regard to restoration of nor-
mal eversion stability, Xu et  al. found that the 
Kitaoka’s and Deland’s techniques for deltoid 
reconstruction allowed for near-normal and 
above normal stability, respectively, compared to 
the native deltoid ligaments. Further study is 
needed to determine if other types of deltoid liga-
ment reconstruction can achieve normal or above 
normal medial ankle stability.

32.5  Syndesmotic Ankle 
Ligament Injuries

32.5.1  Introduction

Harm to the syndesmotic ligaments account for 
1–11% of all ankle ligament injuries. Akin to del-
toid ligament injuries, most syndesmotic strains 
and/or tears occur in a younger, athletic popula-
tion, where the most common sports involved are 
football and hockey. The most common mecha-
nism of syndesmotic injury is a high-energy exter-
nal rotation stress or moment applied to the ankle 
joint as the ankle is supinated or pronated. Due to 
the robust nature of the syndesmotic ligament 
complex, sprains are not commonly seen in low-
energy injuries. Rather, syndesmotic ligament 
damage implies a high-energy injury to the ankle 
where it is not uncommon for other structures at 
the ankle to be harmed simultaneously. Many syn-
desmotic ligament injuries can occur with deltoid 
ligament rupture and/or bony fracture to the proxi-
mal fibula and distal fibula’s lateral and/or distal 
tibia’s posterior and/or medial malleoli.

32.5.2  Biomechanical Effect 
of Syndesmotic Ligament 
Injuries

The effect that syndesmotic ligament injury has 
upon ankle biomechanics is the subject of much 
recent research. Clanton et al. simulated isolated 
injuries to the syndesmosis and found abnormal 
distal fibular motion at the sigmoid notch of 

greater than 5° of external rotation and 3 mm of 
anterior–posterior translation [47]. Complete 
syndesmotic ligament transection significantly 
decreased resistance to external and internal 
ankle rotation. With regard to contributions from 
individual ligaments, these investigators found 
the AITFL provided the most constraint against 
external rotation. However, no one syndesmotic 
ligament provided more resistance to internal 
ankle rotation than another.

Syndesmotic ligament injuries can also sig-
nificantly affect ankle biomechanics with respect 
to joint congruency. Teramoto et  al. simulated 
syndesmotic damage and applied abduction and 
external rotation torques to the ankle joint. With 
syndesmotic transection and abduction, tibiofibu-
lar diastasis and talar tilt in the ankle mortise 
increased significantly by 2 mm and 5°, respec-
tively [48]. Such abnormal biomechanics may 
have clinical implications where patients may 
develop abnormal ankle joint contact areas due to 
talar translation, which can progress to secondary 
ankle DJD.  However, this particular consider-
ation requires further study.

As long as the syndesmotic ligaments are the 
only structure harmed at the ankle, the initial 
management for these injuries is nonsurgical if 
these ligaments are sprained or partially torn. 
This includes providing rest, ice, compression, 
and elevation (RICE) to the limb. Those individu-
als with ligament strains that are not very painful 
can be mobilized immediately with a functional 
ankle brace. Other persons may present with 
more acute ankle instability, pain with ankle 
motion, and/or pain with weightbearing. These 
patients benefit from a brief period of ankle 
immobilization, whether in a cast or CAM boot. 
While there is no current consensus regarding 
how long patients should be immobilized for 
treatment of isolated syndesmotic ligament inju-
ries, most agree that strains and partial tears can 
heal well nonsurgically.

Some complete tears of the syndesmosis can 
be managed nonsurgically in the same above 
manner so long as distal tibio-fibular stability is 
preserved. Radiographically, this means that 
there is neither gapping nor diastasis between the 
distal tibia and fibula at the sigmoid notch. 
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Furthermore, the talus must remain well aligned 
in the ankle mortise for complete syndesmotic 
tears to be deemed stable and appropriate for 
nonsurgical treatment. To the authors’ knowl-
edge, there are no studies regarding the effect of 
nonoperative treatment of isolated stable syndes-
motic injury on ankle biomechanics whether the 
ligaments are sprained, partially torn, or com-
pletely torn.

32.5.3  Biomechanical Effects 
of Treatment of Syndesmotic 
Ligament Injuries

Surgical treatment is indicated for complete syn-
desmotic ligament rupture with distal tibio- 
fibular and/or ankle instability. This is 
demonstrated with distal tibio-fibular diastasis at 
the sigmoid notch and/or talus malalignment in 
the ankle mortise.

The traditional surgical management for com-
plete syndesmotic ligament rupture with distal 
tibio-fibular and/or ankle instability involves 
compression of the distal fibula to the distal tibia 
at and/or just above the sigmoid notch with steel 
screws. Several investigators have studied the 
biomechanical effects of this procedure upon the 
ankle joint. Clanton et al. found that syndesmotic 
screw fixation restored normal posterior fibular 
translation in the sagittal plane while restricting 
abnormal fibular motion to cause syndesmotic 
and/or ankle instability [49].

In contrast, Goetz et  al. found detrimental 
effects upon the ankle joint from this means of 
syndesmotic ligament fixation [50]. In a cadav-
eric model, this group observed 6–32% decreased 
mean peak contact pressure on the talar dome and 
2.4-to 6.6-fold increased mean peak contact pres-
sure on the medial and lateral ankle joint gutters 
with steel screw fixation of the syndesmosis. 
While such results may have clinical implications 
such as progression to secondary ankle DJD, this 
has yet to be shown in the orthopedic literature. 
There are important aspects of this means of syn-
desmotic ligament fixation to consider. One is 
that the use of screws may be too rigid to allow 
the ankle joint to resume normal motion param-

eters after ligamentous healing. The other is that 
the screws do not directly repair the syndesmosis. 
Rather, they serve to compress the distal fibula to 
the distal tibia at and/or just above the sigmoid 
notch to allow for indirect ligamentous healing.

Those above shortcomings have influenced 
many to consider other means of surgically treat-
ing complete syndesmotic ligament rupture with 
distal tibio-fibular and/or ankle instability. One 
particular implant that has been utilized and stud-
ied as an alternative to steel screw syndesmotic 
fixation is the use of a suture endo-button con-
struct known commercially as the Tight-Rope 
(Tight-Rope, Arthrex, Naples, FL). Similar to 
steel screws, this implant is placed through the 
distal fibula to the distal tibia at and/or just above 
the sigmoid notch to provide compression 
between the two bones. While this device also 
provides an indirect rather than a direct syndes-
motic ligament repair, its theoretical benefit is 
that it is not as rigid as steel screws. This poten-
tially avoids any negative effects on ankle biome-
chanics. While this implant performs well in 
clinical trials, it has mixed success in biomechan-
ical studies. Pang et al. found more normalized 
mean contact pressures, peak pressures, contact 
area reduction, center of pressure translation, and 
relative talar and fibular motion with Tight-Rope 
over steel screw fixation of the syndesmosis [51]. 
However, others have observed suboptimal ankle 
biomechanics with this particular implant at the 
syndesmosis. Shoji et  al. recorded continued 
abnormal tibiofibular diastasis and fibular rota-
tion at the ankle with the Tight-Rope in a cadav-
eric model of syndesmotic instability [52]. 
Rather, it was the addition of weaving suture tape 
between the distal fibula and tibia at the AITFL 
that restored normal tibiofibular diastasis and 
fibular rotation. In two separate studies, two 
 different investigators found persistent abnormal 
sagittal fibular translation at the sigmoid notch 
with the Tight-Rope with or without ankle rota-
tional moments [49, 53]. Further study may be 
needed to clarify the biomechanical advantages 
and/or disadvantages of using a suture endo- 
button over steel screw usage to address complete 
syndesmotic ligament rupture with distal tibio- 
fibular and/or ankle instability.
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An additional alternate means for treating 
complete syndesmotic ligament rupture with dis-
tal tibio-fibular and/or ankle instability is to for-
mally repair the affected ligaments by weaving a 
graft of tendon between the distal fibula and tibia 
at its rupture site. This procedure is more 
demanding and technically challenging than 
compression of the distal fibula to the distal tibia 
at the sigmoid notch with steel screws or suture 
endo- buttons. In a comparative biomechanical 
study of syndesmotic instability, Che et  al. 
recorded absent posterior fibular displacement 
on axial load and external rotation with an 
AITFL/PITFL/interosseous ligament recon-
struction with a split peroneal brevis transfer 
[54]. In contrast, those specimens that received 
steel screw syndesmotic fixation performed 
worse than those with ligament reconstruction 
and experienced persistent abnormal fibular dis-
placement at the sigmoid notch. While this tech-
nique of syndesmotic ligament reconstruction 
holds promise as it replaces the injured liga-
ments, further study is needed to confirm these 
positive results.

32.6  Future Directions in Foot- 
and Ankle Soft Tissue 
Modeling Techniques

The biomechanics of soft tissue injuries at the 
foot and ankle joints are still a subject of research. 
Ligament injuries cause instability and imbal-

ance of force transmission through the ankle 
joint. Delayed or non-healed ligaments lead to 
early osteoarthritis, which continues to be the 
most common joint disorder. The process of heal-
ing can be studied through gait analysis, X-rays, 
CTs, and MRIs. The future of foot and ankle 
must rely on modeling techniques (see Fig. 32.4) 
that combine imaging, deep understanding of the 
mechanics of the ankle joint and the role liga-
ments play in locomotion.

Despite advances in therapeutics, many liga-
ments do not regain their normal tensile strength. 
To address the different activities that the patient 
must undergo while in motion, testing might help 
shed the light on how ligament strength can be 
regained over time.

The biomechanical properties of ligament 
healing can be investigated by examining the foot 
and ankle kinematics to determine the effective-
ness of the treatments. A combination of clinical 
studies and modeling using FEA and gait analy-
sis may provide guidance to improve recovery 
time and reduce ligament injuries.

Once the FE models are created and vali-
dated, the analysis and potential outcomes can 
be very helpful to clinicians studying different 
foot and ankle pathologies in sport injuries. 
These models when used in combination with 
gait data and real-time imaging can set the stage 
for future clinical tools that are patient specific 
and deterministic in terms of selecting the right 
procedures with expected and measurable 
outcomes.

CT scans 3D Geometry
reconstruction Foot and ankle

joint soft tissues
modelling

FEA analysis, and
investigation of stress
and kinematic pathologiesCollected data in

real time from
gait and x-rays

Fig. 32.4 Future 
direction in 3D finite 
element analysis of foot 
ankle pathologies during 
gait
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32.7  Conclusion

The lateral, medial, and syndesmotic ankle liga-
ments contribute much stability to the ankle joint 
to allow for normal ankle biomechanics. Most 
acute injuries to these ligaments, particularly to 
the lateral and medial ankle, heal well nonsurgi-
cally without lasting detrimental effects to the 
ankle. Acute surgical treatment is indicated for 
complete tears of the syndesmosis in the pres-
ence of distal tibio-fibular diastasis. Surgery is 
also recommended for chronic and unhealed lat-
eral and medial ankle ligament injuries that lead 
to CAI.  If left untreated, ligament instability 
alters talar alignment within the ankle mortise, 
ROM, and other biomechanical parameters. 
Given enough time, such instability can cause 
ankle DJD by chronically altering ankle joint 
contact pressures. Most ligament repairs or 
reconstructions indeed allow for improved ankle 
stability, ROM, and biomechanics than before 
surgery. However, most surgical techniques do 
not completely normalize ankle ROM and bio-
mechanics. A comprehensive understanding of 
ankle biomechanics in the context of ligamentous 
anatomy and injury may allow for future surger-
ies to restore the ankle joint to its pre-injury state.

References

 1. Ahmad J, Raikin SM. Ankle arthrodesis: the simple 
and the complex. Foot Ankle Clin. 2008;13(3):381–
400., viii. https://doi.org/10.1016/j.fcl.2008.04.007.

 2. Manganaro D, Alsayouri K.  Anatomy, bony pelvis 
and lower limb, ankle joint. StatPearls [Internet]. 
Treasure Island: StatPearls Publishing; 2020.

 3. Golanó P, Vega J, de Leeuw PA, Malagelada F, 
Manzanares MC, Götzens V, et  al. Anatomy of the 
ankle ligaments: a pictorial essay. Knee Surg Sports 
Traumatol Arthrosc. 2016;24(4):944–56. https://doi.
org/10.1007/s00167- 016- 4059- 4.

 4. Petersen W, Rembitzki IV, Koppenburg AG, Ellerman 
A, Liebau C, Bruggemann GP, et  al. Treatment of 
acute ankle ligament injuries: a systematic review. 
Arch Orthop Trauma Surg. 2013 Aug;133(8):1129–
41. https://doi.org/10.1007/s00402- 013- 1742- 5.

 5. Campbell KJ, Michalski MP, Wilson KJ, Goldsmith 
MT, Wijdicks CA, LaPrade RF, et  al. The ligament 
anatomy of the deltoid complex of the ankle: a quali-
tative and quantitative anatomical study. J Bone Joint 

Surg Am. 2014;96(8):e62. https://doi.org/10.2106/
JBJS.M.00870.

 6. Won HJ, Koh IJ, Won HS. Morphological variations 
of the deltoid ligament of the medial ankle. Clin 
Anat. 2016;29(8):1059–65. https://doi.org/10.1002/
ca.22793.

 7. Attarian DE, McCrackin HJ, DeVito DP, McElhaney 
JH, Garrett WE Jr. Biomechanical characteristics of 
human ankle ligaments. Foot Ankle. 1985;6(2):54–8. 
https://doi.org/10.1177/107110078500600202.

 8. Ogilvie-Harris DJ, Reed SC, Hedman TP. Disruption 
of the ankle syndesmosis: biomechanical study of the 
ligamentous restraints. Arthroscopy. 1994;10(5):558–
60. https://doi.org/10.1016/s0749- 8063(05)80014- 3.

 9. Beumer A, Valstar ER, Garling EH, Niesing R, 
Ranstam J, Löfvenberg R, et al. Kinematics of the dis-
tal tibiofibular syndesmosis: radiostereometry in 11 
normal ankles. Acta Orthop Scand. 2003;74(3):337–
43. https://doi.org/10.1080/00016470310014283.

 10. Roos KG, Kerr ZY, Mauntel TC, Djoko A, Dompier TP, 
Wikstrom EA. The epidemiology of lateral ligament 
complex ankle sprains in National Collegiate Athletic 
Association sports. Am J Sports Med. 2017;45(1):201–
9. https://doi.org/10.1177/0363546516660980.

 11. Waterman BR, Owens BD, Davey S, Zacchilli 
MA, Belmont PJ Jr. The epidemiology of ankle 
sprains in the United States. J Bone Joint Surg Am. 
2010;92(13):2279–84. https://doi.org/10.2106/
JBJS.I.01537.

 12. Shah S, Thomas AC, Noone JM, Blanchette 
CM, Wikstrom EA.  Incidence and cost of ankle 
sprains in United States Emergency Departments. 
Sports Health. 2016;8(6):547–52. https://doi.
org/10.1177/1941738116659639.

 13. Stormont DM, Morrey BF, An KN, Cass JR. Stability 
of the loaded ankle. Relation between articular 
restraint and primary and secondary static restraints. 
Am J Sports Med. 1985;13(5):295–300. https://doi.
org/10.1177/036354658501300502.

 14. Watanabe K, Kitaoka HB, Berglund LJ, Zhao KD, 
Kaufman KR, An KN.  The role of ankle ligaments 
and articular geometry in stabilizing the ankle. Clin 
Biomech (Bristol, Avon). 2012;27(2):189–95. https://
doi.org/10.1016/j.clinbiomech.2011.08.015.

 15. Attarian DE, McCrackin HJ, Devito DP, McElhaney 
JH, Garrett WE Jr. A biomechanical study of human 
lateral ankle ligaments and autogenous reconstructive 
grafts. Am J Sports Med. 1985;13(6):377–81. https://
doi.org/10.1177/036354658501300602.

 16. Colville MR, Marder RA, Boyle JJ, Zarins B. Strain 
measurement in lateral ankle ligaments. Am J 
Sports Med. 1990;18(2):196–200. https://doi.
org/10.1177/036354659001800214.

 17. Wei F, Braman JE, Weaver BT, Haut RC. Determination 
of dynamic ankle ligament strains from a computa-
tional model driven by motion analysis based kine-
matic data. J Biomech. 2011;44(15):2636–41. https://
doi.org/10.1016/j.jbiomech.2011.08.010.

 18. Fujii T, Kitaoka HB, Watanabe K, Luo ZP, An 
KN.  Ankle stability in simulated lateral ankle liga-

32 Biomechanics of the Ankle Joint in Relation to Ankle Ligament Injuries

https://doi.org/10.1016/j.fcl.2008.04.007
https://doi.org/10.1007/s00167-016-4059-4
https://doi.org/10.1007/s00167-016-4059-4
https://doi.org/10.1007/s00402-013-1742-5
https://doi.org/10.2106/JBJS.M.00870
https://doi.org/10.2106/JBJS.M.00870
https://doi.org/10.1002/ca.22793
https://doi.org/10.1002/ca.22793
https://doi.org/10.1177/107110078500600202
https://doi.org/10.1016/s0749-8063(05)80014-3
https://doi.org/10.1080/00016470310014283
https://doi.org/10.1177/0363546516660980
https://doi.org/10.2106/JBJS.I.01537
https://doi.org/10.2106/JBJS.I.01537
https://doi.org/10.1177/1941738116659639
https://doi.org/10.1177/1941738116659639
https://doi.org/10.1177/036354658501300502
https://doi.org/10.1177/036354658501300502
https://doi.org/10.1016/j.clinbiomech.2011.08.015
https://doi.org/10.1016/j.clinbiomech.2011.08.015
https://doi.org/10.1177/036354658501300602
https://doi.org/10.1177/036354658501300602
https://doi.org/10.1177/036354659001800214
https://doi.org/10.1177/036354659001800214
https://doi.org/10.1016/j.jbiomech.2011.08.010
https://doi.org/10.1016/j.jbiomech.2011.08.010


426

ment injuries. Foot Ankle Int. 2010;31(6):531–7. 
https://doi.org/10.3113/FAI.2010.0531.

 19. Akhbari B, Dickinson MH, Louie EG, Shalhoub S, 
Maletsky LP.  Characterization of ankle kinematics 
and constraint following ligament rupture in a cadav-
eric model [published online ahead of print, 2019 
Jul 17]. J Biomech Eng. 2019;141(11):1110121–8. 
https://doi.org/10.1115/1.4044234.

 20. Hollis JM, Blasier RD, Flahiff CM. Simulated lateral 
ankle ligamentous injury. Change in ankle stability. 
Am J Sports Med. 1995;23(6):672–7. https://doi.
org/10.1177/036354659502300606.

 21. Ringleb SI, Dhakal A, Anderson CD, Bawab S, 
Paranjape R. Effects of lateral ligament sectioning on 
the stability of the ankle and subtalar joint. J Orthop 
Res. 2011;29(10):1459–64. https://doi.org/10.1002/
jor.21407.

 22. Doherty C, Bleakley C, Delahunt E, Holden 
S.  Treatment and prevention of acute and recurrent 
ankle sprain: an overview of systematic reviews with 
meta-analysis. Br J Sports Med. 2017;51(2):113–25. 
https://doi.org/10.1136/bjsports- 2016- 096178.

 23. Herzog MM, Kerr ZY, Marshall SW, Wikstrom 
EA. Epidemiology of ankle sprains and chronic ankle 
instability. J Athl Train. 2019;54(6):603–10. https://
doi.org/10.4085/1062- 6050- 447- 17.

 24. Brown CN, Rosen AB, Ko J.  Ankle ligament lax-
ity and stiffness in chronic ankle instability. 
Foot Ankle Int. 2015;36(5):565–72. https://doi.
org/10.1177/1071100714561057.

 25. Koldenhoven RM, Hart J, Saliba S, Abel MF, Hertel 
J. Gait kinematics & kinetics at three walking speeds 
in individuals with chronic ankle instability and ankle 
sprain copers. Gait Posture. 2019;74:169–75. https://
doi.org/10.1016/j.gaitpost.2019.09.010.

 26. Moisan G, Descarreaux M, Cantin V.  Effects of 
chronic ankle instability on kinetics, kinematics and 
muscle activity during walking and running: a sys-
tematic review. Gait Posture. 2017;52:381–99. https://
doi.org/10.1016/j.gaitpost.2016.11.037.

 27. Dejong AF, Koldenhoven RM, Hertel J.  Proximal 
adaptations in chronic ankle instability: systematic 
review and meta-analysis. Med Sci Sports Exerc. 
2020;52(7):1563–75. https://doi.org/10.1249/
MSS.0000000000002282.

 28. Bahr R, Pena F, Shine J, Lew WD, Tyrdal S, Engebretsen 
L. Biomechanics of ankle ligament reconstruction. An 
in vitro comparison of the Broström repair, Watson- 
Jones reconstruction, and a new anatomic reconstruc-
tion technique. Am J Sports Med. 1997;25(4):424–32. 
https://doi.org/10.1177/036354659702500402.

 29. Boey H, Verfaillie S, Natsakis T, Vander Sloten 
J, Jonkers I.  Augmented ligament reconstruc-
tion partially restores hindfoot and midfoot kine-
matics after lateral ligament ruptures. Am J 
Sports Med. 2019;47(8):1921–30. https://doi.
org/10.1177/0363546519848421.

 30. Swenson DM, Collins CL, Fields SK, Comstock 
RD.  Epidemiology of U.S. high school sports- 
related ligamentous ankle injuries, 2005/06-2010/11. 

Clin J Sport Med. 2013;23(3):190–6. https://doi.
org/10.1097/JSM.0b013e31827d21fe.

 31. Tummala SV, Hartigan DE, Makovicka JL, Patel KA, 
Chhabra A. 10-Year epidemiology of ankle injuries in 
men’s and women’s collegiate basketball [published 
correction appears in Orthop J Sports Med. 2019 Mar 
29;7(3):2325967119837985]. Orthop J Sports Med. 
2018;6(11):2325967118805400.

 32. Gulbrandsen M, Hartigan DE, Patel KA, Makovicka 
JL, Tummala SV, Chhabra A. Ten-year epidemiology 
of ankle injuries in men’s and women’s collegiate soc-
cer players. J Athl Train. 2019;54(8):881–8. https://
doi.org/10.4085/1062- 6050- 144- 18.

 33. Kopec TJ, Hibberd EE, Roos KG, Djoko A, Dompier 
TP, Kerr ZY.  The epidemiology of deltoid ligament 
sprains in 25 National Collegiate Athletic Association 
sports, 2009-2010 through 2014-2015 academic 
years. J Athl Train. 2017;52(4):350–9. https://doi.
org/10.4085/1062.6050- 52.2.01.

 34. Tochigi Y, Rudert MJ, Amendola A, Brown 
TD, Saltzman CL.  Tensile engagement of the 
peri-ankle ligaments in stance phase. Foot 
Ankle Int. 2005;26(12):1067–73. https://doi.
org/10.1177/107110070502601212.

 35. Earll M, Wayne J, Brodrick C, Vokshoor A, Adelaar 
R.  Contribution of the deltoid ligament to ankle 
joint contact characteristics: a cadaver study. 
Foot Ankle Int. 1996;17(6):317–24. https://doi.
org/10.1177/107110079601700604.

 36. Ziai P, Benca E, Skrbensky GV, Wenzel F, Auffarth A, 
Krpo S, et al. The role of the medial ligaments in lateral 
stabilization of the ankle joint: an in vitro study. Knee 
Surg Sports Traumatol Arthrosc. 2015;23(7):1900–6. 
https://doi.org/10.1007/s00167- 013- 2708- 4.

 37. Rasmussen O, Kromann-Andersen C, Boe S. Deltoid 
ligament. Functional analysis of the medial col-
lateral ligamentous apparatus of the ankle joint. 
Acta Orthop Scand. 1983;54(1):36–44. https://doi.
org/10.3109/17453678308992867.

 38. Ramsey PL, Hamilton W. Changes in tibiotalar area 
of contact caused by lateral talar shift. J Bone Joint 
Surg Am. 1976;58(3):356–7.

 39. Harper MC. Deltoid ligament: an anatomical evalua-
tion of function. Foot Ankle. 1987;8(1):19–22. https://
doi.org/10.1177/107110078700800104.

 40. McCollum GA, van den Bekerom MP, Kerkhoffs 
GM, Calder JD, van Dijk CN. Syndesmosis and del-
toid ligament injuries in the athlete. Knee Surg Sports 
Traumatol Arthrosc. 2013;21(6):1328–37. https://doi.
org/10.1007/s00167- 012- 2205- 1.

 41. Savage-Elliott I, Murawski CD, Smyth NA, Golanó P, 
Kennedy JG. The deltoid ligament: an in-depth review 
of anatomy, function, and treatment strategies. Knee 
Surg Sports Traumatol Arthrosc. 2013;21(6):1316–
27. https://doi.org/10.1007/s00167- 012- 2159- 3.

 42. Haddad SL, Dedhia S, Ren Y, Rotstein J, Zhang 
LQ.  Deltoid ligament reconstruction: a novel tech-
nique with biomechanical analysis. Foot Ankle 
Int. 2010;31(7):639–51. https://doi.org/10.3113/
FAI.2010.0639.

M. Haden et al.

https://doi.org/10.3113/FAI.2010.0531
https://doi.org/10.1115/1.4044234
https://doi.org/10.1177/036354659502300606
https://doi.org/10.1177/036354659502300606
https://doi.org/10.1002/jor.21407
https://doi.org/10.1002/jor.21407
https://doi.org/10.1136/bjsports-2016-096178
https://doi.org/10.4085/1062-6050-447-17
https://doi.org/10.4085/1062-6050-447-17
https://doi.org/10.1177/1071100714561057
https://doi.org/10.1177/1071100714561057
https://doi.org/10.1016/j.gaitpost.2019.09.010
https://doi.org/10.1016/j.gaitpost.2019.09.010
https://doi.org/10.1016/j.gaitpost.2016.11.037
https://doi.org/10.1016/j.gaitpost.2016.11.037
https://doi.org/10.1249/MSS.0000000000002282
https://doi.org/10.1249/MSS.0000000000002282
https://doi.org/10.1177/036354659702500402
https://doi.org/10.1177/0363546519848421
https://doi.org/10.1177/0363546519848421
https://doi.org/10.1097/JSM.0b013e31827d21fe
https://doi.org/10.1097/JSM.0b013e31827d21fe
https://doi.org/10.4085/1062-6050-144-18
https://doi.org/10.4085/1062-6050-144-18
https://doi.org/10.4085/1062.6050-52.2.01
https://doi.org/10.4085/1062.6050-52.2.01
https://doi.org/10.1177/107110070502601212
https://doi.org/10.1177/107110070502601212
https://doi.org/10.1177/107110079601700604
https://doi.org/10.1177/107110079601700604
https://doi.org/10.1007/s00167-013-2708-4
https://doi.org/10.3109/17453678308992867
https://doi.org/10.3109/17453678308992867
https://doi.org/10.1177/107110078700800104
https://doi.org/10.1177/107110078700800104
https://doi.org/10.1007/s00167-012-2205-1
https://doi.org/10.1007/s00167-012-2205-1
https://doi.org/10.1007/s00167-012-2159-3
https://doi.org/10.3113/FAI.2010.0639
https://doi.org/10.3113/FAI.2010.0639


427

 43. Xu C, Zhang MY, Lei GH, Zhang C, Gao SG, Ting 
W, et  al. Biomechanical evaluation of tenodesis 
reconstruction in ankle with deltoid ligament defi-
ciency: a finite element analysis. Knee Surg Sports 
Traumatol Arthrosc. 2012;20(9):1854–62. https://doi.
org/10.1007/s00167- 011- 1762- z.

 44. Deland JT, de Asla RJ, Segal A.  Reconstruction of 
the chronically failed deltoid ligament: a new tech-
nique. Foot Ankle Int. 2004;25(11):795–9. https://doi.
org/10.1177/107110070402501107.

 45. Kitaoka HB, Luo ZP, An KN. Reconstruction opera-
tions for acquired flatfoot: biomechanical evalua-
tion. Foot Ankle Int. 1998;19(4):203–7. https://doi.
org/10.1177/107110079801900403.

 46. Hintermann B, Valderrabano V, Kundert 
HP.  Lengthening of the lateral column and recon-
struction of the medial soft tissue for treat-
ment of acquired flatfoot deformity associated 
with insufficiency of the posterior tibial tendon. 
Foot Ankle Int. 1999;20(10):622–9. https://doi.
org/10.1177/107110079902001002.

 47. Clanton TO, Williams BT, Backus JD, Dornan GJ, 
Liechti DJ, Whitlow SR, et al. Biomechanical analy-
sis of the individual ligament contributions to syn-
desmotic stability. Foot Ankle Int. 2017;38(1):66–75. 
https://doi.org/10.1177/1071100716666277.

 48. Teramoto A, Kura H, Uchiyama E, Suzuki D, 
Yamashita T.  Three-dimensional analysis of ankle 
instability after tibiofibular syndesmosis inju-
ries: a biomechanical experimental study. Am 
J Sports Med. 2008;36(2):348–52. https://doi.
org/10.1177/0363546507308235.

 49. Clanton TO, Whitlow SR, Williams BT, Liechti DJ, 
Backus JD, Dornan GJ, et  al. Biomechanical com-

parison of 3 current ankle syndesmosis repair tech-
niques. Foot Ankle Int. 2017;38(2):200–7. https://doi.
org/10.1177/1071100716666278.

 50. Goetz JE, Rungprai C, Rudert MJ, Warth LC, Phisitkul 
P. Screw fixation of the syndesmosis alters joint con-
tact characteristics in an axially loaded cadaveric 
model. Foot Ankle Surg. 2019;25(5):594–600. https://
doi.org/10.1016/j.fas.2018.05.003.

 51. Pang EQ, Bedigrew K, Palanca A, Behn AW, Hunt 
KJ, Chou L. Ankle joint contact loads and displace-
ment in syndesmosis injuries repaired with tightropes 
compared to screw fixation in a static model. Injury. 
2019;50(11):1901–7. https://doi.org/10.1016/j.
injury.2019.09.012.

 52. Shoji H, Teramoto A, Suzuki D, Okada Y, Sakakibara 
Y, Matsumara T, et  al. Suture-button fixation and 
anterior inferior tibiofibular ligament augmenta-
tion with suture-tape for syndesmosis injury: a bio-
mechanical cadaveric study. Clin Biomech (Bristol, 
Avon). 2018;60:121–6. https://doi.org/10.1016/j.
clinbiomech.2018.10.014.

 53. LaMothe JM, Baxter JR, Murphy C, Gilbert S, 
DeSandis B, Drakos MC.  Three-dimensional analy-
sis of fibular motion after fixation of syndesmotic 
injuries with a screw or suture-cutton construct. 
Foot Ankle Int. 2016;37(12):1350–6. https://doi.
org/10.1177/1071100716666865.

 54. Che J, Li C, Gao Z, Qi W, Ji B, Liu Y, et al. Novel ana-
tomical reconstruction of distal tibiofibular ligaments 
restores syndesmotic biomechanics. Knee Surg Sports 
Traumatol Arthrosc. 2017;25(6):1866–72. https://doi.
org/10.1007/s00167- 017- 4485- y.

32 Biomechanics of the Ankle Joint in Relation to Ankle Ligament Injuries

https://doi.org/10.1007/s00167-011-1762-z
https://doi.org/10.1007/s00167-011-1762-z
https://doi.org/10.1177/107110070402501107
https://doi.org/10.1177/107110070402501107
https://doi.org/10.1177/107110079801900403
https://doi.org/10.1177/107110079801900403
https://doi.org/10.1177/107110079902001002
https://doi.org/10.1177/107110079902001002
https://doi.org/10.1177/1071100716666277
https://doi.org/10.1177/0363546507308235
https://doi.org/10.1177/0363546507308235
https://doi.org/10.1177/1071100716666278
https://doi.org/10.1177/1071100716666278
https://doi.org/10.1016/j.fas.2018.05.003
https://doi.org/10.1016/j.fas.2018.05.003
https://doi.org/10.1016/j.injury.2019.09.012
https://doi.org/10.1016/j.injury.2019.09.012
https://doi.org/10.1016/j.clinbiomech.2018.10.014
https://doi.org/10.1016/j.clinbiomech.2018.10.014
https://doi.org/10.1177/1071100716666865
https://doi.org/10.1177/1071100716666865
https://doi.org/10.1007/s00167-017-4485-y
https://doi.org/10.1007/s00167-017-4485-y


Part VIII

Biomechanics of Tissue Repair Techniques



431© ISAKOS 2021 
J. Koh et al. (eds.), Orthopaedic Biomechanics in Sports Medicine, 
https://doi.org/10.1007/978-3-030-81549-3_33

Biomechanics of Cartilage Repair

Tomoya Iseki, Benjamin B. Rothrauff, 
Kazunori Shimomura, and Norimasa Nakamura

33.1  Introduction

From routine movements such as standing and 
walking to fast and complex movements encoun-
tered in sport, articular cartilage of the synovial 
joint functions to permit nearly frictionless interac-
tion of the articular bones. The complex mechani-
cal loads experienced by cartilage facilitate oxygen 
and nutrient diffusion to the endogenous chondro-
cytes while also directing the balanced synthesis 
and degradation of the surrounding cartilage extra-
cellular matrix (ECM). However, traumatic injury 
or age-associated changes in joint homeostasis can 
compromise the ability of articular cartilage to effi-
ciently distribute the forces encountered during 

joint motion, potentially contributing to degenera-
tive joint disease (i.e., osteoarthritis). In order to 
prevent joint degeneration and/or facilitate carti-
lage repair with an emerging armamentarium of 
biological- based treatment strategies, a detailed 
understanding of the molecular mechanisms gov-
erning the effect of mechanical loads on cartilage 
(i.e., cartilage mechanobiology) is needed. This 
knowledge may then be applied as part of the treat-
ment algorithm to promote cartilage healing or 
regeneration. This chapter will review how joint 
loading influences healthy cartilage structure and, 
more specifically, how mechanical loading medi-
ates cellular responses that are either chondropro-
tective or catabolic, contributing to the initiation 
and progression of osteoarthritis. Examples of the 
application of mechanical loads to improve carti-
lage repair will also be highlighted.

33.2  Biomechanical 
Characteristics of Healthy 
Articular Cartilage

Synovial joints contain hyaline cartilage, which 
is a smooth, compressible connective tissue that 
is largely absent of blood vessels, nerves, and 
lymphatics. Articular cartilage function is attrib-
uted to its unique ECM structure and biochemi-
cal composition, comprised of water (65–80% 
wet weight, ww), collagen (10–15% ww), pro-
teoglycan (10–15% ww), and endogenous 
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 chondrocytes, which constitute approximately 
5% of the tissue volume. The chondrocytes 
receive nutrients through diffusion of the syno-
vial fluid, which is a protein-rich joint lubricant 
produced by synoviocytes lining the inner sur-
face of the joint capsule and positioned in close 
proximity to blood vessels [1]. The ECM more 
specifically consists of type II collagen and 
aggrecan, which serves to maintain the high 
water content of cartilage ECM due to its abun-
dance of hydrophilic, negatively charged sulfated 
glycosaminoglycans [2].

Type II collagen in the form of cross-linked 
microfibrils is the predominant structural protein 
in hyaline cartilage, with other collagen subtypes, 
such as types IX and XI collagen, playing impor-
tant roles in organizing ECM ultrastructure. 
While these other collagen subtypes constitute 
only a small proportion of the ECM (in terms of 
weight and volume), they play a crucial role in 
the biomechanical behavior of the whole struc-
ture [3]. Proteoglycans, mainly aggrecan, are also 
important molecules in the structure and function 
of cartilage ECM.  Aggrecan, with negatively 
charged side chains of chondroitin sulfate, is 
highly hydrophilic and the resulting osmotic 
pressure resists tissue deformity with compres-
sive loading. Other molecules, such as small- 
leucine rich proteoglycans biglycan and decorin, 
organize cartilage ECM structure through inter-
actions with collagen type II fibrils, modulate cell 
signaling through transforming growth factor 
(TGF-β) binding, and regulate water concentra-
tions by maintaining charge density [4].

Past studies have explored the relationships 
between mechanical loading and biomechanical 
properties of the native cartilage, with methodol-
ogy including kinematic analyses, in vivo imag-
ing techniques, and finite element models (FEM). 
Similar comparative studies have been performed 
with disease cartilage. As an example, the effect 
of dynamic loading of knee cartilage, using active 
and passive orthoses during running, on serum 
levels of cartilage oligomeric matrix protein 
(COMP), a biomarker of cartilage metabolism, 
have been performed [5]. COMP levels were 
found to increase immediately after running, with 
changes in COMP concentration after physical 

activity highly influenced by the baseline COMP 
level [5]. Several recent kinematic studies have 
been used to identify the effects of knee OA on 
activities of daily living, particularly gait [6–11]. 
Using an in vivo gait model, Harkey et al. inves-
tigated the association between habitual walking 
speed and resting femoral cartilage thickness and 
deformation, as determined by ultrasound, after 
30 min of walking [12]. Ultrasound images were 
acquired by having subjects flex their dominant 
legs to 140° and imaging the femoral condyles 
above the superior region of the patella. This 
study found that while habitual walking speed 
was not associated with resting cartilage thick-
ness, it was significantly associated with greater 
medial femoral cartilage deformation in the 
region superior to the patella [12]. Similarly, Van 
Rossom et  al. used 3D modeling to investigate 
the relationships between knee cartilage thick-
ness, loading during gait, and cartilage composi-
tion measured by T1rho and T2 mapping. Thicker 
cartilage was associated with higher condylar 
loading during walking while T1rho and T2 
relaxation times correlated with increased com-
pressive forces and pressures. Based on this 
study, the authors suggested that the femoral con-
dyle cartilage adapts to localized loading during 
gait (Fig.  33.1) [13, 14]. Likewise, Nakayama 
and Higa et al. used 3D FEM to analyze the rela-
tionship between tibiofemoral alignment and 
shear stress in the most superficial 2 mm of the 
articular surface. It was found that the maximum 
shear stress increased from 1.6 MPa for the nor-
mal knee to 3.3, 5.2, and 7.2 MPa with increasing 
joint line obliquity of 5°, 7.5°, and 10°, respec-
tively, concluding that joint obliquity should be 
avoided when performing knee osteotomy [15]. 
Yin et al. analyzed in vivo tibiofemoral articular 
cartilage contact biomechanics during a dynamic 
step-up motion, using MRI and dual fluoroscopic 
imaging, and found that both the medial and lat-
eral compartments of the knee experienced con-
vex (femur) to convex (tibia) contact in the 
sagittal plane upon fitting a circle to the curvature 
of the femoral condyles and tibial plateaus [16]. 
Together, these studies provide important base-
line information regarding cartilage composition 
and morphology during various activities, which 
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can serve as a point of comparison for identifying 
the development and progression of diseased 
cartilage.

33.3  Mechanobiology in OA

Biochemical factors are known to influence the 
development and progression of OA.  As acute 
trauma to articular cartilage provides a definite 
time point from which biochemical and biome-
chanical changes in the cartilage can be studied, 
it is commonly used experimental model [17, 
18]. Early injury to cartilage, as encountered 
through a focal chondral defect, subsequently 
leads to proteolytic breakdown of the 
ECM.  Chondrocytes may attempt to synthesize 
new matrix by upregulating anabolic processes to 
offset the increased catabolic cytokines and 
matrix-degrading enzymes associated with injury 
[19]. Subsequently, beginning at the cartilage 
surface, there is proteoglycan loss and break-
down of type II collagen, depending on a circum-

stance of excessive mechanical loading. There is 
often an associated increase in water concentra-
tion. ECM proteolysis in turn leads to critical 
reductions of the tensile strength of the ECM and 
to aberrant perturbation of the mechanosensors 
involved in normal articular cartilage homeosta-
sis [20]. With abnormal articular cartilage 
homeostasis in lasting an unsuitable mechanical 
loading, there is continued degradation of ECM 
and development of synovial inflammation.

Matrix metalloproteinases (MMPs) are central 
to cartilage ECM homeostasis. Previous studies 
have shown that tissue-specific MMPs 1, 8, and 
13 (collagenases I, II, and III, respectively) are 
involved in OA. The subsequent step is aggrecan 
degradation produced by aggrecanases 1 and 2, 
which are family of the ADAMs (a desintegrin 
and metalloproteinases) attached to type 1 throm-
bospondin (TS1) [21]. Growth of bone spurs 
thereby progresses during disease development, 
which will further lead to articular inflammation 
and joint pain [22]. In this state, the presence of 
interleukin 1 (IL-1) and tumor necrosis factor α 
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Fig. 33.1 Schematic overview of 3D modeling to inves-
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lated with higher condylar loading during walking, sug-
gesting that cartilage thickness is increased in those areas 
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(TNF-α) induces the synthesis of other inflamma-
tory factors like cyclooxygenases (COX-1, COX-
2), mitogen-activated protein kinase (MAPK), as 
well nuclear factor-kappa B (NF- kB) [23].

33.4  Mechanical Loading 
Influences Cartilage Repair

If articular cartilage is focally damaged, several 
treatments of the defect site exist, including 
microfracturing, autologous chondrocyte implan-
tation (ACI), and osteochondral autograft trans-
plantation (OAT). While short- to medium-term 
outcomes have been good, long-term results are 
limited by either the initial formation of fibrocar-
tilage or the progressive deterioration of tissue 
properties at the repair site. In an effort to improve 
the formation and stability of hyaline cartilage at 
the repair site, there has been increasing attention 
paid to the mechanical environment in which the 
neocartilage forms. It is hoped that targeted reha-
bilitation may be able to provide the appropriate 
mechanotransductive cues to achieve better long- 
term repair outcomes.

In vitro studies have suggested that shear 
forces mimicking early passive range of motion 
(ROM) may stimulate proteoglycan metabolism 
in the native articular surface [24–26] and poten-
tially guide the cellular response in an implanted 
graft, resulting in neomatrix production [25]. 
While translation of in vitro findings to clinical 
recommendations is not adequately supported in 
the literature, some clinicians have implemented 
these findings by recommending 8 weeks of con-
tinuous passive motion (CPM) following certain 
cartilage repair procedures [27]. In support of 
this clinical implementation, Nugent-Derfus 
et al. reported that CPM of explanted bovine knee 
joints induced proteoglycan 4 (PRG 4) expres-
sion after 24  h of continuous stimulation 
(Fig. 33.2) [28]. However, Iseki et al., using fluid 
shear stress on an in vitro model of microfracture 
repair showed that a marked increase in MMP 3 
and ADAMTS 5 gene expression was observed, 
which is associated with a catabolic response or 
with attempts at remodeling by the differentiat-
ing cells. As for longer term effects of CPM in a 

clinical study, Marder et al. showed no difference 
in clinical outcomes at a mean of 4.2 years after 
microfracture between patients who were non- 
weightbearing with CPM versus patients allowed 
to bear weight as tolerated without CPM [29].

In terms of compressive loading parameters, a 
number of different culturing and loading condi-
tions are described to promote engineered carti-
lage maturation [30]. Varying results have been 
reported, depending on the specific combination 
of bioreactor, scaffolds, growth factor supple-
mentation, and loading parameters. For instance, 
Thorpe et  al. reported that compressive loading 
inhibited chondrogenesis of MSCs [31]. Stolberg 
et al. also, using the impact model of compressive 
loading to mimic the post traumatic arthritis, 
showed that compressive strains resulted in sig-
nificantly reduced chondrocyte viability 
(Fig. 33.3) [32]. On the other hand, Mauck et al. 
demonstrated enhanced chondrogenesis after 
compressive mechanical activation [33]. Iseki 
et  al. also showed that dynamic compressive 
loading enhanced neotissue chondrogenesis and 
maturation in a simulated in  vitro model of 
microfracture, with generation of more hyaline- 
like cartilage and improved integration with the 
surrounding tissue (Fig. 33.4) [34]. Due to these 
conclusions of the effectiveness of the compres-
sive loading on the cartilage repair, an optimal 
compressive load produced in the course of post-
operative rehabilitation must be existed and be 
beneficial in promoting the facilitative cartilage 
repair in the future.

As a potential mechanism explaining the 
chondrogenic effect of compressive loading, 
Fahy et  al. found consistent upregulation of 
TGF-b expression in mechanically activated 
MSCs, presumably serving as an autocrine/para-
crine factor to enhance chondrogenesis [35]. 
Thorpe et  al. also reported that TGF-b, when 
added as a medium supplement, further enhanced 
the effect of compressive loading in upregulating 
GAG content, as compared to unloaded con-
structs [31]. Taken together, these results involv-
ing the suggest that in  vitro experiments 
mimicking the in vivo forces encountered follow-
ing cartilage repair may also be able to guide 
rehabilitation protocols.
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33.5  Conclusion

In this chapter, the biochemical and  biomechanical 
properties of native cartilage have been summa-
rized, with review of how these properties change 
with disease or injury, and brief consideration 
with how mechanical loads may serve as injuri-
ous or therapeutic stimuli. In order to better 
understand the relationships between mechanical 
loading and cartilage injury or repair, in order to 

prevent OA development and progression, 
in vitro models of the forces encountered during 
in  vivo loading have recently been developed. 
That said, mapping of cellular responses of cells 
in vitro studies to their in vivo response remains 
the target of future research. In addition to 
mechanical loading, concurrent supplementation 
of repaired cartilage with biochemical drivers of 
chondrogenesis and ECM synthesis, such as 
exogenously delivered or endogenously pro-
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moted TGF-β, may serve to further enhance the 
formation and stability of hyaline cartilage 
matching that of native articular cartilage. 
Therefore, future studies on cartilage repair 
should investigate the role and therapeutic utility 
of mechanical loading to improve present of 
future regenerative cell- or tissue-based 
therapies.
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