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Chapter 6  87
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Prosthesis Failures
by Victoria Spartacus

Preface

The purpose of this book is to educate readers who have a background in engineer-
ing and science and are familiar with topics such as statics, dynamics, mechanics of
materials, thermodynamics, fluid mechanics, etc. There is absolutely no need for
readers to have a background in anatomy, physiology, or even biology. Every chapter
begins with a brief assessment of the related biological background followed by
identification and explanation of the necessary features of the associated biome-
chanics problems.

Multiple topics such as biomechanics of human blood, orthopedics, and risk
analysis have been discussed and analyzed in a variety of applications. Biological 
processes are amazing in their complexity and optimization. Blood, being no
exception, is extremely evolved and adapted to the different scenarios necessary to
maintain life. Consisting of plasma, white blood cells, platelets, and red blood cells, 
it is able to transport vital molecules around the body, including oxygen and clots
in the case of injury. Since red blood cells make up approximately half the volume
of blood, blood flow mechanics are largely related to the properties of red blood 
cells defined under a soft solid. Large deformability is essential in the life cycle and 
function of red blood cells as capillaries are extremely small. Blood clotting is a very
important function of blood. All these concepts are admirably discussed in one
chapter and readers with different backgrounds will follow and learn in an effective
manner. The same concept applies to other chapters.

We all know that bone is a hard biological tissue. It is made up of cells located in
the bone matrix, which is made up of mainly collagen fibers, amorphous ground 
constituent, and a mineral phase. The key components of bone mineral are known
to be calcium carbonate and calcium phosphate. The mineral constituents contain
primarily hydroxyapatite crystals and amorphous calcium phosphate. It is very well 
stablished that bone is the main reservoir for calcium in the human body. It also
protects important organs such as heart and liver, provides mechanical stability, and 
is responsible for locomotion and movement of the human body. Bone structure is
known to be hierarchical and is intended to be effectively optimal. Bone implants
are considered as medical devices meant to substitute or provide fixation, or to sub-
stitute articulating surfaces of a joint. In other words, bone implants are designed to
either support or substitute broken or damaged joints and bones. Bone implants are
primarily made up of titanium alloys and stainless steel for their strength and are
often co-used with a particular polymeric material as artificial cartilage. The main
job of these implants is to decrease the stress in the implants and at the articulating 
surfaces. There are implants that are cemented into place and some that are press-
fit, in a way the bone tissue in the vicinity of the implant can grow into the implant, 
hence, providing more strength and stability. The main aspect that guides bone
healing is known as the interfragmentary movement, which regulates tissue strain
and therefore the cellular response in the healing zone. The chapters in this area
discuss comprehensively all these concepts in plain language.
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Chapter 1

Introductory Chapter: 
Biomechanics
Hadi Mohammadi

1. Introduction

Biomechanics or biomechanical engineering is the application of mechanical 
engineering and its concepts and principles in biological systems, living tissues/
organs, and medical devices. Mechanical properties of tissues can be character-
ized as anisotropy, hyperelasticity, viscoelasticity, viscoplasticity, preconditioning 
performance, and the existence of residual stresses [1]. Most experiments on the 
mechanical characterization of tissues are based on the laboratory work. Often, 
samples are removed from cadavers or animals and are cut in order to be tested 
which are either fresh or after storage. Testing machines are often based on elec-
tromechanical or hydraulic systems which are often performed in living animals or 
patients. Mathematical interpretation of data is often considered an important part 
of tissue mechanics such as 3D modeling of stress-strain behavior. Modeling may be 
either phenomenological, which is to some extent seeking to define behavior using 
model systems that do not reference structure, or plainly based on information of 
tissue construction. Phenomenological models are often based on linear or quasi-
linear viscoelastic theory. Constitutive equations, mostly those based on improve-
ment of strain energy density functions, are often as a means to explaining tissue 
behavior under random loading.

Tissue mechanics or tissue biomechanics is the field of endeavor that seeks to 
understand and describe the correlations between structure, composition, and 
mechanical functionality in a variety of tissues such as connective tissues, cardio-
vascular tissue, epithelial tissues, etc., in the human body [2]. Much of the research 
work has been done in the connective tissues of the body, such as the bone, tendons, 
cartilage, arteries, and skin, where mechanical demands are greatest; however, all 
tissues have mechanical features of interest. An interesting area of research could be 
made around the (1) use of structural anatomy as a means to understanding natural 
design, (2) mechanical engineering analysis of structures based on continuum 
mechanics, and (3) materials science study of detailed links between structure 
and function. As all natural tissues are composite materials, understanding their 
mechanical function requires study of the mechanical properties and architectural 
arrangement of the individual structural components, particularly strong, stiff 
collagen fibers; the physiological rubber elastin; hydroxyapatite mineral; and 
proteoglycan sol/gels. The mechanical features of tissues include marked anisot-
ropy, nonlinear stress-strain relations, viscoelasticity, preconditioning behavior, 
and the presence of residual stresses. Most studies of the mechanical behavior of 
tissues have been carried out in the laboratory, with samples removed from cadav-
ers or animals, cut or machined to shape, and tested either fresh or after storage. 
Commercial testing machines based on electromechanical or hydraulic systems are 
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widely used, as are custom-built apparatus. Testing is also carried out in living ani-
mals or patients. In either case, determination of sample geometry or deformations 
is difficult. Mathematical description of data is an important part of tissue mechan-
ics, as is modeling of 3D stress-strain behavior. Soft tissues require the use of large 
deformation (finite) elasticity equations. Modeling may either be phenomenological 
(seeking to describe behavior using model systems that do not reference structure) 
or may be explicitly based on knowledge of tissue architecture. Phenomenological 
models have often been based on linear or quasi-linear viscoelastic theory derived 
from previous work on polymer materials. Constitutive equations, particularly those 
based on the development of strain energy density functions, have been widely used 
as a means to describing tissue behavior under arbitrary loading. In a complemen-
tary development, finite element analysis has found wide use for analysis of com-
plex structures. I believe tissue mechanics is a tool both for (1) the study of natural 
structures in health and disease and (2) technological application, which, in recent 
years, has included the design of surgical replacements and surgical technique and 
evaluation and design of tissue engineered replacements and analysis/prevention of 
injuries. Native and functioning tissues display an exciting and dynamic response 
to mechanical loading. In fact, living tissues are capable of adapting to the micro-
mechanical environment surrounding them which may be characterized by changes 
in their composition and structure due to their external conditions. Following this 
concept, tissue differentiation and profanation are good examples in which they are 
highly dependent and significantly affected by on their micromechanical environ-
ment. A quantifiable understanding of these concepts, by the means of experimen-
tation and/or computational modeling, is of fundamental significance for many 
applications in the area of biomechanics or biomechanical engineering such as tissue 
and cell damage due to continued loading (e.g., decubitus), the usage of suitable 
biomaterials in the design of prostheses (e.g., intervertebral disc or in small size 
blood vessel, i.e., coronary arteries), and heart valve tissue engineering [1].

As of the future research directions, developing computational multiscale models 
to study the micromechanical loadings on discrete cells in an engineered tissue such as 
cartilage tissue or heart valve leaflet tissue is of particular importance. This is because 
these models will help understand the process by which normal living cells detect 
and realize mechanical loadings such as shear forces or tensile strains and convert 
them into a multiple of chemical events in tissues at multiscale levels that trigger and 
affect the cellular function in health and disease [3, 4]. Living cells vigorously detect, 
realize, and process micromechanical signals surrounding them, and all their motil-
ity, differentiation, and growth are significantly affected by them. It is of particular 
importance to understand the micromechanical language between the extracel-
lular matrix (ECM) and cells embedded in it and the fundamental mechanisms of 
this mechanical communication simply because an abnormality in the mechanical 
properties of the ECM may lead to numerous diseases, such as fibrosis and cancer. 
Furthermore, ECM mechanics plays a major role when stem cell differentiation is 
programmed for organ-on-chip applications. Mechanotransduction is a developing 
multidisciplinary area that embraces cell and developmental biology, biomaterials, 
biochemistry, biomedical engineering, and medical biophysics [5, 6].  
The following topics are a few applications of biomechanics in order to further under-
stand the mechanobiology associated with tissues in health and disease.

2. Spine biomechanics

To understand the motion of the spine and how it supports movement, we must 
first understand each component and the overall structure of the spine. The spine 
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serves as a structural column providing the human body physical durability and 
protection. There are 32–34 total bones in the spine, divided into 5 regions: 7 verte-
brae in the cervical region, 12 in the thoracic region, 5 in the lumbar region, 5 in the 
sacral region, and 3–5 in the coccygeal region. In between these spinal bones, there 
are 23 discs. The bones and discs, in combination with muscles and ligaments, allow 
the lumbar, thoracic, and cervical spine, different degrees of mobility. This is mea-
sured through rotational, side to side, and front to back bending. As mobile humans, 
it is important to realize the impact of certain activities on the spine, in order to 
avoid injuries and spinal conditions. Looking at the spine as a purely mechanical 
system, solutions can be identified using engineering principles. By making use of 
medical professionals’ expertise in surgical procedures and the human body and 
engineers expertise in mechanical systems and hardware, spinal disorders can be 
treated. The motion of the spine is very complex, and in order to fully understand 
the biomechanics of this system, the components, motion, force transmission, con-
ditions, and treatment of the spine must be examined. Understanding the motion 
of the spine and how it supports movement eases the understanding of each compo-
nent and the overall structure of the spine. The spine serves as a structural column 
providing the human body physical durability and protection. The bones and 
discs, in combination with muscles and ligaments, allow the lumbar, thoracic, and 
cervical spine to move with different degrees of mobility. This is measured through 
rotational and lateral bending and flexion/extension. As discussed the motion of 
the spine is complex. By fully understanding the biomechanics of the spine as a 
mechanical system, the components, motion, force transmission, and conditions 
of the spine can be harnessed to develop new technologies in vibration reduction, 
sports performance, and new methods and practices for spinal surgery.

3. Articular cartilage biomechanics

Cartilage is an essential component of the human body. It plays multiple roles 
throughout the body, and without it our bodies would not have the ability to respond 
to the demanding nature of our everyday lives. Cartilage is the basis of skeletal 
growth; it transmits and cushions demanding loads throughout brittle bone struc-
tures. Also, it gives elasticity and shape to surrounding tissues, all this while being 
an avascular tissue. The complexity of cartilage’s biomechanical behavior makes 
cartilage a demanding field of research within the biomedical engineering industry. 
There is ample information in the literature on the three different types of cartilage: 
hyaline, fibro, and elastic cartilage. Studies of the composition of articular cartilage 
concluded that the ECM is made up of collagen, proteoglycans, chondrocytes, and 
water. Collagen is the main structure in the extracellular space, while proteoglycans 
are heavily glycosylated proteins with a core protein with one or more covalently 
attached sugar chains. Chondrocytes are the single existing cell within the articular 
cartilage and are highly specialized and metabolically active while water is the 
most abundant component contributing to approximately 80% of the wet weight. 
Further research into the structure of articular cartilage (AC) found four distinct 
zones, including superficial, middle, deep, and calcified; all of which have distinct 
differences in composition. Within these four zones, three regions are present 
referenced as the territorial, pericellular, and interterritorial region. Initiating 
signal transduction throughout the loaded cartilage between chondrocytes and the 
ECM is controlled by the territorial region, which also surrounds the pericellular 
region. Bundles of large collagen fibers that are randomly oriented and have vary-
ing proteoglycans define the interterritorial region. Articular cartilage was found 
to be biphasic and anisotropic giving it distinctly different tensile and compressive 
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properties. The viscoelastic nature of AC is also governed by its liquid and solid 
ECM phases leading to creep and stress relaxation behavior. Boundary layer lubrica-
tion transitioning to fluid film lubrication yields the very low coefficient of friction 
required to prevent cartilage deterioration between joints. Mechanical materials 
available today do not present the combination of elasticity and strength articular 
cartilage possesses making medical replacements less than ideal.

Finally, medical conditions and treatments were covered including osteoar-
thritis, microfracture, osteotomy, arthroplasty, stem cell therapy, and hydrogels. 
Current treatments do provide some alleviation of pain and discomfort; however, 
high costs and unwanted growth of fibro instead of hyaline cartilage leave room for 
further improvement in this area of the biomedical industry.

4. Biomechanics of atherosclerosis

Currently, atherosclerosis is the leading cause of deaths in the developed world. 
Due to the nature of this disease and how prevalent it is in our modern society, it 
is important for all to understand how this disease manifests and is detected, as 
well as how it can be prevented. Atherosclerosis is a silent killer and contributes 
to many deaths throughout the world every year. It develops over a long period of 
time due to a buildup of LDL on the arterial wall before the body contains it with 
a mesh of collagen and elastin fibers called a fibrous cap. Based on the volume that 
the soft plaque occupies and the thickness of the fibrous cap itself, a person can 
live for years without that plaque being a danger to their health. The issue arises 
when the necrotic core takes up 40% or more of the volume of the plaque or if the 
fibrous cap is less than 65 μm thick. If either of these criteria are met, the plaque is 
at risk of rupturing and creating a thrombus that will kill the victim. Even without 
rupturing, the stiffening of the arterial wall leads to physical changes in the body’s 
function. These changes include increased shear stress in the blood vessels, changes 
in systolic and diastolic blood pressures, and increased pressure fluctuations in the 
arteries. Thankfully in our modern age, atherosclerotic plaques can be detected and 
treated through a variety of methods. Each method has its advantages and disad-
vantages. Certain procedures excel at identifying atherosclerosis in certain arteries 
but struggle in other arteries. For these reasons, multiple procedures can be used 
together to allow a better picture of the health of a patient’s arteries. It is becoming 
more common to use noninvasive procedures as they become more advanced. In 
many cases, they are just as effective as invasive procedures at detecting atheroscle-
rosis. As atherosclerosis becomes more common, research on the disease is expand-
ing. Every year, doctors are becoming more equipped to handle atherosclerosis.

5. Knee joint biomechanics

During everyday activities like walking and climbing up stairs, the knee experi-
ences 2.7–4.9 times the body weight. It is a wonder how the knee can withstand so 
much weight over such a long period of time. Millions of years of evolution and adap-
tation can be found in the knee as it seems to be built for exactly what humans need it 
to do. The knee is meant to bear load and help the body move at the same time, and it 
does just that. The meniscus not only reduces the friction between our femur and tibia 
but also reduces the stress felt on the tibia. Humans often stand for longer periods 
of time, and the knee has a mechanism to reduce the amount of force needed to stay 
standing upright. More recently in the field of biomedical engineering, procedures are 
being developed to fix the issues caused by trauma or simply by degradation.
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6. Muscle biomechanics

Muscle is a complex tissue that is involved in many processes and systems essen-
tial to human life. They are used for balance, stability, movement, organ function, 
lifting objects, and many other things. This tissue needs to be analyzed from the 
smallest unit all the way up to the macroscale of its involvement in complex func-
tions. Furthermore, certain engineering applications and considerations needs to 
be covered. Through analysis of fundamental structures and functions, the role of 
the muscle in the body needs to be explored, and its relevance to human life needs to 
be discussed. Muscle is a contractile tissue within the body responsible for internal 
and external locomotion and posture. There are different types of muscle tissue, 
composed of different types of fibers. Contractions are stimulated by the nervous 
system and have a specific need for energy depending on their environment. In 
addition, adaptations to the structure and function will arise when exposed to stim-
uli such as exercise. Muscle is a complex, versatile tissue which provides humans 
with the ability to execute a variety of tasks. Both muscles as a complex functional 
group and single muscle fibers as an individual functional unit have been discussed. 
The interactions of muscle tissue with the rest of the body perform many different 
functions that need to be carried out simply and effectively. From the contraction 
of single muscle fibers all the way to the entire muscle groups working together to 
complete a movement, the structure and fundamental properties of muscles work 
cooperatively to fulfill different functions and needs of the body.

7. Vascular grafts

Proper circulation of blood throughout the body is extremely crucial to a long 
and healthy life. Any infliction that inhibits the normal flow of blood through 
the vast network of blood vessels poses an extreme risk to patients and can cause 
numerous potentially fatal conditions depending on their location. Vascular grafts 
are a surgical method utilized to redirect blood flow from one area to another 
whether to bypass a clogged or narrowed blood vessel or provide an easy access 
point for other procedures such as blood dialysis. It is an unfortunate truth that, in 
their current state, synthetic grafts are not a long-term solution to vascular stenosis 
and provide only small extensions on expected life spans. With the current state 
of undesirable compliance mismatch that exists between them and the vessels that 
they are grafted too, it is clear that there is a lot of room for improvement. Future 
research on the use of multicomponent synthetic grafts in which multiple materials 
are used together to better mimic the elastin and collagen mechanical proper-
ties of natural arteries and veins has a potential for improving the compliance of 
synthetic grafts, which ultimately leads to improved patency over time. As for tissue 
engineering, it is being constantly improved upon every single day. The future 
of biomedical engineering lays in the replication of human tissues through tissue 
engineering. The only way to correctly mimic the compliance of a human blood 
vessel is to use a form of tissue engineering. Many improvements have been made 
already, with some very promising results as seen in the hybrid scaffold methods 
as well as the decellularized matrices. It is important to note that the highest poten-
tial lies in the assembly processes. These are the processes that will allow for any 
mechanical property and shape to be designed exactly. The only limiting factor 
being the excessive amount of time required in order to manufacture these grafts. 
Finally the research toward sutures and the anastomotic site is also a very key area. 
With the hypercompliant zone being so detrimental, it is very important to consider 
alternate forms of sutures to combat the high compliance mismatch of those areas. 
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In the future it can be said that a form of biocompatible glue or laser or even a 
combination of both may be the best choice of suture. In order for this to happen a 
lot of work needs to be done in those areas in order to formulate techniques in which 
the negatives previously mentioned are mitigated.

8. Transcatheter heart valves

Severe aortic stenosis is the calcification of the aortic heart valve that affects 
3% of the world’s population over the age of 75. This disease may have a variety of 
causes, such as age, gender, hyperlipidemia, rheumatic fever, hypertension, heart 
infection, abnormal stresses, and congenital abnormalities. Due to the extremely 
invasive nature of open-heart surgery, the mortality rate for older patients is very 
high, and until 1992 these patients would have had to take the risk of open-heart 
surgery or have no treatment and left to endure cardiac failure. Henning Rud 
Andersen invented an alternative surgery to replace the native aortic valve, known 
as a transcatheter aortic valve replacement (TAVR), also known as a percutaneous 
aortic valve replacement (PAVR). This surgery is done by using various catheters 
and medical imaging machines to allow for a replacement valve to be directed up an 
artery to the diseased native aortic valve. The catheter is most commonly inserted 
into the iliac artery or femoral artery, but there are other methods surgeons use 
based on their patient. A sheath is placed in an incision located near the groin to 
aid in inserting various surgical tools and the replacement valve into the artery. A 
flexible guide wire is transported to the valve to guide the surgical tools and new 
valve to the native valve. The native valve is then crushed using a procedure called 
aortic balloon valvuloplasty. Doctors will often use a method called fast pacing dur-
ing an aortic balloon valvuloplasty to reduce the pulsatile aortic flow by increasing 
the heart rate to approximately 200 beats/min or greater. After crushing the native 
valve, a new bioprosthetic aortic valve is set in place using either a balloon expand-
able PAV or a self-expanding PAV. Doctors use various medical imaging techniques 
such as fluoroscopy, aortography, and echocardiography in the procedure to 
monitor flow characteristics and valve deployment location. This procedure is far 
less invasive than open-heart surgery and gives a safe alternative for older patients 
or patients characterized with a high mortality rate to receive a new aortic valve. 
The percutaneous valve is still a growing technology and is still in its optimizing 
stage. Issues with the valve include thrombosis (blood clotting), valve migration 
(due to the valve not being sutured in), stent malposition (due to physician error or 
valve migration), coronary obstruction, and issues with the catheter-based delivery 
and valve durability. Research into correcting these issues is essential for further 
optimizing the current models of the percutaneous heart valve and for minimizing 
negative inoperative and postoperative implications.
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Chapter 2

Biomechanics of Human Blood
Emily Earl and Hadi Mohammadi

Abstract

Hematology is known as the study of blood regarding health and disease which 
revolves around issues with red blood cells (RBCs), white blood cells (WBCs), 
platelets, lymph nodes, blood vessels, bone marrow, and the proteins involved in 
bleeding and clotting. As biomedical engineers, it is especially vital to understand 
the mechanics of the various components of blood to avoid unwanted results from 
implantations such as heart valves. A comprehensive review on the biomechanics 
of blood is discussed in this chapter. We will also discuss that even though human 
blood is a non-Newtonian fluid, depending on the instance, it can be considered a 
Newtonian fluid.

Keywords: bloodstream, viscosity, hemodynamics, RBC, multiphase flow,  
pulsatile flow, non-Newtonian flow

1. Introduction

Blood is known to be one of the connective tissues in the human body as the blood 
connects every single cell, tissue, and organ in the body together [1]. All necessary 
substances are transported through the vascular system. The science of blood flow 
and the mechanics of blood flow is known as hemodynamics. Hemodynamics is a 
significant element of cardiovascular mechanics and engineering as it simply clarifies 
the physical laws that direct the bloodstream within the blood vessels [2]. A consider-
able number of dysfunctions that occur due to cardiovascular diseases and disorders 
such as hypertension and congestive heart failure are linked to systemic hemody-
namics. For example, clinical studies advocate that local wall shear stress rates and 
forms moderate the location and the advancement of atherosclerotic plaques.

The shear stress and wall shear stress in the bloodstream throughout the entire 
cardiovascular system is significantly impacted by the physics and mechanics of the 
blood. In particular, these values play and important role in the design and develop-
ment of medical devices for cardiovascular applications. In the area of cardiovas-
cular engineering and technology and medical devices, hemodynamics and the 
mechanics of blood are undisputedly vital to be well understood and considered.

2. Blood cells

The major components of blood are considered to be plasma, RBCs, WBCs, 
and platelets. The liquid component of the blood, known as plasma, is made up of 
water, salt, sugar, fat, and protein and is responsible for transportation of blood cells 
throughout the body. Antibodies, oxygen, waste products, chemical messengers such 
as hormones and proteins, and clotting proteins are also transported throughout 
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the body within the blood. WBCs which are responsible for protection of the body 
against infection are much fewer in number than RBCs (1 to ~800)[3]. Platelets are 
not considered as cells but rather a small fragment of cells. Platelets mainly participate 
in the clotting process, also known as coagulation. They gather at the site of injury and 
stick to the lining of the injured vessel, forming a frame-like structure on which blood 
coagulation can take place. This process is also known as the formation of a fibrin clot 
in which the wound is covered and the leakage of blood is stopped. Fibrin also con-
tributes to the structure of a scaffold upon which new tissue can grow and form, a step  
known as the healing process.

Red blood cells: RBCs are about 40–45% of the blood volume. Their shape is like a 
biconcave disk with a flattened center [4]. RBCs are made up of a compound known as 
hemoglobin which is a protein for carrying oxygen. Hemoglobin consists of two alpha 
subunits and two beta units. Each subunit holds a heme group and each heme holds a 
Fe2+ ion which can bind to an O2 molecule. Oxyhemoglobin is essentially a hemoglobin 
that has molecules for bonding to oxygen molecules. RBCs undergo two major states 
while circulating through the body, oxygenated and deoxygenated. Oxygenated cells 
are bright red color and contain large quantities of oxyhemoglobin. They circulate 
through the body to deliver oxygen to the body tissues. When an RBC reaches the 
intended tissue, oxygen molecules are removed from hemoglobin. The first two 
O2 molecules are easier to remove than last two, which cause a gradient of release. 
Deoxygenated cells have less oxyhemoglobin existing in the hemoglobin compound, 
however blood is never actually deoxygenated as not all oxygen is removed [5].

Blood disorders: Some common blood disorders include anemia, malaria, and 
cancer. Anemia occurs when the number of red blood cells is comparatively low. 
Common causes of anemia include iron deficiency, B12 deficiency, chronic diseases 
of the kidney or bones, and red blood cell destruction due to shearing forces. Malaria 
is a mosquito-borne infectious disease. Minor symptoms include fever, fatigue, 
vomiting, and headaches, however severe symptoms can include seizures, coma, and 
possibly death. The main cancer associated with blood is leukemia which begins in 
the bone marrow and results in high numbers of abnormal white blood cells. These 
abnormal white blood cells, known as blasts, are not fully developed and cannot 
function properly. This causes symptoms such as bleeding and bruising, fatigue, 
fever, and an increased risk of infection. Certain disorders such as thalassemia and 
leukemia have varying types for which symptoms and ideal treatment varies.

Thalassemia: Thalassemia is an inherited blood disorder where the hemoglobin pro-
duced by the body is abnormal and does not function properly. Thalassemia develops 
due to a genetic mutation in one of the genes involved in the production of hemoglo-
bin. The disorder leads to the destruction of RBCs which results in anemia [6].

There are three main forms of thalassemia known as alpha thalassemia, beta 
thalassemia, and thalassemia minor [6]. Thalassemia minor is the less severe form, 
whereas alpha thalassemia and beta thalassemia are more serious conditions. Alpha 
thalassemia occurs when at least one of the alpha globin genes has a mutation, while 
beta thalassemia occurs due to mutations in the beta globin genes. Alpha and beta 
thalassemia also have two subtypes. Beta thalassemia has the subtypes major and 
intermedia. Beta thalassemia major is the more severe form of this disease and is 
generally diagnosed early on when the child is in infancy. Patients with beta thalas-
semia major have a complete lack of beta globin genes and experience the most 
severe symptoms. In addition to severe anemia which can be life-threatening, other 
symptoms may include paleness, poor appetite, jaundice, and enlarged organs [6]. 
Beta thalassemia intermedia is the less severe form of beta thalassemia and arises 
due mutations in the beta globin genes. Unlike beta thalassemia major, the genes are 
present within the DNA just not in their normal form.
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Alpha thalassemia has the two subtypes hemoglobin H and hydrops fetalis. 
Hemoglobin H is developed when a patient is missing up to three alpha globin genes 
or has mutations in up to these alpha globin genes. Complications from this disease 
can cause bone issues where the cheeks, forehead, and jaw overgrow. Individuals 
may also experience jaundice, malnourishment, and an extremely enlarged spleen 
[6]. Alpha hydrops fetalis thalassemia is an extremely severe form of the disease and 
occurs in the developing fetus. This condition develops when all four alpha globin 
genes are altered or missing [6]. Due to such early development babies with this 
form of thalassemia are usually stillborn or die shortly after birth.

The only treatment for patients with thalassemia is regular blood transfusions 
every 2–4 weeks. This causes the patients to have excess iron which can cause iron 
overload in the body and lead to dangerous side effects. Due to this, patients also 
need to take drugs called iron-chelating agents that bind to excess iron and help the 
body remove it from their systems [7, 8].

Leukemia: In leukemia the DNA of immature blood cells, most commonly, WBCs 
is damaged which causes WBCs to grow and replicate continuously. Unlike healthy 
WBCs, these abnormal blood cells continue to accumulate in the bloodstream, forc-
ing out healthy cells. As the damaged WBCs grow, they start to affect the normal 
functions of healthy WBCs by filling up large amounts of space within the blood. 
Individuals with leukemia generally suffer from poor blood clotting, anemia, and 
weak immune systems. Other symptoms that can be experienced are nausea, fever, 
chills, night sweats, flu-like symptoms, weight loss, bone pain, and tiredness [8].

Leukemia is split into two sets of types classified as acute or chronic and lym-
phocytic or myelogenous. Chronic leukemia is a rapidly moving form of cancer, 
whereas acute leukemia progresses significantly slower. Once divided into either 
acute or chronic, leukemia is then subdivided by the type of affected blood cell. 
Lymphocytic leukemia describes cancerous cells affecting the bone marrow that 
makes lymphocytes. Whereas myelogenous leukemia covers cancers that occur in 
the bone marrow that produce other types of white blood cells, platelets, and RBCs.

Treatments for leukemia vary depending on the classification of the cancer as 
well as the age and general health of the patient. Treatments for acute leukemia 
should be started as soon as possible due to the aggressive nature of the cancer and 
include chemotherapy and bone marrow transplants. Chronic leukemia is treated 
differently depending on the stage. The types of treatment include targeted therapy, 
interferons, chemotherapy, radiation therapy, and stem cell transplants [8].

The life cycle of RBCs: RBCs are produced in the bone marrow through a process 
known as erythropoiesis. The production of RBCs involves erythropoietin, monosac-
charides, lipids, vitamin B12, amino acids, folic acid, and iron. RBCs are released into 
the bloodstream once they are developed and have a lifespan of 120 day after which 
they expire due to mechanical or structural damage. Dead RBCs are then removed 
from the bloodstream through the spleen, liver, and bone marrow. The dead cells are 
crushed into their main components known as heme, comprised of iron and bilirubin, 
and globin, comprised of amino acids. Amino acids and iron are reused by bone mar-
row, whereas the bilirubin is removed through feces and urine [9].

RBC configuration: RBCs have a discrete biconcave shape, similar to a disk 
(Figure 1). Normal cells are 7.5–8.0 μm in diameter and ~2.0 μm in height, however 
RBCs must adapt their shape in order to pass through capillaries as some capillaries 
are only ~3 μm wide [9]. This adaptation means RBCs feel significant passive defor-
mation through their 120-day lifespan. The properties of a RBC must be physically 
and mechanically stable so that to resist disintegration and the mechanical proper-
ties have to do significantly with their deformation in terms of the bending, shear, 
area expansion moduli, and relaxation times.
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due to a genetic mutation in one of the genes involved in the production of hemoglo-
bin. The disorder leads to the destruction of RBCs which results in anemia [6].

There are three main forms of thalassemia known as alpha thalassemia, beta 
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intermedia. Beta thalassemia major is the more severe form of this disease and is 
generally diagnosed early on when the child is in infancy. Patients with beta thalas-
semia major have a complete lack of beta globin genes and experience the most 
severe symptoms. In addition to severe anemia which can be life-threatening, other 
symptoms may include paleness, poor appetite, jaundice, and enlarged organs [6]. 
Beta thalassemia intermedia is the less severe form of beta thalassemia and arises 
due mutations in the beta globin genes. Unlike beta thalassemia major, the genes are 
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differently depending on the stage. The types of treatment include targeted therapy, 
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The life cycle of RBCs: RBCs are produced in the bone marrow through a process 
known as erythropoiesis. The production of RBCs involves erythropoietin, monosac-
charides, lipids, vitamin B12, amino acids, folic acid, and iron. RBCs are released into 
the bloodstream once they are developed and have a lifespan of 120 day after which 
they expire due to mechanical or structural damage. Dead RBCs are then removed 
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crushed into their main components known as heme, comprised of iron and bilirubin, 
and globin, comprised of amino acids. Amino acids and iron are reused by bone mar-
row, whereas the bilirubin is removed through feces and urine [9].

RBC configuration: RBCs have a discrete biconcave shape, similar to a disk 
(Figure 1). Normal cells are 7.5–8.0 μm in diameter and ~2.0 μm in height, however 
RBCs must adapt their shape in order to pass through capillaries as some capillaries 
are only ~3 μm wide [9]. This adaptation means RBCs feel significant passive defor-
mation through their 120-day lifespan. The properties of a RBC must be physically 
and mechanically stable so that to resist disintegration and the mechanical proper-
ties have to do significantly with their deformation in terms of the bending, shear, 
area expansion moduli, and relaxation times.
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Microfluidic channels are implemented to simulate human capillaries and study 
RBC deformability. Microfluidic channel are formed from stationary DPD particles 
and are filled with fluid particles containing RBCs. The microfluidic channels 
are comprised of two wide channels on each other edge and a cuboid channel in 
between. The wide channels are normally 20.0 μm wide and 3.0 μm high whereas 
the cuboid channel is 4.0 μm wide, 3.0 μm high, and 30.0 μm long [9]. Adaptive 
boundary conditions for fluid DPD particles are used to control density fluctua-
tions. An individual RBC undergoes a continuous and severe transition from its 
normal biconcave shape to an ellipsoidal shape. This deformation includes elonga-
tion in the flow direction (longitudinal axis), and shortening in the cross-flow 
direction (transverse axis). The RBC enters into the narrow channel by undergoing 
these deformations. Once the entire RBC enters the constriction, it deforms further 
to pass through the microfluidic channel.

RBC deformation: Three distinct cellular components contribute to RBC’s 
deformability—cell geometry, cytoplasm viscosity, and membrane elasticity.

Cell geometry: The geometry of a RBC determines the ratio of cell surface area to 
cell volume. The deformation of a cell is directly related to the surface area to cell 
volume ratio. Therefore, cells that achieve a higher value of surface area to volume 
ratio can deform with more ease.

Cytoplasm viscosity: The cytoplasm viscosity is regulated by the mean corpuscu-
lar hemoglobin concentration (MCHC). This suggests that the viscosity is directly 
related to alterations in cell volume. Therefore, cells with greater volumes have a 
higher cytoplasm viscosity and will deform with more difficulty.

Membrane elasticity: The membrane of RBCs consists of a lipid bilayer supported 
by an attached spectrin-based cytoskeleton. The resistance of the lipid bilayer to 
bending elasticity is controlled by the bending rigidity (kc). The spectrin network’s 
resistance to shear strain is characterized by the in-plane shear modulus, (μs). The 
deformability of the membrane, along with the mechanical stability of the cell, can 
be attributed to the elastic modulus, bending modulus, and yield stress.

Membrane simulations: RBC membrane properties can reveal the complex behav-
ior that takes place within the membrane when it deforms. Twisting torque cytom-
etry (TTC) is used to simulate membrane rheology and can obtain RBC membrane 
properties such as yield stress, shear thinning, and viscoelasticity. A microbead 
is bonded to the surface of a cell membrane and a magnetic twisting cytometry 
applies both static and oscillating magnetic field. The wall adhesion is simulated by 
keeping 15% of vertices stationary on the bottom of the lipid bilayer component 
of the RBC membrane. Microbead adhesion is simulated by including several RBC 
vertices in the lipid bilayer component near the bottom of the microbead in its rigid 
motion.

Figure 1. 
The geometry of human RBCs. (a) The normal biconcave-shaped RBC cut in half along the y-z plane.  
(b) A RBC with the cytoplasm [10].
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The complex elastic moduli of a RBC can be computed from the phase angle 
between the storage and loss moduli as such:

   g   ′  =   𝛥𝛥T ___ 
𝛥𝛥d   cos𝜑𝜑  (1)

   g   ′′  =   𝛥𝛥T ___ 
𝛥𝛥d   sin𝜑𝜑  (2)

Here,  φ  is the phase,   g   ′   is the two-dimensional storage,   g   ′′   is the loss modulus,  T  is 
the torque, and  d  is the microbead displacement amplitudes.

3. Hemodynamics and flow types

Blood circulation: Blood flow in the circulatory system is determined by the 
pulsing drive that is developed from the heart, the individual mechanical and flow 
properties of the fluid, and the structure and mechanical properties of blood ves-
sels. These factors combined at appropriate levels ensure that the cells of the body 
receive adequate amounts of oxygen as well as maintain waste management.

Flow pulse development: The main function of the heart is to circulate blood 
throughout the human body. It is composed of four chambers: two chambers known 
as ventricles on the lower half of the heart and two chambers known as atria com-
posing the upper section as shown in Figure 3. Upon the propagation of bioelectric-
ity through these different components of the heart, contraction of each chamber 
occurs, moving blood throughout the body in a system known as the cardiac cycle 
[11]. The cardiac cycle can be easily separated into two main time events: systole 
and diastole. These two events refer to the action of either the heart pumping blood 
into the circulatory system or receiving blood from the venous system. In addition 
to these events, other factors of the blood such as velocity are initialized from the 
cardiac output of the heart.

Systole and diastole: Systole is when the pressure in the circulatory system is the 
highest due to the force of the heart that is used to pumping blood into the aorta and 
pulmonary artery, whereas during diastole the blood is moved into the heart due 
to a pressure difference between the vena cava and the right atrium, and pressure 
is lowest [12]. These periodic variations in pressure is what causes blood flow to be 
considered “pulsatile” [13]. This pulsatile action is what makes blood flow unable 
to be effectively modeled by standard flow models unless specific assumptions are 
applied.

Cardiac output: The amount of blood that flows out of the heart in 1 minute is 
known as the cardiac output and varies dependent on the weight of an individual. 
Standard values of cardiac output are within the range 4.0–8.0 L/min [13]. Cardiac 
output is dependent on four main components: heart rate, contractility, preload, 
and afterload.

The heart rate is directly proportional to the velocity of the blood moving 
throughout the body because under normal circumstances the blood maintains 
a constant volume. As heart rate increases, the velocity increases, which affects 
the viscosity and turbulent effects of the flow. A similar relationship is seen with 
contractility as the greater the force the heart initially enacts while emptying the 
left ventricle, the larger the pressure will be that is pushing the blood from the 
heart, increasing the initial blood velocity. Preload is the degree of myocardial 
extension prior to shortening which maintains a direct relationship with cardiac 
output [3]. Afterload is the force that the ventricle must overcome in order to push 



Biomechanics

16

Microfluidic channels are implemented to simulate human capillaries and study 
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these deformations. Once the entire RBC enters the constriction, it deforms further 
to pass through the microfluidic channel.
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Cell geometry: The geometry of a RBC determines the ratio of cell surface area to 
cell volume. The deformation of a cell is directly related to the surface area to cell 
volume ratio. Therefore, cells that achieve a higher value of surface area to volume 
ratio can deform with more ease.

Cytoplasm viscosity: The cytoplasm viscosity is regulated by the mean corpuscu-
lar hemoglobin concentration (MCHC). This suggests that the viscosity is directly 
related to alterations in cell volume. Therefore, cells with greater volumes have a 
higher cytoplasm viscosity and will deform with more difficulty.

Membrane elasticity: The membrane of RBCs consists of a lipid bilayer supported 
by an attached spectrin-based cytoskeleton. The resistance of the lipid bilayer to 
bending elasticity is controlled by the bending rigidity (kc). The spectrin network’s 
resistance to shear strain is characterized by the in-plane shear modulus, (μs). The 
deformability of the membrane, along with the mechanical stability of the cell, can 
be attributed to the elastic modulus, bending modulus, and yield stress.

Membrane simulations: RBC membrane properties can reveal the complex behav-
ior that takes place within the membrane when it deforms. Twisting torque cytom-
etry (TTC) is used to simulate membrane rheology and can obtain RBC membrane 
properties such as yield stress, shear thinning, and viscoelasticity. A microbead 
is bonded to the surface of a cell membrane and a magnetic twisting cytometry 
applies both static and oscillating magnetic field. The wall adhesion is simulated by 
keeping 15% of vertices stationary on the bottom of the lipid bilayer component 
of the RBC membrane. Microbead adhesion is simulated by including several RBC 
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Here,  φ  is the phase,   g   ′   is the two-dimensional storage,   g   ′′   is the loss modulus,  T  is 
the torque, and  d  is the microbead displacement amplitudes.

3. Hemodynamics and flow types

Blood circulation: Blood flow in the circulatory system is determined by the 
pulsing drive that is developed from the heart, the individual mechanical and flow 
properties of the fluid, and the structure and mechanical properties of blood ves-
sels. These factors combined at appropriate levels ensure that the cells of the body 
receive adequate amounts of oxygen as well as maintain waste management.

Flow pulse development: The main function of the heart is to circulate blood 
throughout the human body. It is composed of four chambers: two chambers known 
as ventricles on the lower half of the heart and two chambers known as atria com-
posing the upper section as shown in Figure 3. Upon the propagation of bioelectric-
ity through these different components of the heart, contraction of each chamber 
occurs, moving blood throughout the body in a system known as the cardiac cycle 
[11]. The cardiac cycle can be easily separated into two main time events: systole 
and diastole. These two events refer to the action of either the heart pumping blood 
into the circulatory system or receiving blood from the venous system. In addition 
to these events, other factors of the blood such as velocity are initialized from the 
cardiac output of the heart.

Systole and diastole: Systole is when the pressure in the circulatory system is the 
highest due to the force of the heart that is used to pumping blood into the aorta and 
pulmonary artery, whereas during diastole the blood is moved into the heart due 
to a pressure difference between the vena cava and the right atrium, and pressure 
is lowest [12]. These periodic variations in pressure is what causes blood flow to be 
considered “pulsatile” [13]. This pulsatile action is what makes blood flow unable 
to be effectively modeled by standard flow models unless specific assumptions are 
applied.

Cardiac output: The amount of blood that flows out of the heart in 1 minute is 
known as the cardiac output and varies dependent on the weight of an individual. 
Standard values of cardiac output are within the range 4.0–8.0 L/min [13]. Cardiac 
output is dependent on four main components: heart rate, contractility, preload, 
and afterload.

The heart rate is directly proportional to the velocity of the blood moving 
throughout the body because under normal circumstances the blood maintains 
a constant volume. As heart rate increases, the velocity increases, which affects 
the viscosity and turbulent effects of the flow. A similar relationship is seen with 
contractility as the greater the force the heart initially enacts while emptying the 
left ventricle, the larger the pressure will be that is pushing the blood from the 
heart, increasing the initial blood velocity. Preload is the degree of myocardial 
extension prior to shortening which maintains a direct relationship with cardiac 
output [3]. Afterload is the force that the ventricle must overcome in order to push 
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the blood into the system of blood vessels. These components combined affect the 
initial velocity, pressure, and forces applied on the blood flow. However, this system 
is only effective if the components of the heart are working properly and can differ 
if there are defects present in the heart.

Heart murmurs: A heart murmur is a sound that is developed in the heart that 
occurs due to the presence of turbulent flow near the heart valves [14]. Heart murmurs 
can be classified into two main types: innocent and abnormal murmurs. These mur-
murs can then be categorized based on if they occur during systole or diastole and by 
what type of flow characteristic they possess, namely, regurgitation or ejection [15]. 
Due to the fact that heart murmurs occur due to turbulent flow, they have a tendency 
to be increased in those who are diagnosed with anemia (due to the decreased hema-
tocrit) and those with heart valve defects. In addition to these two cases, anything that 
causes irregular or disturbed flow has the potential to cause increased turbulence in 
the flow and therefore increase the possibility of heart murmurs. Examples of such 
include heart valve replacements which introduce new stresses and area contact points 
in the flow and heart valve infections which cause inflammation [15].

Blood circulation begins by the heart pumping deoxygenated RBCs to the lungs 
which are then oxygenated and released back to the heart through the pulmonary 
circuit. These oxygenated RBCs are then pumped through the systemic circuit to 
deliver oxygen to various tissues. The RBCs become deoxygenated after releasing and 
depositing oxygen within the tissues and travel back to the heart through the system 
circuit to repeat the cycle.

The flow of fluid within the circulatory system is dependent on a variety of fac-
tors but can be characterized by considering the laminar and turbulent properties 
of the flow. In addition to the laminar and turbulent properties of the flow, it is also 
important to consider the motion of the suspended particles within the heterog-
enous fluid allowing it to cohere to adequate blood flow needs.

Laminar and turbulent blood flow: In homogeneous fluids, flows are laminar up 
to a Reynolds number of roughly 2300 and become turbulent at a Reynolds number 
of 4000. This logic cannot be applied to the flow of blood as blood is not a homog-
enous fluid and blood vessels are not perfectly cylindrical and possess viscoelastic 
properties. Though directly corresponding to Reynolds numbers will not accurately 
represent the type blood flow, it is generally considered that the possibility of 
turbulence will increase as the Reynolds number increases, regardless of the precise 
critical Reynolds number values for transition. Adhering to this logic, as seen in 
Eq. (3), the possibility for turbulent flow will increase as the velocity increases, the 
diameter increases, the density increases, or as the viscosity decreases:

  ℜ =   𝜌𝜌N  D   2  _____ μ   =   𝜌𝜌VD ____ μ    (3)

As a flow develops into turbulence unsteady vortices appear and interact with 
each other leading to the development of eddy currents, small currents where the 
flow differs from that of the general flow. Turbulence occurs naturally in locations 
of the circulatory system where the Reynolds numbers are comparatively elevated 
such as the ventricles and ascending aorta. In addition to this, turbulence can also 
be initiated due to branches or curves in the flow, irregularities due to surgical 
implants, and improper function of circulatory valves [16]. Under diseased or 
abnormal conditions, other segments in the circulatory system can experience 
turbulent flow which can have negative effects on epithelial function [16].

In individuals with conditions affecting the viscosity of their blood, such as ane-
mia, due to the decreased hematocrit in the blood the opportunity for one’s blood to 
enter turbulence is increased [5]. Other individuals experience increased turbulence 
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opportunity due to a foreign object being placed in the circulatory system such as 
a replaced heart valve, as turbulence is developed from an increased contact area 
between the blood flow and the valve. Due to the chaotic nature of the flow, turbu-
lent flows require more energy to properly travel throughout the system as much of 
the energy is lost due to misaligned flows and eddy currents. Even though turbulent 
flows occur in the circulatory system, RBCs go through a series of motions and 
deformations which help sustain the efficiency of blood flow.

Movement of RBCs: Dependent on shear rate, RBCs can move throughout the 
circulatory system in one of three manners known as tumbling, swinging, and 
tank-treading [17]. At the lowest shear rates RBCs have the tendency to move in 
a pattern known as tumbling (Figure 2). This is where the RBCs spin completely 
around their axis and maintain little to no deformation. As shear stress is increased 
RBCs experience a transition motion known as swinging where they experience 
quasi-deformation and their rotation abilities alter from 180° at tumbling to a range 
of 5–26° while swinging [5]. Following this, RBC motion develops completely into 
tank-treading motion which is defined by large amounts of RBC deformation and 
quasi-steady motion. During tank-treading, RBCs explore a small volume of the 
flow, leading to less collisions and disturbances, which decreases the viscosity of 
the fluid. This phenomenon coheres with the fact that as shear rate increases, the 
viscosity of the blood decreases.

Viscosity: The viscosity of the blood is due to the internal friction between the 
flow, incorporating the effects of the suspended particles present in the blood, inclu-
sive of RBCs, WBCs, and platelets. As this internal friction increases, more force is 
required from the heart in order for it to maintain the desired cardiac output of the 
blood in the circulatory system. This requires a heightened contractility from the 
muscles of the heart which can result in the fatigue of the heart and, in major cases, 
heart collapse [19]. The opposite case where there is a lack of proper internal friction 
in blood flow will cause a decrease in the ability of one’s blood to clot, which imposes 
risk when blood vessels are damaged and the blood continues to flow out of the site 
of damage for a prolonged period of time.

The viscosity of blood is dependent on many factors such as the properties of 
blood plasma, the hematocrit levels, and the individual mechanical properties 
and influence of the suspended particles in the flow; however, this is inherently 
dependent on whether blood is considered as a Newtonian or non-Newtonian fluid. 
The true nature of blood is that it exhibits non-Newtonian properties under specific 

Figure 2. 
Two conceptual motions are considered for RBCs, (1) linear shear field, the solid-like, also known as tumbling 
motion (top), and the vesicular, also known as tank treading motion (bottom) [18].
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the blood into the system of blood vessels. These components combined affect the 
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circuit. These oxygenated RBCs are then pumped through the systemic circuit to 
deliver oxygen to various tissues. The RBCs become deoxygenated after releasing and 
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  ℜ =   𝜌𝜌N  D   2  _____ μ   =   𝜌𝜌VD ____ μ    (3)
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be initiated due to branches or curves in the flow, irregularities due to surgical 
implants, and improper function of circulatory valves [16]. Under diseased or 
abnormal conditions, other segments in the circulatory system can experience 
turbulent flow which can have negative effects on epithelial function [16].

In individuals with conditions affecting the viscosity of their blood, such as ane-
mia, due to the decreased hematocrit in the blood the opportunity for one’s blood to 
enter turbulence is increased [5]. Other individuals experience increased turbulence 
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flows occur in the circulatory system, RBCs go through a series of motions and 
deformations which help sustain the efficiency of blood flow.

Movement of RBCs: Dependent on shear rate, RBCs can move throughout the 
circulatory system in one of three manners known as tumbling, swinging, and 
tank-treading [17]. At the lowest shear rates RBCs have the tendency to move in 
a pattern known as tumbling (Figure 2). This is where the RBCs spin completely 
around their axis and maintain little to no deformation. As shear stress is increased 
RBCs experience a transition motion known as swinging where they experience 
quasi-deformation and their rotation abilities alter from 180° at tumbling to a range 
of 5–26° while swinging [5]. Following this, RBC motion develops completely into 
tank-treading motion which is defined by large amounts of RBC deformation and 
quasi-steady motion. During tank-treading, RBCs explore a small volume of the 
flow, leading to less collisions and disturbances, which decreases the viscosity of 
the fluid. This phenomenon coheres with the fact that as shear rate increases, the 
viscosity of the blood decreases.

Viscosity: The viscosity of the blood is due to the internal friction between the 
flow, incorporating the effects of the suspended particles present in the blood, inclu-
sive of RBCs, WBCs, and platelets. As this internal friction increases, more force is 
required from the heart in order for it to maintain the desired cardiac output of the 
blood in the circulatory system. This requires a heightened contractility from the 
muscles of the heart which can result in the fatigue of the heart and, in major cases, 
heart collapse [19]. The opposite case where there is a lack of proper internal friction 
in blood flow will cause a decrease in the ability of one’s blood to clot, which imposes 
risk when blood vessels are damaged and the blood continues to flow out of the site 
of damage for a prolonged period of time.

The viscosity of blood is dependent on many factors such as the properties of 
blood plasma, the hematocrit levels, and the individual mechanical properties 
and influence of the suspended particles in the flow; however, this is inherently 
dependent on whether blood is considered as a Newtonian or non-Newtonian fluid. 
The true nature of blood is that it exhibits non-Newtonian properties under specific 
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Two conceptual motions are considered for RBCs, (1) linear shear field, the solid-like, also known as tumbling 
motion (top), and the vesicular, also known as tank treading motion (bottom) [18].
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conditions; however, these conditions arise at very few locations throughout the 
circulatory system.

Newtonian and non-Newtonian conditions: Blood possesses non-Newtonian 
properties when the shear rate is above 100 s−1 [20] and follows shear-thinning 
effects. High shear rates occur in the capillaries and the larger arteries coming 
directly from the heart because the shear rate of a fluid through a vessel increases 
with increasing velocity and decreasing diameter. Due to the fact that the main 
non-Newtonian properties of blood occur in small diameter vessels, it is argued that 
the non-Newtonian effects that occur within the largest arteries can be ignored [21, 
22]. In blood vessels that possess a diameter in the more medial range or where there 
is decreased velocity, such as veins and arterioles, these non-Newtonian factors have 
minute effects on the properties of the flow, causing them to be neglected for these 
areas as well:

   γ ´   =   4Q ___ 
π  r   3 

    (4)

Eq. (4) is not an accurate representation of proper blood flow as blood flow 
is subject to fluctuations based on the viscoelastic properties of the vessel walls, 
the alternating pressures from systolic and diastolic, and when present the non-
Newtonian properties of the blood itself; however, it is used here to outline the 
relationship between the shear rate and vessel size and diameter.

Considering the above, the non-Newtonian effects of blood are only active 
within a small portion of overall blood flow and acquire more importance when 
blood flow at those selected areas are specifically studied. When being considered 
as a Newtonian fluid, the viscosity of blood in addition to being impacted from the 
vessel size and blood velocity is also affected by the blood plasma and the concen-
tration of suspended particles in the flow.

Factors of blood as a Newtonian fluid: The blood plasma is mainly composed 
of water (roughly 91% by volume) proteins, hormones, and glucose and acts as 
a Newtonian fluid with standard values between 1.1 and 1.3 mPas at the human 
body temperature of 37°C [9]. Blood plasma accounts for approximately 55% of 
the volume of the blood in the body and due to the incredibly high water content 
in the substance, the viscosity of plasma is highly affected by the hydration levels 
of the individual. As a human becomes dehydrated this percentage decreases and 
the blood becomes more viscous [23]. In addition to hydration levels, blood plasma 
viscosity is also directly affected by the amount of proteins and lipids in the blood 
post consumption. The higher the concentration of these elements, the more 
viscous the plasma will become [24].

In addition to the direct effects on plasma, the shear in the flow is also affected 
by the amount of suspended particles in the flow. In heterogeneous fluids where 
particulates are present, these particulates alter the velocity profile of the fluid 
due to the increased shear at the fluid particle interface. As aside from plasma, the 
majority of the remaining volume of the blood is composed of RBCs, RBCs are the 
particles that impose this effect to the flow in the greatest magnitude. Aside from 
the direct viscosity of the plasma itself, plasma also affects the viscosity of the blood 
by the housing of certain proteins such as fibrinogen that cause aggregation in the 
suspended particles [25].

Factors of blood as a non-Newtonian fluid: The percentage comparison of the 
volume of blood cells to the total volume of blood is known as hematocrit and is the 
main factor contributing to the viscosity of the blood. This is because the blood’s 
ability to flow is highly dominated the ease of movement of RBCs. At high shear 
rates the deformability of RBCs is what effectively determines the viscosity of the 
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fluid; however, at low shear rates the viscosity is controlled by the unique property 
of RBCs to aggregate [26, 27].

Physical capabilities and tendencies of RBCs: The deformability of RBCs is con-
trolled by three main factors: the relatively high surface area to volume ratio due to 
RBCs enucleated nature, the viscosity of the cytoplasm, and the viscoelastic proper-
ties of the cell membrane [28]. The viscoelastic properties of the cell membrane are 
dominated by three moduli known as the shear elastic modulus, the area compress-
ibility modulus ( K ), and the bending modulus. The definitions of the previous as 
well as determined experimental values for healthy RBCs are denoted in Table 1. 
The bending modulus (  E  K   ) is calculated as such:

   E  K   = 2K  H   2   (5)

  H =   1 _ 2   (  1 __  R  1  
   −   1 __  R  2  

  )   (6)

During the same experiment as the calculation for the elastic moduli, the 
cytoplasmic viscosity was tested as well, producing a value with an average that is 
approximately six times greater than the viscosity of plasma.

This viscosity is important because it outlines how quickly the cell can reshape 
itself. Similar to the viscosity of plasma, this is dependent on the hydration levels of 
the individual in which the blood is present [30]. Deformability of RBCs is relevant 
in locations of high shear rates such as the capillaries because, in order to maintain 
proper blood flow they must adhere to the vessel to sustain motion. To do this 
effectively, the RBCs fully elongate into ellipsoids and align with the flow, reducing 
the possibility of collisions, decreasing the overall viscosity.

At low shear rates, RBCs have the tendency to aggregate together, most commonly 
into stacks called Rouleaux. It is suggested that this specific formation occurs due 
to the incredibly high surface area RBCs possess. This combining of RBCs severely 
increases the frictional resistance between flow streamlines, increasing the viscosity 
of the fluid. However, as seen in Figure 3 at high shear forces this tendency is over-
ruled and the blood cells separate and align in the direction of the flow [31].

Aside from RBCs, other suspended particles such as platelets and WBCs are pres-
ent in the blood which also maintain aggregative properties; however due to the fact 
that they compose roughly 1/800th and 1/600th of the volume of the blood, respec-
tively, they are often not considered a vital part of the viscosity of the blood [31–34].

Flow effects on RBCs: As blood moves from a large vessel to a vessel less than 
0.3 mm [35] the RBCs realign to the center of the vessel. Due to this, the velocity 
of the centric RBCs is increased relative to the layer of plasma present at the wall 
of the vessel and the RBCs leave the vessel at a faster rate at which they enter them. 

Modulus type Definition [29] Tested value [4]

Shear elastic modulus The ratio of shear stress to shear strain 5.5 +/− 3.3 (μN/m)

Area compressibility 
modulus

The energy per unit area required to uniformly stretch 
an interface to produce an area change according to 
Hooke’s law

399 +/− 110 
(mN/m)

Bending modulus The energy per unit area required to produce a mean 
curvature (H) according to Eqs. (3) and (4)

1.15 +/− 0.9  
(× 10−19Nm)

Table 1. 
Viscoelastic factors for RBCs.
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conditions; however, these conditions arise at very few locations throughout the 
circulatory system.

Newtonian and non-Newtonian conditions: Blood possesses non-Newtonian 
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as a Newtonian fluid, the viscosity of blood in addition to being impacted from the 
vessel size and blood velocity is also affected by the blood plasma and the concen-
tration of suspended particles in the flow.

Factors of blood as a Newtonian fluid: The blood plasma is mainly composed 
of water (roughly 91% by volume) proteins, hormones, and glucose and acts as 
a Newtonian fluid with standard values between 1.1 and 1.3 mPas at the human 
body temperature of 37°C [9]. Blood plasma accounts for approximately 55% of 
the volume of the blood in the body and due to the incredibly high water content 
in the substance, the viscosity of plasma is highly affected by the hydration levels 
of the individual. As a human becomes dehydrated this percentage decreases and 
the blood becomes more viscous [23]. In addition to hydration levels, blood plasma 
viscosity is also directly affected by the amount of proteins and lipids in the blood 
post consumption. The higher the concentration of these elements, the more 
viscous the plasma will become [24].

In addition to the direct effects on plasma, the shear in the flow is also affected 
by the amount of suspended particles in the flow. In heterogeneous fluids where 
particulates are present, these particulates alter the velocity profile of the fluid 
due to the increased shear at the fluid particle interface. As aside from plasma, the 
majority of the remaining volume of the blood is composed of RBCs, RBCs are the 
particles that impose this effect to the flow in the greatest magnitude. Aside from 
the direct viscosity of the plasma itself, plasma also affects the viscosity of the blood 
by the housing of certain proteins such as fibrinogen that cause aggregation in the 
suspended particles [25].

Factors of blood as a non-Newtonian fluid: The percentage comparison of the 
volume of blood cells to the total volume of blood is known as hematocrit and is the 
main factor contributing to the viscosity of the blood. This is because the blood’s 
ability to flow is highly dominated the ease of movement of RBCs. At high shear 
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fluid; however, at low shear rates the viscosity is controlled by the unique property 
of RBCs to aggregate [26, 27].

Physical capabilities and tendencies of RBCs: The deformability of RBCs is con-
trolled by three main factors: the relatively high surface area to volume ratio due to 
RBCs enucleated nature, the viscosity of the cytoplasm, and the viscoelastic proper-
ties of the cell membrane [28]. The viscoelastic properties of the cell membrane are 
dominated by three moduli known as the shear elastic modulus, the area compress-
ibility modulus ( K ), and the bending modulus. The definitions of the previous as 
well as determined experimental values for healthy RBCs are denoted in Table 1. 
The bending modulus (  E  K   ) is calculated as such:
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During the same experiment as the calculation for the elastic moduli, the 
cytoplasmic viscosity was tested as well, producing a value with an average that is 
approximately six times greater than the viscosity of plasma.

This viscosity is important because it outlines how quickly the cell can reshape 
itself. Similar to the viscosity of plasma, this is dependent on the hydration levels of 
the individual in which the blood is present [30]. Deformability of RBCs is relevant 
in locations of high shear rates such as the capillaries because, in order to maintain 
proper blood flow they must adhere to the vessel to sustain motion. To do this 
effectively, the RBCs fully elongate into ellipsoids and align with the flow, reducing 
the possibility of collisions, decreasing the overall viscosity.

At low shear rates, RBCs have the tendency to aggregate together, most commonly 
into stacks called Rouleaux. It is suggested that this specific formation occurs due 
to the incredibly high surface area RBCs possess. This combining of RBCs severely 
increases the frictional resistance between flow streamlines, increasing the viscosity 
of the fluid. However, as seen in Figure 3 at high shear forces this tendency is over-
ruled and the blood cells separate and align in the direction of the flow [31].

Aside from RBCs, other suspended particles such as platelets and WBCs are pres-
ent in the blood which also maintain aggregative properties; however due to the fact 
that they compose roughly 1/800th and 1/600th of the volume of the blood, respec-
tively, they are often not considered a vital part of the viscosity of the blood [31–34].

Flow effects on RBCs: As blood moves from a large vessel to a vessel less than 
0.3 mm [35] the RBCs realign to the center of the vessel. Due to this, the velocity 
of the centric RBCs is increased relative to the layer of plasma present at the wall 
of the vessel and the RBCs leave the vessel at a faster rate at which they enter them. 
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This causes the hematocrit level to decrease through the vessel, also known as the 
Fahraeus effect. This causes another effect known as the Fahraeus-Lindkvist effect 
which states that the viscosity of the blood decreases as the vessel size decreases. 
Though as viscosity in extremely small vessels is affected by the deformability of 
RBCs as discussed earlier, the increase in velocity of the RBCs increases the velocity 
of the entire flow, respectively, causing the viscosity to decrease.

Hemostasis: Hemostasis is the process by which bleeding is stopped and it can be 
broken up into three main steps: vasoconstriction, platelet activation, and blood 
clot formation [36]. The clotting process begins by the blood vessel contracting 
in order to reduce the flow of blood into the injured vessel. After a rupture, tissue 
factor is released which causes platelets to aggregate to each other and the walls of 
the vessel. As platelets become sticky, they help to impede the flow of blood through 
the rupture. In addition chemicals are released from small sacs inside the platelets 
called granules [37] that attract more cells to the site and further the clumping of 
platelets creating a platelet plug. On the surface of these activated platelets, many 
clotting factors work together in a series of complex chemical reactions known as 
the coagulation cascade which results in the formation of a fibrin clot [38].

Blood diluters: Blood diluters are commonly used in the medical industry for a 
variety of reasons. The main reason that a doctor may prescribe a blood thinner to a 
patient is if the patient has a high risk of blood clots, which can cause organ damage 
or in some cases death. Blood thinners are commonly used for patients suffering 
from heart disease, poor blood circulation, abnormal heartbeat, and congenital 
heart defects [6, 8, 39–41]. There are two types of blood thinners, anticoagulants and 
antiplatelets. Anticoagulants inhibit the coagulation cascade, whereas antiplatelets 
prevent platelets from aggregating. Antiplatelet drugs are commonly issued for 
patients with heart disease or have had prior heart attacks and anticoagulant drugs 
are used before open heart surgery on heart valves or congenital heart defects [41]. 
Using blood thinners inhibits vital aspects of the human body which can cause many 
side effects. Patients can suffer from increased bruising, red- or pink-colored urine, 
bloody stools, increased bleeding during menstrual period, purple toes, and blackish 
areas in their fingers, toes, or feet [9]. Common anticoagulants include heparin and 
warfarin. Well-known antiplatelet drugs are clopidogrel and ticagrelor [42].

Viscoelasticity of blood: Viscoelasticity is the property of materials that exhibit 
both viscous and elastic characteristics when undergoing deformation [43–49]. 

Figure 3. 
Shear rate to RBC aggregation comparison [31].
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Viscous materials resist shear flow and strain linearly with time when a stress is 
applied, while elastic materials strain when stretched and quickly return to their 
original shape after the stress is removed. The blood is viewed most commonly as 
a viscous fluid, but due to RBCs ability to store elastic energy, it actually displays 
viscoelastic properties. Elastic energy is most commonly stored in RBCs as a result 
of the heart pumping the blood.

The factors contributing to the viscoelastic properties of blood are the plasma 
viscosity, plasma composition, temperature, shear rate, and the level of hematocrit. 
When conducting experiments on blood to test the viscoelasticity properties there 
are two main control factors, the level of hematocrit and the temperature.

Hematocrit is a significant factor as RBCs are the main reason for the elastic 
properties of blood. Figure 4 shows the level of viscoelasticity with respect to the 
amount of RBCs present in the blood. It is easy to discern from the graph that as 
the amount of RBCs present in the blood increases, the viscoelasticity properties of 
the blood increase as well. 

It is important for scientists to properly recreate the same environment experi-
enced within the human body to achieve accurate results. As shown in Figure 5, the 
temperature affects the levels of viscosity and elasticity within the blood.

Blood clot factors: In stagnant flow regions or where the blood flow moves very 
slowly, the risk for blood to clot increases [50]. This occurs due to a high exposure 
time of RBCs to large variation in shear stress. It has been shown that the pulsatile 
flow is significant in the regulation of the stagnation areas regarding blood clot 
formation [50, 51]. In addition, blood clotting is known to occur because of both 
the jet velocity and turbulent shear stress where Re number is high in the stagnation 
region [52]. Factors that are said to be in charge of triggering blood clot formation 
are listed in Table 2.

Numerical models for blood clot formation: The process of blood clotting begins by 
activated platelets which aggregate with a damaged blood element. It is well known 
that the level of platelet activation and blood cell damage are significantly impacted 
by the magnitude and duration of the applied shear stress, known as residual time 
[59].

There have been a few models developed based on the measured residual time 
and the amount of shear stresses as outlined in Table 3.

Figure 4. 
Viscosity and elasticity measured at 2 Hz, 22°C, and at a shear rate of 10/s rms [43].
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a viscous fluid, but due to RBCs ability to store elastic energy, it actually displays 
viscoelastic properties. Elastic energy is most commonly stored in RBCs as a result 
of the heart pumping the blood.

The factors contributing to the viscoelastic properties of blood are the plasma 
viscosity, plasma composition, temperature, shear rate, and the level of hematocrit. 
When conducting experiments on blood to test the viscoelasticity properties there 
are two main control factors, the level of hematocrit and the temperature.

Hematocrit is a significant factor as RBCs are the main reason for the elastic 
properties of blood. Figure 4 shows the level of viscoelasticity with respect to the 
amount of RBCs present in the blood. It is easy to discern from the graph that as 
the amount of RBCs present in the blood increases, the viscoelasticity properties of 
the blood increase as well. 

It is important for scientists to properly recreate the same environment experi-
enced within the human body to achieve accurate results. As shown in Figure 5, the 
temperature affects the levels of viscosity and elasticity within the blood.

Blood clot factors: In stagnant flow regions or where the blood flow moves very 
slowly, the risk for blood to clot increases [50]. This occurs due to a high exposure 
time of RBCs to large variation in shear stress. It has been shown that the pulsatile 
flow is significant in the regulation of the stagnation areas regarding blood clot 
formation [50, 51]. In addition, blood clotting is known to occur because of both 
the jet velocity and turbulent shear stress where Re number is high in the stagnation 
region [52]. Factors that are said to be in charge of triggering blood clot formation 
are listed in Table 2.

Numerical models for blood clot formation: The process of blood clotting begins by 
activated platelets which aggregate with a damaged blood element. It is well known 
that the level of platelet activation and blood cell damage are significantly impacted 
by the magnitude and duration of the applied shear stress, known as residual time 
[59].

There have been a few models developed based on the measured residual time 
and the amount of shear stresses as outlined in Table 3.

Figure 4. 
Viscosity and elasticity measured at 2 Hz, 22°C, and at a shear rate of 10/s rms [43].
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Factor Triggering criteria for blood clots

Cavitation Water hammer and squeeze flow

Reynolds shear stress >>200 dynes/cm2 [54]

Cardiac output Slow movement of leaflet

Stagnant flow If occurs adjacent to the valves, it could promote the deposition of damaged blood 
elements, leading to thrombus formation on the prosthesis [55]

Vortex shedding Yields repeated vortex pairing within the wake, which is responsible for the 
formation of larger platelet aggregates [56]

Recirculation Allows many platelets to be trapped [57]

Pressure drop A larger pressure drop means that the heart with the MHV prosthesis has to work 
harder [58], thereby reducing cardiac output

Table 2. 
Blood clot factors [53].

Figure 5. 
Viscoelastic properties of blood with respect to shear rate. Hematocrit is set to %45 and measurements are 
performed at 2 Hz in three arrangements: cylindrical tube of diameter of 0.10 cm and length of 6 cm, in a 
microtube with a diameter of 0.005 cm and a length of 0.120 cm and porous medium with an equivalent 
diameter of 0.00812 cm and a length of 0.165 cm.

Model Expression

Linear damage 
accumulation/BDI

  ∑ t=0  t=end    ( τ ´   × ∆ t)  dynes/cm2 [60]

Platelet activation state 
(PAS)

Nondimensional level of platelet activation within the interval 
of [0, 1], in which 0 and 1 correspond to nonactivated and fully 
activated platelets, respectively

[61]

Power-law model  C  τ   α   τ   β  [62]

  λ  2    criterion   λ  2   = 20.0  s   −2   is responsible for blood clot formation [63, 64]

Adhesion model  S ≤  S  th   , where   S  th    is shear rate threshold, taken as 100 [65]

Table 3. 
Available models for the estimation of blood clot formation and threshold [53].
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4. Conclusion

Biological processes are amazing in their complexity and optimization. The 
blood, being no exception, is extremely evolved and adapted to the different scenar-
ios necessary to maintain life. Consisting of plasma, WBCs, platelets, and RBCs, it is 
able to transport vital molecules around the body including oxygen, and clot in case 
of injury. Since RBCs make up approximately half the volume of blood, blood flow 
mechanics are largely related to the properties of red blood cells defined under a 
soft solid. Large deformability is essential in the life cycle and function of red blood 
cells as capillaries are extremely small. Blood clotting is a very important function 
of blood, in which platelets are the main contributors to the clotting process. When 
platelets come into contact with damaged tissue, the platelets activate and construct 
a web to coagulate blood. Due to vWF’s shear dependent binding, under high shear 
stresses platelets can be bound together and form clots without activating.
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An Introduction to Survival 
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Applications
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Abstract

In today’s world, data analytics has become the integral part of every domain 
such as IOT, security, healthcare, parallel systems, and so on. The importance of 
data analytics lies at the neck of what type of analytics to be applied for which inte-
gral part of the data. Depending upon the nature and type of data, the utilization of 
the analytical types may also vary. The most important type of analytics which has 
been predominantly used up in health-care sector is survival analytics. The term 
survival analytics has originated from a medical domain of context which in turn 
determines and estimates the survival rate of patients. Among all the types of data 
analytics, survival analytics is the one which entirely depends upon the time and 
occurrence of the event. This chapter deals with the need for survival data analytics 
with an explanatory part concerning the tools and techniques that focus toward 
survival analytics. Also the impact of survival analytics with the real world problem 
has been depicted as a case study.

Keywords: classification, data analytics, statistics, survival analytics, prediction, 
parametric models

1. Introduction to survival analytics

Survival analysis refers to a branch of statistical analysis domain that evaluates 
the effect of predictors on time until an event, rather than the probability of an event, 
occurs. It is used to analyze data in which the time until the event is of interest. 
As the name indicates, this method has origins in the field of medical research 
for evaluating the impact of medicines or medical treatment on time until death. 
Survival analysis is also known as reliability analysis in the engineering discipline, 
duration analysis in the economics discipline, and event history analysis in the 
sociology discipline.

The term is originated from a medical context in which it has been used to 
estimate the survival rate of patients. Data classification can be dealt explicitly with 
the process and paradigms available in survival analytical models [1]. The process 
of survival analytics can be explored through various techniques such as:



33

Chapter 3

An Introduction to Survival 
Analytics, Types, and Its 
Applications
Sheik Abdullah Abbas, Selvakumar Subramanian, 
Parkavi Ravi, Suganya Ramamoorthy  
and Venkatesh Munikrishnan

Abstract

In today’s world, data analytics has become the integral part of every domain 
such as IOT, security, healthcare, parallel systems, and so on. The importance of 
data analytics lies at the neck of what type of analytics to be applied for which inte-
gral part of the data. Depending upon the nature and type of data, the utilization of 
the analytical types may also vary. The most important type of analytics which has 
been predominantly used up in health-care sector is survival analytics. The term 
survival analytics has originated from a medical domain of context which in turn 
determines and estimates the survival rate of patients. Among all the types of data 
analytics, survival analytics is the one which entirely depends upon the time and 
occurrence of the event. This chapter deals with the need for survival data analytics 
with an explanatory part concerning the tools and techniques that focus toward 
survival analytics. Also the impact of survival analytics with the real world problem 
has been depicted as a case study.

Keywords: classification, data analytics, statistics, survival analytics, prediction, 
parametric models

1. Introduction to survival analytics

Survival analysis refers to a branch of statistical analysis domain that evaluates 
the effect of predictors on time until an event, rather than the probability of an event, 
occurs. It is used to analyze data in which the time until the event is of interest. 
As the name indicates, this method has origins in the field of medical research 
for evaluating the impact of medicines or medical treatment on time until death. 
Survival analysis is also known as reliability analysis in the engineering discipline, 
duration analysis in the economics discipline, and event history analysis in the 
sociology discipline.

The term is originated from a medical context in which it has been used to 
estimate the survival rate of patients. Data classification can be dealt explicitly with 
the process and paradigms available in survival analytical models [1]. The process 
of survival analytics can be explored through various techniques such as:



Biomechanics

34

• Life tables

• Kaplan-Meier analysis

• Survivor and hazard function rates

• Cox proportional hazards regression analysis

• Parametric survival analytic models

• Survival trees

• Survival random forest

2. Metrics for measurement in developing survival models

The process of survival analytics mainly depends on time and occurrence  
of the event. In survival analytics, time-varying covariates are the variables con-
sidered, which change with accordance to the occurrence of the event [2]. The 
process of survival analytics can be signified and measured using the following 
measurements:

1. Event time distribution

The event time distribution corresponding for an event to occur with respect to 
the time function  t  is defined in Eq. (1) as

  f (t)  =   lim  
Δt→0

     p (t ≤ T < t + Δt)   ______________ Δt    (1)

where  t  is the occurrence of an event at a time t and  Δt  is the small change in time 
t with accordance to the event.

The distribution varies with accordance to a small change in time for the event 
that tends to happen for the given function  f (t)  .

2. Cumulative event time distribution

The cumulative event time distribution for the given function  f (t)   is defined in 
Eq. (2) as

  F (t)  = P (T ≤ t)  =  ∫ 
0
  

t
    f (u) du  (2)

The time period is estimated to be from 0 to  t .

3. Survival function

The survival function provides the probability estimate in which the corre-
sponding object of life will have existence beyond the period of time  t . This measure 
is also termed to be the survivor function or reliability function. The measure can 
be estimated using the following Eq. (3):

  S (t)  = 1 − F (t)  = P (T > t)  =  ∫ 
0
  

∞
    f (u) du  (3)
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For the condition  S (0)  = 1  and  S (∞)  = 0 , the following relationship holds:

  f (t)  =   dS (t)  _____ dt    (4)

4. Hazard function

The hazard function is also termed to be the hazard rate or the value of mortal-
ity, which is then the ratio among the probability density function and the survivor 
function which is depicted in Eq. (5) as

  h (t)  =   f (t)  ____ S (t)     (5)

where  h (t)   is the hazard function,  f (t)   is the probability density function, and  
 S (t)   is the survival function.

3. Model classification in survival analytics

The process behind survival analytics is different when compared to predictive 
and descriptive analytics [3]. Here, the time component is an important factor which 
efficiently determines the success or failure of a model. The following Figure 1 illus-
trates the model to be classified under survival analytics [4]. Different sorts of func-
tions are adaptable with different models based on the metric to be used with time as 
a component for the event to occur. The main target is to determine the right model to 
be chosen for the observed survival analytic data. In parametric model analysis, the 
survival curve depends only on the shape of the model with its function value.

The shape of the model can be estimated with regard to the characteristics of a 
nonparametric model. As an outcome, the shape of the hazard function also varies 
with regard to time. Some of the examples corresponding to hazard shapes are:

• Increasing hazard

• Decreasing hazard

• Constant hazard

• Convex bathtub-shaped hazard

Figure 1. 
Model classification in survival analytics.
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Parametric survival analysis can be understood with the available forms of 
distributions. The distributions usually convey the efficacy in terms of probability 
curve with time analysis. The following are the distributions used to estimate the 
output measured by the survival curve:

1. Normal distribution

2. Weibull distribution

3. Exponential distribution

4. Lognormal distribution

5. Gamma distribution

6. Uniform distribution

7. Log-logistic distribution

The following illustrations provide an overview with regard to each of the 
distributions in detail:

4. Parametric survival analytical models

4.1 Exponential distribution

The exponential distribution is also known as negative exponential distribution. 
Exponential distribution is defined as a process in which events occur continu-
ously and independently at a constant average rate. The exponential distribution is 
defined as

  f (t)  = λ  e   −𝜆𝜆t   (6)

The survivor function is then estimated as

  S (t)  = λ  e   −𝜆𝜆t   (7)

The hazard rate is then estimated as

  h (t)  =   f (t)  ____ S (t)     (8)

  h (t)  = λ  (9)

Hence, from Eq. (9), it should be noted that the hazard rate is independent of 
time and therefore the risk corresponding to the event remains to be same. The 
following Figures 2 and 3 illustrate the event time with respect to the hazard rate.

4.2 Weibull distribution

The Weibull distribution is defined as a continuous probability distribution. The 
expression is defined in Eq. (10) as

  f (t)  = k𝜌𝜌   (𝜌𝜌t)    k−1  exp  [−   (𝜌𝜌t)    k ]   (10)
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The evaluation of hazard rate is given as

  h (t)  = k𝜌𝜌   (𝜌𝜌t)    k−1   (11)

Hence, for this case, the hazard rate depends on time which can be in either 
increasing or decreasing mode. The following Figures 4 and 5 depict the value of 
hazard rate with respect to time  t .

Figure 2. 
Probability density function.

Figure 3. 
Cumulative distribution function.
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Figure 5. 
Cumulative distribution function.

Figure 4. 
Probability distribution function.
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4.3 Log-logistic distribution

The log-logistic distribution is defined as a continuous probability distribution 
with negative random variable. In economics discipline log-logistic distribution is 
also known as the Fisk distribution in economics. Log-logistic is a continuous prob-
ability distribution for a nonnegative random variable. The following Figures 6 and 7  
depict the distribution of log-logistic model.

Figure 6. 
Probability density function.

Figure 7. 
Cumulative distribution function.
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5. Kaplan-Meier analytics and Cox regression model

The Kaplan-Meier test is broadly used within the pharmaceutical industry for 
specifying the expiry data for clinical drug in health-care sector, monitoring the 
effects of drugs and their gestures on recovery time or critical time. The Kaplan-
Meier test is a statistical method that really works well for effective cancer treat-
ments. This test determines the patient’s survival time between two groups. For 
clinical drug examination, a successful test indicates that the group of people taking 
the new drug has a shorter time to improvement or death than the group of people 
taking a place [5].

If the value of censoring is not available, then the value of the KM estimator 
for  S (t)   is found to be the same proportional value with respect to  t . If the value of 
censoring is present, then the following steps are followed:

Step 1: Order the event times in ascending order of levels   t  1   <  t  2   <  t  3   < ⋯ <  t  k   .
Step 2: At each time   t  j   , there are about   n  j    individuals who are subjected to risk of 

the event.
Step 3: Let   d  j    be the number of individuals who die at   t  j    (churn, respond).
Therefore, the KM estimator is defined as

  S (t)  =   ∏ 
J: t  1  ≤t

    (1 −    d  j   __  n  j    )  = S (t − 1)  •  (1 −    d  t   __  n  t    )   (12)

If there exists uniqueness in event times, then the KM estimator is measured 
using the life table for grouping of event times as expressed as

  S (t)  =   ∏ 
J: t  1  ≤t

    (1 −    d  j   ______  n  j   −  c  j   / 2  )   (13)

where
  n  j    is the number of individuals at risk.
  d  j    is individuals who die at a specified time.
The implementation of KM estimator can be extended by applying statisti-

cal tests such as hypothesis testing, Wilcoxon test, and likelihood ratio test. With 
exploratory data analytics along with KM estimator, the patterns and insights can 
be determined more efficiently from the data.

The second popular survival analysis method used for prediction is Cox. It is 
also known as the Cox model but often referred to as Cox regression. It is more 
popular in the Web of Science. More than 38,000 articles are cited indexing the Cox 
regression method.

There are some other statistical/analytical methods available that can predict 
time until an event, but survival analysis methods have the unique feature of 
considering the past history/experiences. Although these latter cases do not have a 
date for the target event, they are an integral part of the analysis. The terminology 
used in survival analysis is called censored cases.

Another formal definition for survival analysis is, it is basically defined as a set 
of methods for analyzing data where the outcome variable is the time/instance until 
the occurrence of an event of interest. The event can be an uncertainty accident, 
death, occurrence of a disease, or planned ones—marriage, divorce, etc. The time 
to event or survival time can be measured in various scales of time periods (days, 
weeks, years, etc.).

For example, if the event of interest is mild heart attack, then the survival time 
can be the time in years until a person develops a heart attack. Choose any survival 
methods that are discussed above. In survival analysis, time is a primary factor. 
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The advantage of Cox regression over Kaplan-Meier is that it can accommodate 
any number of predictors, i.e., chances of getting heart attack, rather than group 
membership only. As is the case for all regression methods, there are two potential 
benefits of analysis using Cox regression: predictor ranking, with each predictor’s 
effect measured greater than the predicator’s threshold effect or less than the 
predicator’s threshold effect and the ability to make predictions with the regression 
results. Predictor rankings facilitate the analyst to recognize the factors that have 
the most influence on time to an event, and the regression results can be used to 
estimate the amount of until an event for a specific profile of any subject [6].

5.1 Different types of censoring

Data can be either right, left, or interval censored. It is the sum of defined time 
to, and the event of interest takes place at to + t, where t is an unknown factor and 
the event is only known to have occurred at to + c and the data is censored with a 
censored time, c.

Right censoring is the most common, occurring when the true event time is 
greater than the censored time, when c < t. It often arises when the event of interest 
has not occurred by the end of study and the subject has been lost to follow-up.

Left censoring is the opposite, occurring when the true event time is less than 
the censored time, when c > t.

Interval censoring is a concatenation of the left and right censoring, when the 
time is known to have occurred between two time points: c1 < t < c2.

Censoring is an important matter in survival analysis, signifying a particular 
type of missing data. Censoring is a random and non-informative study, and it is 
usually required in order to avoid bias in a survival analysis The interpretation of 
Cox regression and Kaplan results depends two factors: positive (e.g., a sale) or 
negative (e.g., product failure).

6. Case study for churn prediction

The following graphical illustrations depict the implementation of churn predic-
tion and model deployment using RapidMiner. The algorithm used for analysis is 
decision tree [7]. The implementation has been done with the lift chart analysis 
with evaluation in performance metrics. The attributes in the dataset includes per-
son ID, churn status, gender, age, region code, transaction count, average balance, 
and total accounts.

The case study majorly explores with an application that is most probably used 
up with churn analysis. Nowadays, churn prediction is majorly analyzed in most of 
the industries to track the historical learning with the customers. The entire cus-
tomer demographic data is analyzed day to day with regard to the maintenance of 
business relationships, customer transactions, products purchased, and the survey 
that has been obtained with regards to the business attractions. To make an explora-
tion in this application, we have used up RapidMiner tool for the entire survival 
rate estimation and analysis of customers in an organization. The above Figure 8 
provides the selection of application with regard to churn prediction for estimating 
the survival rate of customers.

RapidMiner is one of the good statistical and analytical tools which is mostly 
practiced in industries and academic institutions. Rapid miner provides a good 
insight for statisticians and mathematical experts to observe the insights and pat-
terns that lie within the given data. The following Figure 9 explores the analytical 
results observed with RapidMiner.
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5. Kaplan-Meier analytics and Cox regression model
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Step 2: At each time   t  j   , there are about   n  j    individuals who are subjected to risk of 

the event.
Step 3: Let   d  j    be the number of individuals who die at   t  j    (churn, respond).
Therefore, the KM estimator is defined as

  S (t)  =   ∏ 
J: t  1  ≤t

    (1 −    d  j   __  n  j    )  = S (t − 1)  •  (1 −    d  t   __  n  t    )   (12)

If there exists uniqueness in event times, then the KM estimator is measured 
using the life table for grouping of event times as expressed as

  S (t)  =   ∏ 
J: t  1  ≤t

    (1 −    d  j   ______  n  j   −  c  j   / 2  )   (13)

where
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  d  j    is individuals who die at a specified time.
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All the incorporations in RapidMiner are made through the process connection 
through wires. The workflow of each process is written through Java. The process 
diagram depicts the step-by-step flow of algorithmic model development through 
drag option. Figure 10 provides a complete overview with regard to the process cre-
ation for churn prediction analysis. The algorithm used for the development of the 
model is decision tree classification algorithm [8]. Decision tree algorithm provides 
a tree-like structure in a top-down fashion with a single root node and a number of 

Figure 9. 
Analytical results observed for churn model.

Figure 8. 
Data selection for churn analysis.
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leaf nodes with a terminating condition. The working of the algorithm depends on 
the splitting criterion to be used up for analysis (Figures 11 and 12).

Lift chart shows the effectiveness of the predictive model in which it has to be 
developed. It generally provides the ratio between the predicted values to that of 
the actual one. In Figure 13 for churn analysis, the chart provides the ratio between 
the confidence value and the count observed for churn analysis. Thus, churn 
prediction is employed for tracking the survival rate of customers with survival 
analytics. Survival analytics model can be deployed more efficiently for tracking 
the rate of patients in medical domain. The realm of health informatics lies at the 
heart of existence of subjects concerned with specific disease. The existence and 

Figure 10. 
Process diagram in a design view.

Figure 11. 
Generated tree with decision tree algorithm.
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the nonavailability of subjects with regard to the specific disease can be learnt with 
patterns and explorations through survival analytics models.

7. Case study using Kaplan-Meier analytics

Consider there are about 200 subjects of patient’s records which have been 
tracked over a period of time. The tracking is made in such a way that the total num-
ber of patients has to be confirmed with first year, second year, and third year, and 
so on. If all the subjects have existed for the given duration, then there will not be a 
case for probability of occurrence with regard to each of the subjects. To illustrate 
this complicated situation, consider the following scenario in Table 1.

Figure 12. 
Performance evaluation.

Figure 13. 
Lift chart for churn analysis.

45

An Introduction to Survival Analytics, Types, and Its Applications
DOI: http://dx.doi.org/10.5772/intechopen.80953

Condition:

1. Out of 200 subjects, 6 became unavailable and 10 have been found to be dead 
at the end of the first year.

2. With the remaining subjects, 6 became unavailable and 20 have been found to 
be dead at the end of the second year.

3. With the remaining subjects, 6 became unavailable and 30 have been found to 
be dead at the end of third year.

4. With the remaining subjects, 6 became unavailable and 40 have been found to 
be dead at the end of fourth year.

5. With the remaining subjects, 6 became unavailable and 50 have been found to 
be dead at the end of fifth year.

Time period At risk Become unavailable (censored) Died Survived

Year 1 200 6 10 ?

Year 2 ? 6 20 ?

Year 3 ? 6 30 ?

Year 4 ? 6 40 ?

Year 5 ? 6 50 ?

Table 1. 
Scenario of individuals for a specified disease.

Time period At risk Become unavailable (censored) Died Survived

Year 1 200 6 10 190

Year 2 184 6 20 164

Year 3 158 6 30 128

Year 4 122 6 40 82

Year 5 76 6 50 26

Table 2. 
Observed solution as per Kaplan-Meier condition.

Time 
period

At 
risk

Become 
unavailable 
(censored)

Died Survived Kaplan-Meier survival probability 
estimate

Year 1 200 6 10 190 (190/200) = 0.95

Year 2 184 6 20 164 (190/200) × (164/184) = 0.84

Year 3 158 6 30 128 (190/200) × (164/184) × 
(128/158) = 0.70

Year 4 122 6 40 82 (190/200) × (164/184) × (128/158) × 
(82/122) = 0.46

Year 5 76 6 50 26 (190/200) × (164/184) × (128/158) × 
(82/122) × (26/76) = 0.15

Table 3. 
Kaplan-Meier probability estimate.
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For this scenario we can determine the list of individuals who are all became 
unavailable at the end of the given time period. Use Kaplan-Meier analytics to 
determine the individuals who are at risk and what would be the probability 
estimate for the individuals survived at the end of the fifth year.

Solution:
Step 1: Kaplan-Meier suggested that the subjects that became unavailable during 

the given time period can be counted among with those who survive through the 
end but are removed or deleted from the total number of individuals who are sub-
jected to risk for the next given time period. With these conventions, the formula-
tion is described in Table 2.

Hence, from Table 2, it has been observed that at the end of fifth year, 26 
individuals have survived from the set of 200 individuals who were subjected to a 
specified disease. The next is to determine the Kaplan-Meier probability estimate 
for each of the time intervals  t  with regard to the conditional probability. The fol-
lowing Table 3 provides the probability estimate for 5 years of risk analysis.

From Table 3, it has been observed that at the end of fifth year, the conditional 
probability estimate was found to be 0.15% of individuals. Hence, from the per-
spective of survival probabilistic estimate, we can determine the existence rate of 
individuals for the given time period  t .
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Chapter 4

Biomechanics of Eye Globe and 
Methods of Its Study
Irina Bubnova

Abstract

Knowledge of biomechanical properties of eye globe is necessary both for 
correct selection of candidates for refractive surgery and right choice of operative 
intervention parameters. No less important, it is for corneal ectatic disease diag-
nostics and monitoring. Also it gives inestimable contribution for interpretation of 
intraocular pressure (IOP) indices especially in cases with irregular eye shape or 
after past corneal surgical procedures. Moreover, it allows studying injury mecha-
nism by glaucoma process on optic nerve head fibers. Above it, scleral biomechani-
cal properties research is necessary for the investigation of pathophysiologic factors 
of myopia manifestation and progression. This chapter is devoted to review of 
existed to date methods of study of eye fibrous tunic biomechanical properties. It 
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conditions, in the living eye, scleral elements are constantly in a strain-stress state 
determined by intraocular pressure and mechanical properties of the scleral tissue, 
as well as by anisotropy and inhomogeneity of these properties [3].

Studying the biomechanical properties of the cornea is relevant for certain 
clinical needs associated with the appearance of new biomechanics examination 
methods, as well as the need to diagnose and monitor ectatic diseases of the cornea, 
to adequately select the parameters for keratorefractive surgeries, to correctly 
interpret the intraocular pressure (IOP) values, and, consequently, to appropriately 
assess IOP and monitor glaucomatous process.

In addition, conducting studies on the biomechanical properties of the sclera is 
a necessary step in the research of pathogenic factors relevant for occurrence and 
progression of myopia, as well as finding effective means and methods of influenc-
ing the sclera in order to correct its biomechanical state.

However, the lack of standardized terminology and uniform classification hurts 
the ability to compare research results and consequently hinders their introduction 
into the knowledge area of ophthalmology.

2. Classification of approaches to study the biomechanics of the eye

In accordance with different approaches, eye biomechanics can be divided into 
the following types:

1. theoretical;

2. physical (i.e., experimental); and

3. clinical.

2.1  Theoretical biomechanics of the eye

Theoretical biomechanics is a science that employs mathematical methodology 
and mathematical analysis. As applied to ophthalmology, it handles with specific 
physical constants characterizing elasticity, strength, and other mechanical param-
eters of the tissues (usually measured in vitro).

The main theoretical approach is mathematical modeling. The research may tar-
get separate structures of the eyeball and the tunic, or the eye in its entirety. It can 
also include modeling of physiological or pathological processes, changes induced 
by specific stimuli or effects of surgical treatment.

The results obtained from modeling can be used in experimental and clinical 
studies. In turn, all models are based on the figures acquired in experiments or from 
clinical diagnostic.

Disadvantages of the theoretical approach in studying eye biomechanics are 
associated with structural complexity of the eyeball, inhomogeneity, and variabil-
ity of morphology of the ocular structures, and dependence on the technological 
advancement of experimental and clinical research methods.

2.2  Physical (experimental) biomechanics of the eye

Experimental biomechanics of the eye is based on studying individual tissues and 
the eyeball as a whole in vitro or by conducting animal experiments using physical 
methods. It is the most developed subdiscipline of biomechanics with many years of 
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research history. Capabilities of the approach are limited by post-mortem changes 
in eye tissues, and anatomical and physiological differences between humans and 
animals. The main purpose of experimental studies is to find potentially useful 
methods of studying biomechanical properties of eye tissues in clinical environment 
and to acquire data for mathematical modeling. The main advantages of experimen-
tal researches are the absence of restrictions for employed methods and approaches, 
and the choice of which is only limited by technological and scientific advancement.

Methods of experimental biomechanics allow measurement of a big number of 
physical parameters of the cornea:

• Young’s modulus (E),

• Poisson’s ratio (μ),

• Durability (σ),

• Deformation capacity (Σ), etc.

However, they do not fully reflect the properties of fibrous tunic of the eye  
in vivo.

2.3  Clinical biomechanics of the eye

Clinical biomechanics of the eye studies the influence of biomechanical proper-
ties of the fibrous tunic on the results of diagnostics, development, and treatment 
of various eye diseases. Clinical biomechanics operates on data obtained with 
specialized examination methods used in ophthalmology (in vivo) that characterize 
biomechanical properties of the fibrous tunic. Its research subject is strictly the 
eyeball as a whole, only allowing arbitrary delineation of the internal structures. 
This complicates the interpretation of data. However, in order to improve diagnos-
tics and treatment of eye diseases, clinical methods for eye biomechanics need to 
have higher priority in research and development.

The following corneal parameters can be measured clinically:

• Friedenwald’s rigidity coefficient;

• Corneal hysteresis;

• Corneal resistance factor;

• Coefficient of elasticity;

• Corneal deformation.

The biggest number of already existed studies are dedicated to investigation of 
biomechanical properties of the cornea, which is probably related to the specifics of 
corneal structure, or to its accessibility for examination.

3. Theoretical (mathematical) biomechanics

The originator of mathematical approach to study biomechanical properties  
of the cornea was F.A. Rachevsky. In 1930, in his theoretical study, he pointed “…for 
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the first time at the paramount importance of the radius of the corneal curve and 
especially of its thickness for specific results of intraocular pressure tonometry.” 
Besides that, he proved mathematically that under effect of external and internal 
forces, tangentially directed stress occurs in the cornea, particularly during appla-
nation tonometry [4].

At present, the research of corneal biomechanics is conducted in two main 
directions. Mathematical modeling is generally used for the calculation of param-
eters and prediction of results of keratorefractive surgeries [5–8], as well as for the 
determination of possible procedural errors of applanation tonometry methods 
when biomechanical properties changed as the result of a surgery or a disease [9].

The main obstacle for proper mathematical modeling is anisotropy of the 
cornea. The majority of the proposed models does not consider it, which limits their 
application in practical ophthalmology [10–12].

According to Pinsky et al., the anisotropy of the cornea primarily depends on 
its structural features, that is, specific architectural organization of collagen fibers 
[13]. X-ray structural analysis revealed that collagen fibrils of the central area have 
orthogonal orientation predominantly in vertical and horizontal directions, while 
fibrils of the periphery have tangential orientation [14]. Pinsky et al. developed 
a mathematical model for corneal anisotropy mechanics that accounts for these 
findings [13]. Based on the finite element method, the model allows predicting 
biomechanical response of the cornea to tunnel cutting, radial keratotomy, and 
LASIK [15–17].

In order to determine the possible error margin of applanation tonometry 
methods, several mathematical models have been developed [18]. Liu et al. used 
mathematical modeling to study isolated effects of various biometric and biome-
chanical parameters of the cornea on Goldmann tonometry readings [19]. Kwon 
et al. developed a mathematical model demonstrating the need to take into account 
not only corneal thickness, but also its biomechanical properties when interpreting 
Goldmann tonometry readings [20].

4. Physical (experimental) biomechanics

4.1  Normal (intact) cornea

Experimental studies based on extensiometry revealed distinguishing biome-
chanical anisotropy and heterogeneity of the cornea. Corneal material acquired 
with a radial cut has the best durability and margin of deformation capacity. Those 
parameters decrease with distance from the radial direction. Corneal material 
stretched tangentially shows approximately the same elastic properties along the 
corneal disc. The samples stretched radially appeared to have the highest rigidity. In 
the course of the study, Poisson’s ratio was determined for various parts of the cor-
nea. This ratio characterizes the transverse deformation lateral to stretch direction, 
for radial direction, it was in the range of 0.445–0.450, and for tangential direction, 
it was in the range from 0.290 to 0.310 (middle periphery) and from 0.340 to 0.350 
(perilimbal) [21, 22].

A variety of studies is dedicated to measuring the main elastic and strength 
properties of the cornea, but analysis of the data shows that isolated corneas exhibit 
big spread in the values—from 0.3 to 13.6 MPa. The phenomenon can be attrib-
uted to different experimental conditions and nonlinear nature of biomechanical 
properties of corneal material [23–26]. Andreassen et al. studied the biomechan-
ics of corneal discs with extensiometry; the discs were taken from patients with 
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keratoconus after they underwent penetrating keratoplasty. The study revealed 
significant decrease of mechanical strength properties in pathologically altered 
corneas [27].

Soergel et al. used dynamic mechanical spectroscopy to evaluate viscoelastic 
properties of the cornea in experimental environment. They found that elastic 
and shearing deformation depend on the hydration, time elapsed after death, and 
temperature of the tissue [28].

Wang et al. calculated Young’s modulus by measuring the speed of ultrasound 
transmission through cadaver cornea and processing the data with Fourier 
analysis [29].

Like ultrasound spectroscopy, Brillouin microscopy can determine intrinsic 
viscoelastic properties decoupled from the structural information and applied 
pressure. In contrast, it can measure the local acoustic properties with much higher 
spatial resolution and sensitivity, and the measurement is performed optically with-
out the need for acoustic transducers or physical contact with the cornea [30].

One of the techniques, holographic interferometry, is used to calculate Young’s 
modulus. The method is to some degree similar to videokeratography, that is, 
holographic technologies are used to examine the changes in corneal surface. A 
study conducted on an intact bull’s cornea showed Young’s modulus being two 
orders lower than when measured in an experiment with corneal tissue samples. 
The authors summarized that localization and hydration level plays the primary 
roles during measurement. This method, however, is limited in terms of practical 
use due to requiring maximum permissible laser emission in order for the resulting 
images to be high quality [31].

4.2  Cornea after refractive surgery

Some studies showed significant increase of tangential elasticity of the cor-
nea after it was incised with radial cuts (up to 46.5% with an incision depth of 
0.6 mm), that is, in the direction of the lesser material rigidity [32]. In certain cases, 
the changes led to severe complications in the long-term postoperative period. 
Particularly, it manifested as a significant decrease of eyeball’s resistance to trauma 
with potential disruption of corneal cicatrices and loss of membranes [33].

Luminescent polariscopy revealed that after radial keratotomy, the main 
mechanical strain fell on the middle periphery of the cornea, particularly on the 
bottom of keratotomic incisions. An increase of intracameral pressure (analogue to 
intraocular pressure) raises the strain on peripheral part of the cornea and off-loads 
its central part, which can cause hypermetropic shift in refraction [34].

However, with the appearance and widespread implementation of excimer laser 
technologies for correction of refraction errors, such risks have greatly decreased.  
It can be attributed to different mechanisms of corneal refraction change, that is, its 
thinning in the central area.

Experimental studies on biomechanical properties of the cornea after excimer 
laser intervention indicate that thinning of the cornea in 6.0-mm optic zone for 
more than 15–20% results in significant changes of its mechanical properties. 
In terms of clinical relevance, the most meaningful change appears to be the 
significant (mean 20%) decrease of breaking load for experimental samples in 
comparison to the control samples. Additionally, changes in deformation properties 
of the cornea after laser ablation should also be taken into consideration, which 
manifested as lowered amount of movement the punch had to do before the cornea 
broke in experimental eyes in comparison to the control subjects in average by 
10.72% [35].
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However, the mechanical properties of the data obtained using an isolated 
cornea cannot objectively reflect the parameters of the tissues in natural environ-
ment. Adequate information on the biomechanical state of the cornea can only be 
obtained from a living eye.

5. Clinical biomechanics

5.1 Normal (intact) cornea

Clinical studies on the biomechanical properties of the relatively healthy cornea 
have been conducted since the middle of the twentieth century, but those methods 
remained widely unused due to various reasons.

In 1937, Friedenwald suggested that rigidity coefficient could be calculated 
based on a logarithmic dependence between IOP changes and eye volume employ-
ing differential tonometry with Schiotz tonometer [36]. Friedenwald depicted the 
relation between pressure and volume in a coordinate system. As was shown by 
further clinical studies, the proposed coefficient strongly depends on the corneal 
curvature and thickness, as well as on the IOP level [37]. According to research 
results, the parameter suggested by Friedenwald—the rigidity coefficient—was 
inaccurate in eyes with deviations in biomechanics (thickness and curvature) from 
the norm. It was also strongly influenced by IOP.

In 1936, S. F. Kalfa proposed a method of elastotonometry, that is, differential 
tonometry with four Maklakov tonometers weighing 5, 7.5, 10, and 15 g. Connecting 
the dots marked on a coordinate system forms an elastotonometric curve, which 
appears ascending line. The difference in mm Hg between the starting and end-
ing points of the curve, that is, between IOP value obtained using 5.0 and 15.0 g 
tonometers, is called elasto-ascent. Essentially, Friedenwald’s rigidity coefficient 
and S. F. Kalfa’s elasto-ascent are different expressions of the same thing. In norm, 
the two figures are closely related, albeit not functionally [38].

There are a number of techniques described by their authors as potential 
intravital methods for examination of biomechanical properties of the cornea, but 
they have not been adopted into clinical practice: electronic speckle interferometry 
[39], dynamic cornea visualization [40], corneal applanation and indentation [41], 
ultrasound elastometry [42], and photoelasticity method [43].

As an alternative to holographic interferometry, a noncontact, nondisruptive 
method of electronic speckle interferometry was suggested; it is equally sensitive 
because it employs close wavelength for measurement. Advantages of the method 
include the absence of requirement of photographic hologram recording, which 
simplifies the procedure and enables real-time acquisition of corneal surface shift 
data using a television camera. The method is recommended for evaluation of 
changes in corneal biomechanics after excimer laser refractive surgery [39].

Grabner et al. proposed a method of dynamic visualization of the cornea. It involves 
applying dosed pressure to the central area of the cornea during videokeratography by 
means of a special indenter and subsequent analysis of the topographic pattern. As the 
result, high correlation between the bending curve and depression depth was found. 
The form of the curve was noted to be affected by central corneal thickness, intraocular 
pressure, and patient age. Moreover, bending curves were different in keratoconus 
patients, as well as in patients who had underwent keratorefractive surgeries [40].

Chang et al. studied biomechanical properties of the cornea in vivo using corneal 
applanation and indentation on rabbit and human eyes, regarding the cornea as a 
transversely isotropic material. The study showed normal Young’s modulus to vary 
from 1 to 5 MPa and transverse shift modulus from 10 to 30 KPa [41].
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Some authors used photoelasticity method to evaluate mechanical stress in the 
cornea involving the measurement of its polarization and optical properties [43].

Scoping a large amount of clinical data, Edmund calculated Young’s modulus 
adhering to the hypothesis that the final form of cornea is the outcome of coun-
teraction between tissue elasticity and intraocular pressure. The modulus values 
were significantly lower in keratoconus eyes when compared to norm. The study 
also showed significant difference between healthy and ectatic patients in relative 
distribution of stress in the central and peripheral areas of the cornea, which can 
help with the understanding of keratoconus pathogenesis. However, this method 
generally does not find much use in clinical practice [44].

The one method most widely used in present day clinical practice involves ocular 
response analyzer (ORA)—a device that analyses corneal biomechanical proper-
ties based on bi-directional corneal applanation by an air pulse [45]. The method’s 
authors proposed to evaluate biomechanical response of the cornea by quantifying 
the differential inward and outward corneal response to an air pulse and thus obtain-
ing two parameters—corneal hysteresis (CH) and corneal resistance factor (CRF). 
Corneal hysteresis characterizes the viscoelastic properties of the cornea responsible 
for the partial absorption of the air pulse energy. Corneal resistance factor is a 
derived parameter with high correlation to central corneal thickness that reflects the 
elastic properties of the cornea.

Multiple studies have confirmed the usefulness of bi-directional corneal appla-
nation for the evaluation of biomechanical properties of the cornea: they rise with 
the increase of the corneal thickness [46, 47]. Corneal hysteresis was in the average 
10.8 ± 1.5 mm Hg and corneal resistance factor—11.0 ± 1.6 mm Hg. Statistically, a 
significant difference in the mean values of CH and CRF between groups of vary-
ing age was absent, with the exception of patients older than 60 years for whom 
the values were on lower. It is possible that the phenomenon reflects the changes in 
elastic properties of the cornea associated with age, but the authors also note the 
potential influence of other parameters (intraocular pressure and anterior-posterior 
axis length) that were disregarded in the study [48]. The comparison of CH and 
CRF in children and adults did not reveal any age-related differences [49].

Studying the diurnal variations in CH and CRF parameters revealed their hourly 
stability, while minor changes observed between the morning and evening measure-
ments can be explained by diurnal IOP fluctuations [50]. CH and CRF correlated 
strongly with corneal thickness and to a lesser degree with an amount of astigma-
tism. No correlation was found with keratometry, age, gender, spherical equivalent, 
or IOPcc [51]. Moreover, ORA shows good repeatability of biomechanical and 
tonometry measurements [52].

Avetisov et al. studied the possibility of applying the dynamic pneumo-impression 
of the cornea approach to the existing corneal biomechanical properties analyzer 
(ORA). The fundamental principle was that at the curvature start point laying on the 
border of the impression area, the pneumatic jet is subject to the counter-force of IOP 
and corneal elasticity, in equal amounts. At the moment of maximum impression, the 
pneumatic jet is mainly countered by corneal elasticity—due to the maximum deforma-
tion of the cornea. As the result, a parameter named elasticity coefficient was calculated 
characterizing the elastic behavior of the cornea regardless of the IOP level [53].

The same principle was used in CorVis device (Oculus, Germany), in which 
corneal deformation responding to a pulse of air is monitored with high-speed 
Scheimpflug camera. The device can help to measure a whole range of parameters 
that characterize the particularities of corneal deformation during the impression 
process. It records the process between the initial and the second applanations 
involving the cornea recovering its initial form, captures the maximum indentation 
point, and measures IOP [54, 55].
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However, the mechanical properties of the data obtained using an isolated 
cornea cannot objectively reflect the parameters of the tissues in natural environ-
ment. Adequate information on the biomechanical state of the cornea can only be 
obtained from a living eye.

5. Clinical biomechanics

5.1 Normal (intact) cornea

Clinical studies on the biomechanical properties of the relatively healthy cornea 
have been conducted since the middle of the twentieth century, but those methods 
remained widely unused due to various reasons.

In 1937, Friedenwald suggested that rigidity coefficient could be calculated 
based on a logarithmic dependence between IOP changes and eye volume employ-
ing differential tonometry with Schiotz tonometer [36]. Friedenwald depicted the 
relation between pressure and volume in a coordinate system. As was shown by 
further clinical studies, the proposed coefficient strongly depends on the corneal 
curvature and thickness, as well as on the IOP level [37]. According to research 
results, the parameter suggested by Friedenwald—the rigidity coefficient—was 
inaccurate in eyes with deviations in biomechanics (thickness and curvature) from 
the norm. It was also strongly influenced by IOP.

In 1936, S. F. Kalfa proposed a method of elastotonometry, that is, differential 
tonometry with four Maklakov tonometers weighing 5, 7.5, 10, and 15 g. Connecting 
the dots marked on a coordinate system forms an elastotonometric curve, which 
appears ascending line. The difference in mm Hg between the starting and end-
ing points of the curve, that is, between IOP value obtained using 5.0 and 15.0 g 
tonometers, is called elasto-ascent. Essentially, Friedenwald’s rigidity coefficient 
and S. F. Kalfa’s elasto-ascent are different expressions of the same thing. In norm, 
the two figures are closely related, albeit not functionally [38].

There are a number of techniques described by their authors as potential 
intravital methods for examination of biomechanical properties of the cornea, but 
they have not been adopted into clinical practice: electronic speckle interferometry 
[39], dynamic cornea visualization [40], corneal applanation and indentation [41], 
ultrasound elastometry [42], and photoelasticity method [43].

As an alternative to holographic interferometry, a noncontact, nondisruptive 
method of electronic speckle interferometry was suggested; it is equally sensitive 
because it employs close wavelength for measurement. Advantages of the method 
include the absence of requirement of photographic hologram recording, which 
simplifies the procedure and enables real-time acquisition of corneal surface shift 
data using a television camera. The method is recommended for evaluation of 
changes in corneal biomechanics after excimer laser refractive surgery [39].

Grabner et al. proposed a method of dynamic visualization of the cornea. It involves 
applying dosed pressure to the central area of the cornea during videokeratography by 
means of a special indenter and subsequent analysis of the topographic pattern. As the 
result, high correlation between the bending curve and depression depth was found. 
The form of the curve was noted to be affected by central corneal thickness, intraocular 
pressure, and patient age. Moreover, bending curves were different in keratoconus 
patients, as well as in patients who had underwent keratorefractive surgeries [40].

Chang et al. studied biomechanical properties of the cornea in vivo using corneal 
applanation and indentation on rabbit and human eyes, regarding the cornea as a 
transversely isotropic material. The study showed normal Young’s modulus to vary 
from 1 to 5 MPa and transverse shift modulus from 10 to 30 KPa [41].
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5.2  Keratoconic cornea

Intravital measurement of biomechanical properties of the cornea in keratoconus 
patients performed with dynamic bi-directional pneumo-applanation showed lower 
CH and CRF values than in healthy eyes. Apparent negative correlation between the 
CH and CRF parameters and the degree of keratoconus were also evident [56].

Additionally, CH was significantly higher than CRF in the keratoconus group. 
The authors suggested the CH decrease of less than 8 mm Hg in conjunction with 
positive CH-CRF difference to be considered a stronger sign of keratoconus than 
isolated decrease of CH. Glaucoma patients showed reverse tendency: CRF value 
was higher than CH [57].

Studying the parameters obtained with dynamic Scheimpflug analysis (Covis ST) 
showed the possibilities of the examination method for differential diagnostics of 
patients suspected of keratoconus or with early keratoconus from patients with normal 
cornea [58].

5.3  Cornea after refractive surgery

Intravital measurements of biomechanical properties of the cornea after 
excimer laser surgery performed using dynamic bi-directional pneumo-applanation 
also confirmed the loss of corneal strength. In patients who had underwent LASIK, 
examination showed decrease of IOP-related parameters such as corneal compen-
sated IOP, as well as parameters reflecting the biomechanical properties. Along with 
that, significant correlation was observed between the amount of myopia correction 
and the deterioration of the biomechanical properties [59].

Another study analyzed the results of dynamic bi-directional pneumo-applana-
tion of the cornea and assessed the correlation between CH decrease and ablation 
depth in three patient groups: after photorefractive keratectomy, after LASIK with 
mechanical corneal flap creation, and after LASIK with femtosecond flap creation. 
The authors found that the strongest correlation was present in femto-LASIK group, 
while in the two other groups, it was significantly lower [60].

Isolated creation of corneal flap was also found to cause minor changes in 
corneal refraction [61]. Roberts explained the phenomenon with a theory stating 
that after lamellar dissection, the corneal biomechanics change in such a way so that 
severed fibrils contract causing traction in the direction of limbus. With that, cen-
tral corneal area deflates under the action of released fibrils inducing the so-called 
“hypermetropic” shift [62, 63].

In parallel, a comparison of changes in biomechanical properties of the cornea 
after superficial and intrastromal keratectomy was done using OCULUS Corvis 
(Germany) tonometer. Both types of keratectomy were found to cause statistically 
significant decrease of biomechanical parameters [64].

Despite the existing methods of measuring biomechanical properties of the 
cornea and the developed biomechanical models, the detection of ectasia after 
excimer laser vision correction varies from 0.04 to 0.6% of cases, but according to 
some researchers, the numbers may be an underestimation [65, 66].

Iatrogenic keratectasia is known to develop due to two factors: an ectatic corneal 
disease that was undiagnosed in the preoperative stage and excessive thinning of 
the cornea [67]. In the first case, early detection of keratoconus poses objective 
challenges [68, 69].

At the same time, even when keratoconus was timely diagnosed, the selection 
of candidates for keratorefractive surgeries is still difficult, and the evaluation of 
corneal biomechanics by means of dynamic bi-directional pneumo-applanation 
does not yield the necessary data.
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6. Correction of corneal biomechanical properties

Presently, the most common method of correcting (strengthening) biomechani-
cal properties of the cornea is corneal cross-linking [70].

The first specialists who in the 90s of the twentieth century created corneal 
cross-linking method for treating keratoconus were Wollensak, Spoerl, and Seiler 
[71]. They developed the protocol (“Dresden protocol”) for using this method of 
strengthening the cross-link bonds of collagen for treating progressive keratoconus 
involving riboflavin and ultraviolet A irradiation of the corneal stroma (UVA with a 
wavelength of 370 nm for peak absorption of riboflavin) [72].

Careful preclinical experimental validation showed that the combination of 
riboflavin and UVA leads to a significant improvement of biomechanical stability of 
the cornea (increase of elastic modulus approximately by 300%) and the formation 
of large collagen molecular aggregates, including the appearance of cross links—
predominantly between the fibril surface molecules and also between proteoglycans 
in the interfibrillar space [73–75].

In the following decades, the corneal cross-linking technique has seen wide-
spread clinical application with indications for its usage expanding significantly. 
Effectiveness of the method for strengthening biomechanical properties was 
confirmed for the treatment of not only progressive keratoconus, but also pellucid 
marginal degeneration and iatrogenic ectasia caused by excimer laser surgery [76].

An important suggestion has been made recently for reinforcing the effect of 
corneal cross-linking—to combine the procedure with implantation of corneal 
segments [77, 78]. Comparative studies of different treatments—individually and 
in combination—showed the most pronounced effect to be from the combination 
therapy starting with the implantation of corneal segments and followed by cross-
linking, and not in the reverse order. Such combination therapy also helps to achieve 
better results (weakening of manifest refraction and keratometric indicators) in 
cases with keratectasia after excimer laser surgery [79].

There is another method described in the literature as directed laser ablation; it 
involves biomechanical approach to ablation calculations. Vaporization of the tissue 
thus happens on the middle periphery, which contains certain relatively flat spots, 
and not in the central (thin) area. The rationale is that thinning of the area leads 
to steepening of the cornea subsequently flattening the unablated area, which has 
more optical power [80]. It should be noted that in clinical practice, this method 
requires very careful consideration and cautiousness due to insufficient studies on 
its after effects.

Furthermore, a multimodal approach involving implantation of intrastromal 
rings, CXL, and laser ablation in different configurations may provide not only 
stability of corneal topography, but also positive refraction result, thanks to the 
combination of all the methods’ advantages [81–85]. That said, the lack of estab-
lished standards and clinical recommendations for combining different methods for 
the correction of corneal biomechanical properties may lead to various complica-
tions and unexpected aftermaths; it should be kept in mind when planning such 
treatment.

7. Conclusion

In summary, clinical relevance of studying biomechanics of the fibrous tunic 
is difficult to overestimate. The diversity of methods used for examination of 
biomechanical properties of the cornea means there is no single method that could 
fully satisfy the needs of practical ophthalmology. Further studies are necessary to 



Biomechanics

58

5.2  Keratoconic cornea

Intravital measurement of biomechanical properties of the cornea in keratoconus 
patients performed with dynamic bi-directional pneumo-applanation showed lower 
CH and CRF values than in healthy eyes. Apparent negative correlation between the 
CH and CRF parameters and the degree of keratoconus were also evident [56].

Additionally, CH was significantly higher than CRF in the keratoconus group. 
The authors suggested the CH decrease of less than 8 mm Hg in conjunction with 
positive CH-CRF difference to be considered a stronger sign of keratoconus than 
isolated decrease of CH. Glaucoma patients showed reverse tendency: CRF value 
was higher than CH [57].

Studying the parameters obtained with dynamic Scheimpflug analysis (Covis ST) 
showed the possibilities of the examination method for differential diagnostics of 
patients suspected of keratoconus or with early keratoconus from patients with normal 
cornea [58].

5.3  Cornea after refractive surgery

Intravital measurements of biomechanical properties of the cornea after 
excimer laser surgery performed using dynamic bi-directional pneumo-applanation 
also confirmed the loss of corneal strength. In patients who had underwent LASIK, 
examination showed decrease of IOP-related parameters such as corneal compen-
sated IOP, as well as parameters reflecting the biomechanical properties. Along with 
that, significant correlation was observed between the amount of myopia correction 
and the deterioration of the biomechanical properties [59].

Another study analyzed the results of dynamic bi-directional pneumo-applana-
tion of the cornea and assessed the correlation between CH decrease and ablation 
depth in three patient groups: after photorefractive keratectomy, after LASIK with 
mechanical corneal flap creation, and after LASIK with femtosecond flap creation. 
The authors found that the strongest correlation was present in femto-LASIK group, 
while in the two other groups, it was significantly lower [60].

Isolated creation of corneal flap was also found to cause minor changes in 
corneal refraction [61]. Roberts explained the phenomenon with a theory stating 
that after lamellar dissection, the corneal biomechanics change in such a way so that 
severed fibrils contract causing traction in the direction of limbus. With that, cen-
tral corneal area deflates under the action of released fibrils inducing the so-called 
“hypermetropic” shift [62, 63].

In parallel, a comparison of changes in biomechanical properties of the cornea 
after superficial and intrastromal keratectomy was done using OCULUS Corvis 
(Germany) tonometer. Both types of keratectomy were found to cause statistically 
significant decrease of biomechanical parameters [64].

Despite the existing methods of measuring biomechanical properties of the 
cornea and the developed biomechanical models, the detection of ectasia after 
excimer laser vision correction varies from 0.04 to 0.6% of cases, but according to 
some researchers, the numbers may be an underestimation [65, 66].

Iatrogenic keratectasia is known to develop due to two factors: an ectatic corneal 
disease that was undiagnosed in the preoperative stage and excessive thinning of 
the cornea [67]. In the first case, early detection of keratoconus poses objective 
challenges [68, 69].

At the same time, even when keratoconus was timely diagnosed, the selection 
of candidates for keratorefractive surgeries is still difficult, and the evaluation of 
corneal biomechanics by means of dynamic bi-directional pneumo-applanation 
does not yield the necessary data.

59

Biomechanics of Eye Globe and Methods of Its Study
DOI: http//dx.doi.org/10.5772/intechopen.80327

6. Correction of corneal biomechanical properties

Presently, the most common method of correcting (strengthening) biomechani-
cal properties of the cornea is corneal cross-linking [70].

The first specialists who in the 90s of the twentieth century created corneal 
cross-linking method for treating keratoconus were Wollensak, Spoerl, and Seiler 
[71]. They developed the protocol (“Dresden protocol”) for using this method of 
strengthening the cross-link bonds of collagen for treating progressive keratoconus 
involving riboflavin and ultraviolet A irradiation of the corneal stroma (UVA with a 
wavelength of 370 nm for peak absorption of riboflavin) [72].

Careful preclinical experimental validation showed that the combination of 
riboflavin and UVA leads to a significant improvement of biomechanical stability of 
the cornea (increase of elastic modulus approximately by 300%) and the formation 
of large collagen molecular aggregates, including the appearance of cross links—
predominantly between the fibril surface molecules and also between proteoglycans 
in the interfibrillar space [73–75].

In the following decades, the corneal cross-linking technique has seen wide-
spread clinical application with indications for its usage expanding significantly. 
Effectiveness of the method for strengthening biomechanical properties was 
confirmed for the treatment of not only progressive keratoconus, but also pellucid 
marginal degeneration and iatrogenic ectasia caused by excimer laser surgery [76].

An important suggestion has been made recently for reinforcing the effect of 
corneal cross-linking—to combine the procedure with implantation of corneal 
segments [77, 78]. Comparative studies of different treatments—individually and 
in combination—showed the most pronounced effect to be from the combination 
therapy starting with the implantation of corneal segments and followed by cross-
linking, and not in the reverse order. Such combination therapy also helps to achieve 
better results (weakening of manifest refraction and keratometric indicators) in 
cases with keratectasia after excimer laser surgery [79].

There is another method described in the literature as directed laser ablation; it 
involves biomechanical approach to ablation calculations. Vaporization of the tissue 
thus happens on the middle periphery, which contains certain relatively flat spots, 
and not in the central (thin) area. The rationale is that thinning of the area leads 
to steepening of the cornea subsequently flattening the unablated area, which has 
more optical power [80]. It should be noted that in clinical practice, this method 
requires very careful consideration and cautiousness due to insufficient studies on 
its after effects.

Furthermore, a multimodal approach involving implantation of intrastromal 
rings, CXL, and laser ablation in different configurations may provide not only 
stability of corneal topography, but also positive refraction result, thanks to the 
combination of all the methods’ advantages [81–85]. That said, the lack of estab-
lished standards and clinical recommendations for combining different methods for 
the correction of corneal biomechanical properties may lead to various complica-
tions and unexpected aftermaths; it should be kept in mind when planning such 
treatment.

7. Conclusion

In summary, clinical relevance of studying biomechanics of the fibrous tunic 
is difficult to overestimate. The diversity of methods used for examination of 
biomechanical properties of the cornea means there is no single method that could 
fully satisfy the needs of practical ophthalmology. Further studies are necessary to 



Biomechanics

60

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

develop simple, available, and sufficiently informative method for clinical assess-
ment of ocular biomechanics. Moreover, the demand for techniques of correcting 
biomechanical properties keeps growing, and so this field of research has wide 
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Chapter 5

Multi-Scale Biomechanics of 
Osteoporotic Spine Fracture
Haisheng Yang

Abstract

Osteoporosis, the most common bone disorder found in the elderly, afflicts from 
15 to 30% Caucasian women in US and results in an estimated 700,000 spine frac-
tures per year. The prevalence of spine fractures in the elderly is high, ranging from 
20 to 50%. Fractures are biomechanical events resulting from the load applied to a 
bone exceeding its ability to bear load. Osteoporotic spine fracture occurs owing to 
diminished vertebral microarchitecture and microfailure of bone tissues, ultimately 
leading to a compromised whole vertebral strength, and therefore, it is a multi-scale 
biomechanics event. In this chapter, insights into the micromechanics of the human 
vertebral body gained by micro-computed tomography (CT) and micro-finite ele-
ment modeling will be reviewed. Following that, noninvasive assessment of ver-
tebral strength using quantitative CT-based finite element analysis at a continuum 
level and its potential applications in improving spine fracture risk prediction in the 
clinic will be discussed.

Keywords: osteoporosis, vertebral fracture, micromechanics, computed tomography 
(CT), finite element analysis, bone strength

1. Introduction

1.1 Osteoporosis and osteoporotic spine fracture

Osteoporosis is a metabolic disease characterized by an imbalance in bone 
formation and resorption that results in accelerated bone loss and deterioration of 
bone microarchitecture. This low bone mass and deteriorated microarchitecture 
cause a reduction in bone strength and an increased risk of fracture. Osteoporosis 
is the most common bone disorder found in the elderly [1]. The vertebral body and 
femur are common locations for osteoporosis-related fractures.

Osteoporosis results in an estimated 700,000 spine fractures per year. The 
prevalence of vertebral fractures in the elderly ranges from 20 to 50% with the 
higher prevalence in older age groups [2]. Women are more affected than men, 
although at least one study has reported equal prevalence of vertebral fractures 
in women and men [3]. Reports from the European vertebral osteoporosis study 
suggest that the prevalence of vertebral fractures in men is 21% at age 60–64 
and increases to 29.1% at age 75–79 [4], an increase in prevalence of fracture of 
about 70% per decade, the same as is found in women. A National Osteoporosis 
Foundation expert panel estimated that 90% of vertebral fractures in white men 
were attributable to osteoporosis, as compared to 75% in men of other ethnic 
groups [5]. Thus, age-related vertebral fractures are widespread for both sexes, 
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and as the size of the aging population continues to increase, their incidence is 
expected to increase.

In particular, by the year 2050, there will be nearly five times as many people 
over 85 in the US as there were in 1980 and 22% of the population will be over 65 
compared to only 4% in 1900 [6]. These demographic trends make the need to 
reduce morbidity among elderly men and women an urgent priority. The problem 
is also a global one. Worldwide, osteoporotic fractures are expected to increase 
greatly, and the associated costs may have a devastating effect on the under-funded 
healthcare systems of many countries [1].

Given the clinical importance of osteoporosis, it is critical to accurately identify 
individuals who are at risk of fracture so that treatments can be taken to prevent 
fractures. According to the World Health Organization (WHO) standard, osteopo-
rosis is presently identified by bone mineral density (BMD) measurement by dual 
energy X-ray absorptiometry (DXA). An individual is diagnosed as osteoporosis 
when his/her DXA-measured t-score is less than 2.5 standard deviations of that for 
young women [7]. The problem is that DXA works less successfully for predicting 
vertebral fractures [8]. BMD alone has difficulties distinguishing between patients 
with and without vertebral fractures. A previous study showed that, based on DXA 
measured t-scores, only 44% of women and 21% of men who had nonvertebral 
osteoporotic fractures were diagnosed as osteoporosis [9]. This observation suggests 
that more than half of those individuals who eventually experience fractures are not 
identified as osteoporotic based on BMD measurement. These high-risk individuals 
often do not get drug treatments, which can effectively reduce the risk of fracture. 
These results have indicated the need to develop the means of assessing fracture risk 
beyond the bone mineral density.

Development of improved methods to diagnose and monitor osteoporosis is a 
fundamental aspect of any strategy to both prevent and treat this disease. Toward 
that end, one major obstacle in improving vertebral fracture risk assessment is the 
poorly understood nature of the biomechanical mechanisms of vertebral strength 
and the etiology of vertebral fractures [10, 11], since the vertebral fracture is caused 
by deteriorated microarchitecture and microfailure of bone tissues leading to a 
compromised whole vertebral strength, and it is essentially a multi-scale biome-
chanical event.

1.2 Functional anatomy of the vertebra

The human vertebral column is composed of 33 vertebrae, including 7 cervical 
vertebrae, 12 thoracic vertebrae, 5 lumbar vertebrae, 5 sacrum vertebrae, and 4 coc-
cyx vertebrae. The vertebrae are separated by intervertebral discs. Each vertebra has 
four main structural components, including the trabecular centrum, the superior 
and inferior endplates, the surrounding cortex, and the posterior elements (e.g., 
neural arch). The vertebral body primarily resists compressive forces acting down 
along the spinal column.

The endplates transmit loads between the vertebral body and the intervertebral 
disc. Also, the porous endplates function as a nutrient pathway between the disc 
and the vertebral body. The microstructure of the endplates is more like condensed 
trabeculae rather than compact cortical bone [12]. The thickness of the endplates is 
~0.4–0.8 mm and varies across spinal level [13]. Generally, the endplates are thinner 
in the center than in the periphery. At certain spinal levels, inferior endplates are 
thicker than the superior endplates [14]. Endplates are common regions in the 
vertebral body suffering from osteoporotic fractures and have been thought to be 
“weak-link” of the lumbar spine [10].
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The cortical shell is located at the periphery of the vertebral body and surrounds 
the trabecular bone inside the vertebral body. Although the cortical shell is only 
~0.25–0.4 mm [15] in thickness and makes up only ~10–20% of the total amount of 
bone tissue in the vertebral body [16], it can carry up to 75% of the axial compres-
sive load [17]. The cortex is thickest near the endplates and thinnest in the mid-
transverse region.

The trabecular bone is located in the interior of the vertebral body. Vertebral tra-
becular bone has a highly porous (>80% porosity) plate- and rod-like architecture, 
which provides a unique spatial network to take and distribute loads effectively 
[18]. Aging- or osteoporosis-associated deterioration of the trabecular microar-
chitecture can lead to a reduction in whole vertebral strength and an increase in 
fracture risk. Trabecular microarchitecture can be characterized by bone volume 
fraction (bone tissue volume/total volume) and other microarchitecture parameters 
(e.g., trabecular thickness, trabecular number, trabecular separation, structural 
model index, connectivity density, and degree of anisotropy) that refer to the 
structure, interconnection, and spatial organization of the trabeculae.

1.3 Biomechanics of vertebral fractures

Vertebral compression fractures can be categorized into anterior wedge fracture, 
biconcave fracture, and crush fracture, based on their deformities. Anterior wedge 
fracture is the most common type of vertebral fracture, but its etiology remains 
unclear. Many osteoporotic vertebral fractures occur due to nontraumatic loading 
conditions, whereas hip fractures are attributable to a fall in approximately 90% 
of all cases [19]. The nontraumatic nature of vertebral fractures makes it difficult 
to diagnose because they are accompanied silently by microstructure deterioration 
and bone tissue failure.

Vertebral fractures are mechanical events that occur when the applied load 
exceeds the ability of the vertebral body to withstand load (i.e., vertebral strength). 
Based on this simple biomechanics concept, a factor of risk relevant to fracture can 
be defined as applied load over vertebral bone strength [20]. If the factor of risk 
exceeds 1, then factures are expected; if the factor of risk is less than 1, then the 
vertebral body is not expected to fracture. Apparently, the occurrence of a vertebral 
fracture depends on the mechanical loads acting on the vertebral body and, more 
importantly, the vertebral strength determined by its geometry, microarchitecture, 
bone tissue properties, etc.

Substantial changes of vertebra occur with aging and osteoporosis. Decreases in 
vertebral strength are caused primarily by the loss of bone density and deterioration 
in bone microarchitecture with age. One study estimated that the vertebral strength 
decreases by about 12% per decade from ages 25 to 85 [21]. Aging is also accompa-
nied by the changes in the intervertebral disc, including disc degeneration. While 
age accounts for a large proportion of the variation in bone strength, individuals 
can show much stronger or weaker bones than would be predicted by their age 
alone. Similarly, BMD itself can account for some of the variations in bone strength 
but not all. At a given bone mineral density, the measured strength values for dif-
ferent individuals can be higher or lower than the expected value. Therefore, BMD 
measures cannot fully reflect bone strength that is directly related to fractures. This 
issue again highlights the importance of understanding vertebral fractures from a 
biomechanical perspective. On the one hand, we need an improved understand-
ing of failure mechanisms of the vertebral body, particularly at a microlevel. For 
example, how do loads transfer from the intervertebral disc through the endplates 
into the trabecular and cortical bone and ultimately cause failure of vertebral 
microarchitecture? How does bone mechanical behavior at a tissue-level link to 
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importantly, the vertebral strength determined by its geometry, microarchitecture, 
bone tissue properties, etc.

Substantial changes of vertebra occur with aging and osteoporosis. Decreases in 
vertebral strength are caused primarily by the loss of bone density and deterioration 
in bone microarchitecture with age. One study estimated that the vertebral strength 
decreases by about 12% per decade from ages 25 to 85 [21]. Aging is also accompa-
nied by the changes in the intervertebral disc, including disc degeneration. While 
age accounts for a large proportion of the variation in bone strength, individuals 
can show much stronger or weaker bones than would be predicted by their age 
alone. Similarly, BMD itself can account for some of the variations in bone strength 
but not all. At a given bone mineral density, the measured strength values for dif-
ferent individuals can be higher or lower than the expected value. Therefore, BMD 
measures cannot fully reflect bone strength that is directly related to fractures. This 
issue again highlights the importance of understanding vertebral fractures from a 
biomechanical perspective. On the one hand, we need an improved understand-
ing of failure mechanisms of the vertebral body, particularly at a microlevel. For 
example, how do loads transfer from the intervertebral disc through the endplates 
into the trabecular and cortical bone and ultimately cause failure of vertebral 
microarchitecture? How does bone mechanical behavior at a tissue-level link to 
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whole vertebral strength. On the other hand, a better understanding of the biome-
chanics of vertebral fractures can guide us to develop more advanced approaches 
for evaluating vertebral strength in clinic and predicting fracture risk other than 
BMD. Section 2 will describe some insights into the micromechanics of the human 
vertebral body, derived from large-scale microCT-based finite element analysis. 
Section 3 will discuss an improved method based on a combination of biomechanics 
and CT scans to predict vertebral fracture risk, which has been shown potentials in 
clinic use.

2. Micromechanics of the human vertebral body

2.1 MicroCT-based finite element analysis

Computed tomography (CT) is an imaging procedure in which a narrow beam 
of X-rays is sent out from an X-ray source, penetrating through a specimen or a 
patient’s body, and detected by multiple detectors to generate computerized cross-
sectional images. Since different materials have their own attenuation properties, 
CT images can indicate basic structures or anatomies by different gray scale values. 
MicroCT is a type of high-resolution CT with voxel sizes down to several microme-
ters. MicroCT has been widely used to reveal in great detail the internal microstruc-
ture of bone, particularly for trabecular bone. Due to its high-resolution nature, 
microCT generally requires a limited dimension of the scanned specimen and has 
usually been used in laboratory research. However, in vivo high-resolution imaging 
techniques, such as high-resolution peripheral quantitative CT (HR-pQCT) and 
high-resolution magnetic resonance (MR) imaging, have been developed and used 
in clinical studies [22]. However, those imaging techniques have not been seen for 
using in human spine.

Finite element analysis is a powerful computational tool that can be used to 
study bone biomechanics. A “virtually real” experiment can be performed by finite 
element analysis. This technique has some advantages over traditional biomechani-
cal experiments. First, the technique is noninvasive, and it can be performed para-
metrically. For example, the effects of boundary and loading conditions as well as 
material properties can be examined in a controlled and repeated manner. Second, 
the finite element model can provide much detailed information on stress and 
strain distributions within the vertebra as well as mechanical behaviors of a whole 
vertebra, while only the apparent-level mechanical properties can be obtained 
from experimental testing. The greatest benefit of finite element modeling in bone 
mechanics research may be achieved by combining the technique with biomechani-
cal testing to leverage the individual strengths of each approach.

Finite element models can be generated directly from micro-CT images (e.g., 
10–60 μm voxel resolution) using a voxel conversion approach, with which voxels 
representing bone tissue are converted to eight-node brick elements, whereas voxels 
representing bone marrow and other tissues are ignored. Elements are typically 
assigned with homogeneous and isotropic material properties. By simulating a 
loading condition, this model can be used to determine the apparent-level mechani-
cal properties of the bone (e.g., stiffness and strength) as well as tissue-level stress/
strain in the bone. This modeling approach can be validated by comparing predicted 
outcomes with experimental measures. The microCT-based finite element analysis 
was first used in 1995 to investigate the mechanical behavior of trabecular bone 
[23]. Since then, much insight has been gained into the micromechanics of trabecu-
lar bone by using microCT-based finite element analysis [24, 25]. MicroCT-based 
finite element modeling of the human whole vertebral body was first reported in 
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2004 [26]. The models of whole vertebrae typically have in the order of 300 million 
degrees of freedom, and thus, the analyses require substantial parallel computa-
tional power, especially when geometric and material nonlinearities are considered.

The whole vertebral finite element models implicitly capture the trabecular 
microarchitecture, the thin cortical shell, and the porous endplates of the vertebra. 
Once the general modeling approach and model parameters have been validated, 
the models can be used to understand the micromechanics of the vertebral body 
and to link the microarchitecture or tissue material property alterations with whole 
vertebral mechanical behavior. Also, the microCT-based finite element models can 
be used to elucidate the failure mechanisms in the trabecular bone, cortical shell, 
and endplates. All these cannot be done with conventional experiments. So far, this 
technique has been applied to human whole vertebral bodies to determine cortical 
and trabecular load sharing, locations of high-risk tissue distributions, mechanisms 
of vertebral endplate failure, and relationship between microarchitecture and 
whole vertebral mechanical behavior [16, 26, 27]. The following subsections will 
introduce some additional detailed findings from the author’s own work based on 
the microCT-finite element analysis of human whole vertebrae.

2.2 Effects of compression and forward flexion on the risk of vertebral failure

Uniform compression and forward flexion are common loading conditions that 
our vertebral bodies experience during daily life, corresponding to upright stance 
and stoop postures. Despite the high prevalence of vertebral wedge fractures in 
the clinical population, the mechanics of these fractures are not well understood. 
Clearly, the morphology of wedge fractures, in which the anterior side is shortened 
in the order of 15% more than the posterior side, is suggestive of an important role 
of forward flexion. Forward flexion of the spine motion segment might increase 
stresses within the anterior vertebral body including the cortical shell and trabecu-
lar bone, which could further cause failures of those bone tissues. Experiments 
using miniature pressure transducers have measured a greater pressure in the 
anterior half of the intervertebral disc when the disc-vertebra-disc segment was 
loaded in forward flexion [28]. However, whether this flexion-induced increase 
in the pressure of the anterior disc would increase the tissue stresses within the 
underlying cortical and trabecular microstructure of the vertebra remain unclear. 
This is mainly due to the technical difficulty of measuring such stresses in vivo or 
in vitro. Finite element modeling based on high-resolution microCT images of the 
vertebra is well suited to address this difficulty.

To gain insight into the etiology of wedge fractures, studies have been per-
formed to investigate the high-risk tissue distribution within the human verte-
bral body for both forward flexion and uniform compression loading conditions 
[29]. Micro-CT-based high-resolution (60 μm) finite element models of 22 
human T9 vertebral bodies with compliant discs (elastic modulus = 8 MPa) were 
built, and linear elastic finite element analysis was performed to mimic forward 
flexion or uniform compression loading. The compliant disc was also replaced 
with a stiff polymethylmethacrylate (PMMA, elastic modulus = 2500 MPa) 
layer in the vertebra-disc model to mimic a cadaveric experimental case. Results 
demonstrated that forward flexion increased the overall compressive load 
on the anterior half of the intervertebral disc. The spatial distribution of the 
vertebral bone tissues at the highest risk of initial failure, being identified as 
the top 10% percent of highly stressed bone tissues of the vertebral model, was 
shifted slightly toward the anterior aspect of the vertebral body. Despite that, 
the high-risk bone tissues were located primarily within the central regions of 
the trabecular bone and endplates (Figure 1). However, when the compliant disc 
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degrees of freedom, and thus, the analyses require substantial parallel computa-
tional power, especially when geometric and material nonlinearities are considered.

The whole vertebral finite element models implicitly capture the trabecular 
microarchitecture, the thin cortical shell, and the porous endplates of the vertebra. 
Once the general modeling approach and model parameters have been validated, 
the models can be used to understand the micromechanics of the vertebral body 
and to link the microarchitecture or tissue material property alterations with whole 
vertebral mechanical behavior. Also, the microCT-based finite element models can 
be used to elucidate the failure mechanisms in the trabecular bone, cortical shell, 
and endplates. All these cannot be done with conventional experiments. So far, this 
technique has been applied to human whole vertebral bodies to determine cortical 
and trabecular load sharing, locations of high-risk tissue distributions, mechanisms 
of vertebral endplate failure, and relationship between microarchitecture and 
whole vertebral mechanical behavior [16, 26, 27]. The following subsections will 
introduce some additional detailed findings from the author’s own work based on 
the microCT-finite element analysis of human whole vertebrae.

2.2 Effects of compression and forward flexion on the risk of vertebral failure

Uniform compression and forward flexion are common loading conditions that 
our vertebral bodies experience during daily life, corresponding to upright stance 
and stoop postures. Despite the high prevalence of vertebral wedge fractures in 
the clinical population, the mechanics of these fractures are not well understood. 
Clearly, the morphology of wedge fractures, in which the anterior side is shortened 
in the order of 15% more than the posterior side, is suggestive of an important role 
of forward flexion. Forward flexion of the spine motion segment might increase 
stresses within the anterior vertebral body including the cortical shell and trabecu-
lar bone, which could further cause failures of those bone tissues. Experiments 
using miniature pressure transducers have measured a greater pressure in the 
anterior half of the intervertebral disc when the disc-vertebra-disc segment was 
loaded in forward flexion [28]. However, whether this flexion-induced increase 
in the pressure of the anterior disc would increase the tissue stresses within the 
underlying cortical and trabecular microstructure of the vertebra remain unclear. 
This is mainly due to the technical difficulty of measuring such stresses in vivo or 
in vitro. Finite element modeling based on high-resolution microCT images of the 
vertebra is well suited to address this difficulty.

To gain insight into the etiology of wedge fractures, studies have been per-
formed to investigate the high-risk tissue distribution within the human verte-
bral body for both forward flexion and uniform compression loading conditions 
[29]. Micro-CT-based high-resolution (60 μm) finite element models of 22 
human T9 vertebral bodies with compliant discs (elastic modulus = 8 MPa) were 
built, and linear elastic finite element analysis was performed to mimic forward 
flexion or uniform compression loading. The compliant disc was also replaced 
with a stiff polymethylmethacrylate (PMMA, elastic modulus = 2500 MPa) 
layer in the vertebra-disc model to mimic a cadaveric experimental case. Results 
demonstrated that forward flexion increased the overall compressive load 
on the anterior half of the intervertebral disc. The spatial distribution of the 
vertebral bone tissues at the highest risk of initial failure, being identified as 
the top 10% percent of highly stressed bone tissues of the vertebral model, was 
shifted slightly toward the anterior aspect of the vertebral body. Despite that, 
the high-risk bone tissues were located primarily within the central regions of 
the trabecular bone and endplates (Figure 1). However, when the compliant disc 
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was replaced with PMMA, the anterior shift of high-risk tissue was much more 
appreciable. These results suggest that forward flexion loading does not appre-
ciably change the spatial distribution of stress within the vertebral body when 
a compliant disc is presented adjacent to the vertebral body. The occurrence 
of anterior wedge fractures in cadaveric experiments in which forward bend-
ing forces were applied via a stiff material (e.g., PMMA) does not replicate the 
in vivo situation in human spine where compliant physiological discs exist.

The results from those high-resolution microCT-based finite element models 
indicate that the stress distribution of vertebral bone tissue, or at least the distribu-
tion of the most highly stressed bone tissues, is insensitive to applied compression 
versus forward flexion loading. This insensitivity could be explained by a simple 
beam-on-elastic-foundation model, in which the endplate and disc together behave 
as a “flexible” beam resting on an elastic foundation of trabecular bone [29]. 
Therefore, maximum stresses in the trabecular foundation occur beneath the center 
of the applied load. For uniform compression, the center of the applied load is in the 
central region of the vertebra, while for forward flexion, it is just slightly anterior to 
the center of the vertebral body.

The above mechanism applies to the loading of the endplates via a compliant 
disc but does not apply for the loading via the stiff PMMA. The PMMA and end-
plate together behaves like a “rigid” beam on the elastic foundation of trabecular 
bone. Thus, maximum stresses in the vertebral bone occur in the most anterior 
bone for forward flexion loading (Figure 1). Since PMMA may never represent 
any real disc in human spine anterior wedge fractures might not directly happen 
given a forward flexion loading. However, for the patients who undergo artificial 
disc replacement or spine fusion surgery, where their disc space is filled with a 
stiff material like PMMA, the adjacent vertebral bodies may be at an increased 
risk of wedge fracture when loaded even with a moderate degree of forward 
flexion.

Figure 1. 
The distribution of high-risk tissue at a mid-sagittal section of a vertebra with bone volume fraction (BV/TV) 
of 13.9%, for disc versus PMMA loading (compressive tissue-level failure is blue, and tensile tissue-level failure 
is red). Scale bar: 5 mm [29].
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2.3 Effects of the intervertebral disc on vertebral bone stress

Anterior wedge fractures are thought to be associated with forward flexion 
loading, under which the bone tissues in the anterior potion of the vertebral body 
are at the highest risk of initial failure. However, previous cadaver experiments have 
shown that bone failure occurs typically in the central regions of the trabecular 
bone and endplates of the vertebral body, regardless of uniform compression or 
forward flexion [30, 31]. As detailed above, high-resolution finite element model-
ing of the vertebral motion segment with a compliant intervertebral disc (elastic 
modulus = 8 MPa) has shown that the high-risk bone tissues in the vertebral bone 
are distributed primarily in the central regions of the trabecular bone and endplates 
for both compression and forward flexion loading [29]. Only when the flexion 
loading is applied to the vertebra through a stiff layer of PMMA (elastic modu-
lus = 2500 MPa), most highly stressed bone tissues are located in the anterior aspect 
of the vertebra. These results imply that the material properties of the interverte-
bral disc may influence the distribution of vertebral stress. The questions are then: 
can typical variations in disc properties lead to an anterior wedge fracture? What is 
a typical range of disc material property?

It is known that alterations in the material properties and morphometry of the 
disc are associated with aging and degeneration [32, 33]; disc degeneration and 
loss of the height lead to an elevated risk of vertebral fractures [34]. However, it is 
unknown whether typical variations in the overall mechanical properties of a disc 
can affect either the location of high-risk tissues within the vertebra or the magni-
tude of vertebral stress.

To answer those questions, mechanical testing has been conducted on 16 indi-
vidual whole discs from cadavers (66 ± 16 year old; mean ± SD) to measure a homog-
enized “effective” linear elastic modulus of the entire disc [35]. The measured elastic 
modulus of whole discs and the disc height were then input and varied parametrically 
in micro-CT-based finite element models (up to 80 million elements each) of T9 
human vertebrae. The vertebral models were then virtually loaded under moderate 
forward flexion. The changes in stress or high-risk tissue distribution were deter-
mined as a function of the effective modulus and the height of the intervertebral disc.

Across all disc specimens, the measured effective modulus of the intervertebral 
disc ranged from 5.8 to 42.7 MPa; the average disc height ranged from 2.9 to 9.3 mm. 
Based on experimental measures of whole disc modulus [35, 36], it appears that the 
effective modulus of human intervertebral discs does not exceed about 100 MPa.

When the disc effective modulus increased and the disc height decreased across 
those measured typical ranges, the vertebral bone stresses increased but their 
spatial distribution was largely unchanged (Figure 2). Most of the high-risk tissues 
appeared in the central trabecular bone and endplates of the vertebra. Therefore, 
it can be concluded that for a moderate degree of kinematically imposed forward 
flexion loading, typical stiffening (increasing in disc effective modulus) or narrow-
ing (decreasing in height) of the disc can increase the overall stress level within the 
vertebral body but may not lead to an anterior failure of the vertebral body.

The spatial distribution of high-risk tissue within the vertebral body is insensi-
tive to typical variations in the effective modulus or height of the adjacent interver-
tebral disc. This can be explained by beam-on-elastic-foundation theory. Since high 
anterior stress does not develop in the vertebral bone for moderate forward flexion 
across the range of typical disc properties, typical variations of disc properties or 
height may not be directly related to a wedge-shaped fracture.

The sensitivity of the stress magnitude within the vertebral body to the effec-
tive modulus and height of the disc may have clinical implications for fracture 



Biomechanics

74

was replaced with PMMA, the anterior shift of high-risk tissue was much more 
appreciable. These results suggest that forward flexion loading does not appre-
ciably change the spatial distribution of stress within the vertebral body when 
a compliant disc is presented adjacent to the vertebral body. The occurrence 
of anterior wedge fractures in cadaveric experiments in which forward bend-
ing forces were applied via a stiff material (e.g., PMMA) does not replicate the 
in vivo situation in human spine where compliant physiological discs exist.

The results from those high-resolution microCT-based finite element models 
indicate that the stress distribution of vertebral bone tissue, or at least the distribu-
tion of the most highly stressed bone tissues, is insensitive to applied compression 
versus forward flexion loading. This insensitivity could be explained by a simple 
beam-on-elastic-foundation model, in which the endplate and disc together behave 
as a “flexible” beam resting on an elastic foundation of trabecular bone [29]. 
Therefore, maximum stresses in the trabecular foundation occur beneath the center 
of the applied load. For uniform compression, the center of the applied load is in the 
central region of the vertebra, while for forward flexion, it is just slightly anterior to 
the center of the vertebral body.

The above mechanism applies to the loading of the endplates via a compliant 
disc but does not apply for the loading via the stiff PMMA. The PMMA and end-
plate together behaves like a “rigid” beam on the elastic foundation of trabecular 
bone. Thus, maximum stresses in the vertebral bone occur in the most anterior 
bone for forward flexion loading (Figure 1). Since PMMA may never represent 
any real disc in human spine anterior wedge fractures might not directly happen 
given a forward flexion loading. However, for the patients who undergo artificial 
disc replacement or spine fusion surgery, where their disc space is filled with a 
stiff material like PMMA, the adjacent vertebral bodies may be at an increased 
risk of wedge fracture when loaded even with a moderate degree of forward 
flexion.

Figure 1. 
The distribution of high-risk tissue at a mid-sagittal section of a vertebra with bone volume fraction (BV/TV) 
of 13.9%, for disc versus PMMA loading (compressive tissue-level failure is blue, and tensile tissue-level failure 
is red). Scale bar: 5 mm [29].

75

Multi-Scale Biomechanics of Osteoporotic Spine Fracture
DOI: http://dx.doi.org/10.5772/intechopen.81236

2.3 Effects of the intervertebral disc on vertebral bone stress

Anterior wedge fractures are thought to be associated with forward flexion 
loading, under which the bone tissues in the anterior potion of the vertebral body 
are at the highest risk of initial failure. However, previous cadaver experiments have 
shown that bone failure occurs typically in the central regions of the trabecular 
bone and endplates of the vertebral body, regardless of uniform compression or 
forward flexion [30, 31]. As detailed above, high-resolution finite element model-
ing of the vertebral motion segment with a compliant intervertebral disc (elastic 
modulus = 8 MPa) has shown that the high-risk bone tissues in the vertebral bone 
are distributed primarily in the central regions of the trabecular bone and endplates 
for both compression and forward flexion loading [29]. Only when the flexion 
loading is applied to the vertebra through a stiff layer of PMMA (elastic modu-
lus = 2500 MPa), most highly stressed bone tissues are located in the anterior aspect 
of the vertebra. These results imply that the material properties of the interverte-
bral disc may influence the distribution of vertebral stress. The questions are then: 
can typical variations in disc properties lead to an anterior wedge fracture? What is 
a typical range of disc material property?

It is known that alterations in the material properties and morphometry of the 
disc are associated with aging and degeneration [32, 33]; disc degeneration and 
loss of the height lead to an elevated risk of vertebral fractures [34]. However, it is 
unknown whether typical variations in the overall mechanical properties of a disc 
can affect either the location of high-risk tissues within the vertebra or the magni-
tude of vertebral stress.

To answer those questions, mechanical testing has been conducted on 16 indi-
vidual whole discs from cadavers (66 ± 16 year old; mean ± SD) to measure a homog-
enized “effective” linear elastic modulus of the entire disc [35]. The measured elastic 
modulus of whole discs and the disc height were then input and varied parametrically 
in micro-CT-based finite element models (up to 80 million elements each) of T9 
human vertebrae. The vertebral models were then virtually loaded under moderate 
forward flexion. The changes in stress or high-risk tissue distribution were deter-
mined as a function of the effective modulus and the height of the intervertebral disc.

Across all disc specimens, the measured effective modulus of the intervertebral 
disc ranged from 5.8 to 42.7 MPa; the average disc height ranged from 2.9 to 9.3 mm. 
Based on experimental measures of whole disc modulus [35, 36], it appears that the 
effective modulus of human intervertebral discs does not exceed about 100 MPa.

When the disc effective modulus increased and the disc height decreased across 
those measured typical ranges, the vertebral bone stresses increased but their 
spatial distribution was largely unchanged (Figure 2). Most of the high-risk tissues 
appeared in the central trabecular bone and endplates of the vertebra. Therefore, 
it can be concluded that for a moderate degree of kinematically imposed forward 
flexion loading, typical stiffening (increasing in disc effective modulus) or narrow-
ing (decreasing in height) of the disc can increase the overall stress level within the 
vertebral body but may not lead to an anterior failure of the vertebral body.

The spatial distribution of high-risk tissue within the vertebral body is insensi-
tive to typical variations in the effective modulus or height of the adjacent interver-
tebral disc. This can be explained by beam-on-elastic-foundation theory. Since high 
anterior stress does not develop in the vertebral bone for moderate forward flexion 
across the range of typical disc properties, typical variations of disc properties or 
height may not be directly related to a wedge-shaped fracture.

The sensitivity of the stress magnitude within the vertebral body to the effec-
tive modulus and height of the disc may have clinical implications for fracture 



Biomechanics

76

risk assessment. Several studies have shown that clinical CT-based (about 1-mm 
resolution) finite element analysis of the human spine can predict new vertebral 
fractures both for women and men [37, 38] better than what DXA or quantita-
tive CT-measured BMD can do. Those CT-based finite element analyses generally 
employed a compressive loading condition for all vertebrae, and loads were applied 
through a stiff layer of PMMA instead of a physiological disc. Since the magnitude 
of vertebral stress or fracture risk of vertebra is related with the material property 
of the disc, it can be implied that further improvements to this type of clinical finite 
element analysis might be needed by using actual patient-specific values of disc 
effective modulus. Obtaining accurate patient-specific values of disc modulus has 
been difficult, but this may be an area of future research as far as fracture predic-
tion is concerned.

2.4 Possible mechanisms for spine wedge fractures

It has been shown that forward flexion loading may not directly result in an 
anterior wedge fracture. Aging or degeneration-related changes in disc material 
property and morphometry would not alter the central distribution of high-risk 
tissue within the vertebral body and thus may not cause wedge fractures. Therefore, 
the etiology of wedge fractures may lie somewhere else.

Adams [28] proposed that, with disc narrowing, habitual erect standing can lead 
to anterior unloading as contact occurs largely at the facet joints, and the load is 
transferred more through the neural arch. Such anterior unloading may cause stress 
shielding and adaptive bone loss of the anterior portion of the vertebral body, thus 
compromising the strength of the anterior bone. When a forward flexion load acts 
on the vertebral body, the anterior portion would fail first and thus a wedge-shaped 
fracture would occur.

Figure 2. 
Variations in the spatial distribution of axial compressive stress at a mid-transverse section of the superior disc 
(colors denote quartiles, red being the highest loaded, and gray the least) and the distribution of high-risk tissue 
at a midsagittal section of the vertebra (red and blue indicate the presence of high-risk tissue in tension and 
compression, respectively), for a typical range of values of the effective modulus and height of the disc. Scale 
bars: 5 mm [35].
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Alternatively, it is possible that moderate forward flexion loading is not directly 
related with wedge fractures instead more severe forward flexion loading is. Some 
experiments that used a greater degree of forward flexion have found anterior 
wedge fractures, regardless of the state of disc degeneration [39–41].

Another possible explanation is that the modest forward bending produces 
initial vertebral fractures primarily in the endplates and their underlying cen-
tral trabecular bone [24]. Subsequent cyclic bending loading and perhaps creep 
can cause progressive collapse into the anterior vertebral body. In that case, the 
observed morphology of the wedge-shaped fracture may reflect only the end result 
of the entire fracture process. It is possible that the disc may behave stiffer when its 
height decreases with degeneration or when the disc is loaded at a high rate, lead-
ing to increased stress within the central vertebral body, which could eventually 
propagate into an anterior wedge-shaped fracture. This observation could explain 
why degenerated-related disc space narrowing is often related with an increased 
risk of vertebral fractures regardless of fracture types [34].

In addition, vertebral fractures may be related to fatigue damage of bone tissues 
under cyclic loading [11]. Fracture might be the end of a gradual process of cumula-
tive “fatigue failure” of the vertebral body. Or, fractures may occur slowly under 
constant load by gradual “creep” deformation. Clearly, further research is required 
to have a deeper understanding of mechanisms of spine wedge fracture.

2.5 Effects of bone tissue mechanical behavior on whole vertebral strength

The post-yield ductility of bone tissue is a type of tissue-level mechanical behav-
ior. Bone tissue ductility is associated mainly with organic components and enables 
the bone tissue to deform and take load beyond the elastic range. One poorly under-
stood multi-scale biomechanical issue is how tissue-level post-yield ductility affects 
the organ-level strength of the vertebral body. This multi-scale relation is also of 
interest clinically as tissue-level ductility can be very low in some bone pathologies, 
such as osteogenesis imperfecta.

This multi-scale biomechanics problem is very challenging for structurally 
complex vertebrae that contain both trabecular bone and cortices. It is difficult to 
relate any changes in tissue-level post-yield ductility to mechanical behavior (e.g., 
strength) of a whole vertebra. Nonlinear finite element analyses based on high 
resolution microCT images are well suitable to address these challenges since those 
large-scale finite element models can contain fine details of bone microarchitec-
ture as well as tissue-level mechanical behaviors. Studies have been performed to 
investigate how whole vertebral strength is changed when the tissue-level post-yield 
deformation is varied from being fully ductile to fully brittle [42]. Computational 
simulations make it feasible to quantify the effects of tissue-level ductility on whole 
vertebral strength in a repeated measures manner, which is not possible only with 
experimentation.

For each finite element model of vertebra, two separate nonlinear finite element 
analyses can be performed to simulate the fully brittle and fully ductile tissue-level 
failure behaviors. For the fully ductile behavior, tissue-level failure is assumed by 
yielding; the bone tissue can only yield, it never fractures, and there is no limit on 
the magnitude of the post-yield tissue-level strains. For the fully brittle behavior, 
tissue-level fracture is assumed to occur once the yield stress (in either tension 
or compression) is exceeded. The elements in the computational models will be 
removed once they are fractured (or their yield stresses are exceeded). For all other 
factors, including tissue-level elastic modulus and yield stress, held fixed. For each 
vertebra, a finite element model can be generated (60–82 μm element size; up to 120 
million elements) and virtually loaded in uniform compression. Results have shown 
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risk assessment. Several studies have shown that clinical CT-based (about 1-mm 
resolution) finite element analysis of the human spine can predict new vertebral 
fractures both for women and men [37, 38] better than what DXA or quantita-
tive CT-measured BMD can do. Those CT-based finite element analyses generally 
employed a compressive loading condition for all vertebrae, and loads were applied 
through a stiff layer of PMMA instead of a physiological disc. Since the magnitude 
of vertebral stress or fracture risk of vertebra is related with the material property 
of the disc, it can be implied that further improvements to this type of clinical finite 
element analysis might be needed by using actual patient-specific values of disc 
effective modulus. Obtaining accurate patient-specific values of disc modulus has 
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tion is concerned.
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Figure 2. 
Variations in the spatial distribution of axial compressive stress at a mid-transverse section of the superior disc 
(colors denote quartiles, red being the highest loaded, and gray the least) and the distribution of high-risk tissue 
at a midsagittal section of the vertebra (red and blue indicate the presence of high-risk tissue in tension and 
compression, respectively), for a typical range of values of the effective modulus and height of the disc. Scale 
bars: 5 mm [35].
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Alternatively, it is possible that moderate forward flexion loading is not directly 
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strength) of a whole vertebra. Nonlinear finite element analyses based on high 
resolution microCT images are well suitable to address these challenges since those 
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investigate how whole vertebral strength is changed when the tissue-level post-yield 
deformation is varied from being fully ductile to fully brittle [42]. Computational 
simulations make it feasible to quantify the effects of tissue-level ductility on whole 
vertebral strength in a repeated measures manner, which is not possible only with 
experimentation.

For each finite element model of vertebra, two separate nonlinear finite element 
analyses can be performed to simulate the fully brittle and fully ductile tissue-level 
failure behaviors. For the fully ductile behavior, tissue-level failure is assumed by 
yielding; the bone tissue can only yield, it never fractures, and there is no limit on 
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tissue-level fracture is assumed to occur once the yield stress (in either tension 
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million elements) and virtually loaded in uniform compression. Results have shown 
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that changing the bone tissue behavior from fully ductile to fully brittle reduced 
whole vertebral strength by about 40%. At overall structural failure, there was 5–10 
times less failed tissue for the fully brittle than fully ductile cases. That being said, 
the whole vertebra is substantially strengthened when the underlying tissue is more 
ductile as increased ductility enables initially yielded bone tissue to continue to 
support the external loads. Conversely, when the bone tissue is more brittle, many 
of the trabeculae stop contributing to overall load bearing as the overall structure 
failure quickly occurs after fracture of the initially failed tissue and the lack of 
alternative viable load paths. These multi-scale biomechanics studies indicate that 
the strength of the vertebral body is determined by both bone mass and tissue-level 
ductility or the extent to which the bone tissue can deform beyond the tissue-level 
elastic range without fracturing or developing appreciable cracking or damage.

3. Biomechanical CT-based spine fracture risk prediction

3.1 QCT-based finite element analysis

DXA scanning is the clinical standard for vertebral strength (or related frac-
ture risk) assessment. However, DXA as an imaging modality is limited due to its 
two-dimensional nature and its inability to differentiate material and geometric 
features. Quantitative computed tomography (QCT), being three-dimensional, 
overcomes these limitations. However, being an imaging modality that only 
describes bone density and geometry, it cannot describe biomechanical properties 
of the vertebra, an attribute that is obviously desirable for bone strength assess-
ment. QCT-based “voxel” finite element models of the vertebral body [43] can be 
generated directly from QCT scans by converting voxels of the images to hexahe-
dron elements and can be subjected to any loading conditions. Effectively, these 
models integrate all the information in QCT scans in a biomechanically meaningful 
manner and therefore promise to overcome all limitations associated with both 
DXA and QCT. This is so-called “biomechanical CT”, a concept first proposed by 
Keaveny [44].

An endpoint clinical tool may use a strategy in which the QCT scan is converted, 
voxel by voxel, directly into a finite element model. This “voxel-based” finite 
element modeling technique uses the QCT voxel grayscale values and dimension 
data to automatically develop a finite element mesh for the region of interest [45]. 
Alternatively, smooth-meshed models with tetrahedral elements can be created 
[46, 47]. Finite element in the model is assigned local material properties based 
on the calibrated gray-scale information in the CT scan. Such material property-
density relations have been shown to follow pow laws and are typically derived 
from cadaver experiments [48]. The finite elements themselves can be hexahedron 
or voxels, can be tetrahedral or curved, and can employ either linear or quadratic 
nodal-displacement formulations; special treatment of the thin cortical shell via 
the use of shell elements may also be implemented. Different loading conditions 
typical of habitual activities or more spurious overloads can be applied depending 
on the clinical application. Outcomes of QCT-based finite element analysis include 
vertebral strength, load-strength ratio, and fracture patterns and locations. These 
outcomes focus on the overall structure and biomechanics of bone rather than 
simply bone mineral density—which is most appropriate given that a bone fracture 
represents a biomechanical event in which external loads applied to the bone have 
exceeded the strength of the bone.

Validation of the QCT-based finite element model can be done by comparing 
model output data with measured values in mechanical testing of cadaver vertebrae. 
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There are several ways to validate the accuracy of the model. For example, strains at 
the bone surfaces of the vertebra can be measured by strain gauges and compared 
with the predicted strain values of the model. Alternatively, digital image/volume 
correlation can be performed to measure deformations of both surface bone and 
internal structures of the vertebra [49]. More often, apparent-level strength and 
stiffness measured from cadaver tests are used for validating the finite element 
models.

Cadaver studies have shown that QCT-based finite element analysis provides a 
better estimation of vertebral strength than BMD, as measured by either DXA or 
QCT alone [50–55]. R2 values for prediction of experimentally measured whole 
vertebral compressive strength based on QCT-finite element analysis are in a range 
from ~0.8 to 0.9, and the slope between mechanical test-measured and finite 
element-predicted strength values can be very close to 1 [50–53]. However, it should 
be noted that QCT-based finite element analysis works well in predicting vertebral 
stiffness or strength for the uniform compression loading condition but has not 
performed as well for anterior bending [54, 55]. For example, one study found that 
vertebral strength in anterior bending was moderately predicted by QCT-based 
finite element analysis (R2 = 0.34–0.40), which, however, was still better than 
QCT-based BMD (R2 = 0.14–0.22) [54]. Another study also found moderate correla-
tions between measured stiffness or strength and BMD (R2 = 0.27 or 0.34) when the 
vertebrae were tested under anterior bending. Although QCT-based finite element 
analysis improved those stiffness or strength predictions appreciably (R2 = 0.49 or 
0.79), the correlations for anterior bending were not as good as those for uniform 
compression [55]. This may suggest different failure mechanisms of the vertebral 
body when loaded in uniform compression versus anterior bending. Recent stud-
ies have used microCT-based digital volume correlation to validate the accuracy 
of QCT-based finite element analysis in predicting vertebral failure patterns for 
compression and anterior flexion [49].

Currently, QCT-based finite element modeling of human vertebrae has been 
improved by addressing different types of loading, for example, compression and 
forward flexion, and the effect of intervertebral discs on vertebral strength assess-
ment [56–58]. However, compression versus forward flexion loading has been 
shown to have a minor effect on vertebral stress distribution based on the observa-
tions from high-resolution microCT-based finite element analysis [29]. Variations in 
disc properties only affect the magnitude of the overall stress within the vertebral 
body, and thus, disc may serve as a critical variable that needs to be considered in 
the QCT-based finite element models in the future [35]. Continuing research in this 
field would advance the clinical use of QCT-based finite element analysis, particu-
larly in predicting risk of osteoporotic fractures.

3.2 Vertebral fracture risk prediction based on QCT-Finite Element Analysis

Based on validation and verification with cadaver studies, QCT-based finite 
element analysis has been applied in clinic to predict vertebral fracture risk and 
evaluate osteoporosis treatment. This type of biomechanical model has been shown 
to improve fracture risk prediction clinically compared to what is currently possible 
using DXA and QCT.

The QCT-based finite element analysis was first applied to assess vertebral 
bone strength in live patients in a clinical research study in the early 1990s and 
used since then in many orthopedic biomechanics laboratory research studies 
[59]. There is a modest body of earlier work on finite element modeling of the 
vertebra that already showed great potential. In a seminal study, Faulkner et al. 
[59] tested the hypothesis that patient-specific bone distribution information 
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There are several ways to validate the accuracy of the model. For example, strains at 
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with the predicted strain values of the model. Alternatively, digital image/volume 
correlation can be performed to measure deformations of both surface bone and 
internal structures of the vertebra [49]. More often, apparent-level strength and 
stiffness measured from cadaver tests are used for validating the finite element 
models.

Cadaver studies have shown that QCT-based finite element analysis provides a 
better estimation of vertebral strength than BMD, as measured by either DXA or 
QCT alone [50–55]. R2 values for prediction of experimentally measured whole 
vertebral compressive strength based on QCT-finite element analysis are in a range 
from ~0.8 to 0.9, and the slope between mechanical test-measured and finite 
element-predicted strength values can be very close to 1 [50–53]. However, it should 
be noted that QCT-based finite element analysis works well in predicting vertebral 
stiffness or strength for the uniform compression loading condition but has not 
performed as well for anterior bending [54, 55]. For example, one study found that 
vertebral strength in anterior bending was moderately predicted by QCT-based 
finite element analysis (R2 = 0.34–0.40), which, however, was still better than 
QCT-based BMD (R2 = 0.14–0.22) [54]. Another study also found moderate correla-
tions between measured stiffness or strength and BMD (R2 = 0.27 or 0.34) when the 
vertebrae were tested under anterior bending. Although QCT-based finite element 
analysis improved those stiffness or strength predictions appreciably (R2 = 0.49 or 
0.79), the correlations for anterior bending were not as good as those for uniform 
compression [55]. This may suggest different failure mechanisms of the vertebral 
body when loaded in uniform compression versus anterior bending. Recent stud-
ies have used microCT-based digital volume correlation to validate the accuracy 
of QCT-based finite element analysis in predicting vertebral failure patterns for 
compression and anterior flexion [49].

Currently, QCT-based finite element modeling of human vertebrae has been 
improved by addressing different types of loading, for example, compression and 
forward flexion, and the effect of intervertebral discs on vertebral strength assess-
ment [56–58]. However, compression versus forward flexion loading has been 
shown to have a minor effect on vertebral stress distribution based on the observa-
tions from high-resolution microCT-based finite element analysis [29]. Variations in 
disc properties only affect the magnitude of the overall stress within the vertebral 
body, and thus, disc may serve as a critical variable that needs to be considered in 
the QCT-based finite element models in the future [35]. Continuing research in this 
field would advance the clinical use of QCT-based finite element analysis, particu-
larly in predicting risk of osteoporotic fractures.

3.2 Vertebral fracture risk prediction based on QCT-Finite Element Analysis

Based on validation and verification with cadaver studies, QCT-based finite 
element analysis has been applied in clinic to predict vertebral fracture risk and 
evaluate osteoporosis treatment. This type of biomechanical model has been shown 
to improve fracture risk prediction clinically compared to what is currently possible 
using DXA and QCT.

The QCT-based finite element analysis was first applied to assess vertebral 
bone strength in live patients in a clinical research study in the early 1990s and 
used since then in many orthopedic biomechanics laboratory research studies 
[59]. There is a modest body of earlier work on finite element modeling of the 
vertebra that already showed great potential. In a seminal study, Faulkner et al. 
[59] tested the hypothesis that patient-specific bone distribution information 
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contained in QCT voxel-based finite element models of lumbar vertebral bod-
ies could more accurately estimate vertebral strength than bone density alone. 
They built voxel-based finite element models of the vertebrae taken from QCT 
scans of actual patients and confirmed their hypothesis by demonstrating that 
the models were able to better discriminate (retrospectively) osteoporotic versus 
nonosteoporotic patients. Further, they presented evidence that the finite element 
modeling technique has more discriminatory power at fracture risk assessment 
than measures of BMD. Bozic et al. [60] studied the effects of axial compres-
sive loading on cervical vertebrae using a voxel-based finite element model. The 
model mechanistically confirmed the fracture initiation site and patterns found in 
clinical burst fractures of cervical vertebrae. Homminga et al. [26] used voxel-
based models to study differences in the load distributions between healthy versus 
osteoporotic vertebrae. They showed that there was about 16% of the trabecular 
bone at risk of fracture in osteoporotic vertebrae versus about 1% in healthy 
vertebrae. Since then, many studies have demonstrated that bone strength derived 
from QCT-based finite element model is able to discriminate osteoporotic versus 
nonosteoporotic patients more effectively than BMD derived from DXA and QCT 
[61–63]. More importantly, QCT finite element models can predict new clinical 
vertebral fractures in both men and women better than DXA or QCT alone [37, 
38, 64, 65]. This technique has shown a great potential in clinical application for 
fracture risk prediction of both spine and hip osteoporotic fractures and it is cur-
rently in clinical trials in US.

4. Conclusion

Osteoporotic spine fracture is a global issue affecting a great percentage of 
population, especially for the elderly. Since facture is a biomechanical event, a 
better understanding of the multi-scale biomechanics of the osteoporotic spine 
fracture would help develop better tools to improve fracture risk prediction and 
eventually prevent osteoporotic fractures. With the advent of micro-CT finite 
element modeling, studies have been performed to reveal the mechanisms of 
tissue deformation and microstructural failure within the entire vertebral body, 
information that provides insights into the micromechanics of the human verte-
bral body. While DXA works quite well for the hip at fracture risk prediction, it is 
far less successful for the spine and there is a need for improvement. The QCT-
based finite element analysis promises such improvement since it is now possible 
to develop high-fidelity finite element models, clinically, on a patient-specific 
basis.
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Chapter 6

Trapeziometacarpal Joint: A 
Mechanical Explanation of Total 
Prosthesis Failures
Victoria Spartacus

Abstract

Total prosthesis, which preserves strength and respects trapeziometacarpal 
(TMC) joint range of motion, is a surgical option considered for the TMC joint 
replacement. With the usual ball-and-socket design, patients obtain faster pain 
relief, stronger grip function, and shorter convalescence than with trapeziectomy. 
However, prostheses currently used have led to various early complications, espe-
cially in active and young patients. Revisions are most often due to the loosening of 
the trapezium cup and of the metacarpal stem and to the luxation of the first meta-
carpal bone. The short lifespan of these devices suggests the difficulty of designing 
a prosthesis that respects the complex anatomy and motions of the TMC joint. Early 
implant failure may reflect the fact that the current devices do not exactly replicate 
the true kinematics. The aim of this chapter will be to shed light mechanical expla-
nations for TMC prosthesis failures in regard to the complex kinematics of the joint.

Keywords: trapeziometacarpal joint, total prosthesis, failures

1. Introduction

The thumb column is composed of three bones: the scaphoid, trapezium, and 
first metacarpal (M1) (Figure 1).

The trapeziometacarpal (TMC) joint, composed of the trapezium and the M1, 
plays a capital role in strength and movement orientation of this column. This joint 
allows the opposition of the thumb and thus is highly solicited.

Arthrosis of the TMC joint, called rhizarthrosis, is the second most frequent 
arthritis of the hand [1]. It is prevalent among middle-aged and postmenopausal 
women [2]; one third of women over 55 are radiographically affected by rhizar-
throsis [3]. This painful and disabling pathology limits the range of motion and the 
strength of the thumb. It not only occurs mainly on the cartilage of the trapezium 
and the first metacarpal joint but can also affects the whole cartilaginous surface of 
the trapezium as defined by Dell [4] and Eaton and Littler [5] (Figure 2).

Its natural progression typically results in less pain, but hand function is reduced 
because of the Z-deformity of the thumb column. The base of the first metacarpal 
(M1) dislocates into adduction, in combination with hyperextension of the meta-
carpophalangeal (MCP) joint and contracture of the first web space. This natural 
progression toward pain relief often results in patients and surgeons taking in a 
wait-and-see approach. When conservative treatments fail, surgical options can 
be considered. The numerous surgical solutions proposed include trapeziectomy 
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with ligament interposition and arthrodesis [6]. Arthrodesis involves fusion of 
the trapezium and M1, to reduce pain by restraining movement. In trapeziectomy, 
the trapezium bone is removed and all the ligaments are sectioned. Trapeziectomy 
yields good pain results, but patients lack strength during movements [7]. These 
treatments do not respect the original anatomy of the joint and modify the kinemat-
ics of the TMC joint.

Another and more recent surgical option is total prosthesis, which preserves 
strength and respects TMC joint kinematics. With the usual ball-and-socket design, 
patients obtain faster and better pain relief, stronger grip function, and shorter 
convalescence than with trapeziectomy [8, 9]. However, there are also many reports 
of poor results [10]. Revisions are most often due to the loosening of the trapezium 
cup [11, 12] and of the metacarpal stem and to the luxation of the first metacarpal 
bone [13] (Figure 3).

The prostheses currently used have thus led to various early complications, 
especially in active young patients. The short lifespan of these devices suggests 
the difficulty of designing a prosthesis that respects the complex anatomy and 
motions of the TMC joint. Early implant failure may reflect the fact that current 
devices do not exactly replicate the true kinematics. Improved knowledge of TMC 
kinematics with implant could also enhance the design and consequently the 
lifespan of implants.

Figure 2. 
Rhizarthrosis of the trapeziometacarpal joint.

Figure 1. 
Thumb column.
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2. Trapeziometacarpal joint kinematics

A precise description of the TMC joint in an anatomic plane is complicated by 
the complexity of the joint anatomy. The TMC joint is 40° orientated with respect 
to the three anatomic planes (Figure 4). This joint is described according to four 
principal views:

• Palmar view: anterior view, observation of the palm of the hand

Figure 3. 
(A) Luxation of the first metacarpal bone by Klahn et al. [14] and (B) loosening of the trapezium cup by 
Lemoine et al. [15].

Figure 4. 
Thumb in resting position of a left hand. (A) Frontal plane and (B) sagittal plane.
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• Dorsal view: posterior view, observation in the dorsal face of the hand

• Ulnar view: a medial viewing angle (ulna side)

• Radial view: a lateral viewing angle (radius side)

In order to well understand the hand anatomy descriptive documents, certain 
criteria have to be taken into account. From the general view, the body is divided 
into two parts by vertical column. Then in anatomic study, the more the part of 
the body is close to the column, the more this part is medial. The more distant it 
is becoming from the column, the more lateral it is becoming from it. However, a 
difficulty arises with the human hand. The prono-supination movement gives to 
the thumb both possibilities according to the articular position of the wrist and the 
elbow. Thus a reference position has been established also called resting position. 
This position corresponds to the forearm in supination with the thumb in the lateral 
side, outwardly directed.

As it was mentioned previously, the TMC joint plays a fundamental role in the 
opposition mechanism of the thumb. It imparts a very high mobility, in regard 
to the M1 movement related to the trapezium. The TMC joint increasingly used, 
particularly with the appearance of the new technology, was a subject of interest.

The TMC joint is considered as a saddle-shape joint with two degrees of freedom 
(DOF) with nonorthogonal and nonintersected axes. This joint allows the thumb’s 
different movements: flexion/extension, abduction/adduction, axial rotation, and 
circumduction (Figure 5):

• Flexion: thumb movement in medial direction. The thumb fingertip draws 
near the palm of the hand.

• Extension: thumb movement in posterolateral direction. Opposite side of 
flexion.

• Abduction: thumb movement in anterolateral direction, perpendicular to the 
palm of the hand.

• Adduction: thumb movement in posteromedial direction, in the palm of the 
hand plane.

• Circumduction: combination of the flexion/extension and the abduction/
adduction movements.

• Axial rotation: rotation of the first metacarpal around his longitudinal axis.

The TMC joint is also a noncongruent joint with articular surface of the trape-
zium bigger than the M1 (Figure 6). This noncongruence of the articular surfaces 
implies translation of the M1 relatively to the trapezium.

Chèze et al. [16, 17] reported in their study values of M1 displacements in regard 
to the trapezium (Table 1).

Translations are considered to be negligible. Nevertheless, in regard to articu-
lar surface measurements, this conclusion is questionable [18, 19]. A study [18] 
realized measures on trapezium diameter. The results showed that the average 
diameter of the trapezium is 11.96 ± 1.32 mm. From these measurements it can 
be deduced that the M1 diameter is 34% larger than the trapezium diameter. In 
more recent study [19], the results show that the mean length of the trapezium 
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is 19.2 mm. From this value the M1 lateral displacement represents 25.5% of the 
trapezium surface that could not be negligible. In addition, in more recent study 
[20], displacement of the M1 was measured for different functional tasks as key 
pinch, jar grasp, and jar twist. In this study, the maximum radial/ulnar displace-
ment of the M1 is 5.7 mm. With this value the M1 displacement represents 47.7% of 
the trapezium diameter.

Moreover, the two DOF models are not precise enough. The dispersion in range 
of motion in the literature shows the difficulties to analyze with accuracy the 
kinematic of the TMC joint (Table 2).

Figure 6. 
Noncongruence of the TMC joint by Napier et al. [14].

Figure 5. 
Thumb movements by Dr Grégoire Chick.
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Several methods of thumb movement quantification have been established. 
These methods, including video technics [22, 23, 26], reflective markers [27, 28], 
and electromagnetic design [17, 29, 30], used different external markers as reference 
point. In 2001, Chèze et al. [17] elaborated an experimental protocol with a motion 
analysis system that allows to obtain the range of motion. In 2009, Goubier et al. 
[29] studied the movement with an optoelectronic system. These protocols used 
external markers to analyze the thumb kinematics. Then interference of soft tissue 
could influence the movements.

Tomographic imaging is an emerging method in thumb kinematics analysis. In 
vivo measurement has been established to evaluate axial rotation [25]. This rotation 
has been measured drawing reference lines in CT scan images. This study allows to 
measure the axial orientation of the M1.

In vivo studies, using CT scan methodology, based on TMC joint movement have 
been performed [31–34]. They described nonorthogonal and nonperpendicular 
axes, but they did not particularly described translations and axial rotation.

All previous studies aimed to characterize the thumb movement with different 
specific methods. However, they only considered the movement of healthy joint and 
not on pathologic one. Furthermore these studies did not focus on movement of the 
TMC prosthesis.

2.1 Material and methods

In order to analyze the movement of the TMC prosthesis, CT scans of the TMC 
joint under various postures of the thumb were performed with a general electric 
scanner light speed VCT64. The scan acquisition parameters were mAs 90, kV 120, 
slice thickness 0.625, and FOV small. Eight hands were obtained from six embalmed 
Caucasian cadaveric subjects, two males (three hands) and four females (five 
hands) with different degrees of rhizarthrosis according to the Dell classification 
[4] (Table 3). The subjects were divided into three groups: group 1, subjects with 
either no or stage 1 arthrosis; group 2, subjects with stage 2 and stage 3 arthrosis; 
and group 3, subjects with stage 4 arthrosis.

Three postures were chosen to cover the full range of thumb motion: commis-
sural closing (Figure 7(A)), grip (Figure 7(B)), and opposition (Figure 7(C)). 
Using Mimics® (Materialize 3D, Belgium), the DICOM data from the CT scans were 
used to develop 3D reconstructions of the TMC joint.

Kaplan 
[19]

Cooney 
et al. [20]

Chèze 
et al. 

(2001)[17]

Coert 
et al. 
[21]

Li et al. 
(2007) 

[24]

Cheema 
et al. (2006)

[25]

Axial 
rotation

17.5° 16.5° 38° 90° 45° 89°

Average range of movement of axial rotation.

Table 2. 
Example of disparity in range of movement of the thumb.

Medial/lateral displacement 1.7 mm, maximum 4.9 mm

Proximal/distal displacement 2.0 mm, maximum 5.9 mm

Anterior/posterior displacement 3.0 mm, maximum 6.3 mm

Table 1. 
Average displacement of the M1 by Chèze et al. [15]
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CAD models of a currently used prosthesis (Figure 8) were coupled with the 3D 
reconstructions of the joint to provide numerical models of the TMC joint with a 
ball-and-socket implant. The CAD model, composed of three elements (stem, neck, 
and trapezium cup), was placed in the ATM using 3-Matic® (Materialize, Belgium).

Working from the 3D models, the commissural closing posture was the refer-
ence posture for the complex trapezium/cup and the complex M1/stem/neck. These 
complexes were superposed to the M1 and the trapezium in opposition and in grip 
posture, using a surface-based registration procedure based on the iterative closest 
point (ICP) [35] (Figure 9).

Thus for each posture, we determined the position of the complex M1/stem/
neck relative to the complex trapezium/cup. Then, for each hand, considering the 
complex trapezium/cup as fixed, the different postures were superposed using the 
same surface-based registration procedure. The method of superposition was previ-
ously described by Cerveri et al. [31] (Figure 10).

Potential translations of the head relative to the cup were determined by the 
distance between the center of the cup and the center of the head. This distance was 
calculated for grip and opposition posture (Figure 11). Zero distance is being taken 
as indicating none translation. A distance other than zero was taken as a sign of 
translation, with the head of the neck penetrating the cup. In this case, the intersec-
tion volume between the cup and the head was calculated in order to evaluate the 
percentage of the cup volume occupied by the head.

2.2 Results

Regarding the straight neck, the smallest distances between the cup and the 
head of the prosthesis in grip posture or in opposition posture are 1.3 and 0.8 mm, 
respectively. Regarding the angled neck, the smallest distances between the cup 

Subject 1.R 2.R 3.R 4.R 5.R 5.L 6.R 6.L

Gender M M F F F F F F

Age 82 90 92 84 94 94 94 94

Side Right Right Right Right Right Left Right Left

Stage of arthrosis 3 1 3 4 NA 4 2 2

NA, no arthrosis; Stage 1, subchondral sclerosis with no osteophytes or subluxation; Stage 2, small subluxation and 
small internal osteophytes; Stage 4, no remaining space between the bones.

Table 3. 
Summary of cadaveric subjects.

Figure 7. 
(A) Thumb in commissural closing posture, (B) thumb in grip posture and (C) thumb in opposition posture.
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Figure 8. 
CAD models of current prosthesis used in this study: cup in orange, neck in green, and stem in blue.  
(A) Prosthesis with a straight neck and (B) prosthesis with an angle neck.

Figure 9. 
Superposition procedure.

Figure 10. 
Superposition procedure for complex trapezium/cup and complex M1/stem/neck.
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and the head of the prosthesis in grip posture or in opposition posture are 0.6 and 
1.2 mm, respectively.

Thus, for both types of the neck, for each posture, distances are superior to 
zero. Thus for each of the three groups, the head of the prosthesis translates during 
movements and penetrates into the cup.

Regarding prosthesis with a straight neck, the intersection volume between 
cup and head varied from 0 to 24.4 mm3 (Table 4). When the volume is 0, the 
elements do not intersect. In this case, the head is completely out of the cup. When 
the volume is 24.4 mm3, the elements intersect. The intersecting volume represents 
67.6% of the cup volume.

Regarding prosthesis with an angled neck, the intersection volume between 
cup and head varied from 0 to 25.5 mm3 (Table 4). When the volume is 0, the 
elements do not intersect. In this case, the head is completely out of the cup. When 

Figure 11. 
Right: distance between cup and head center. Left: intersection volume between the cup and the head.
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For each subject, distances between the head gravity center of the straight neck and the center of the cup in grip 
posture (D1) and in opposition posture (D2). V1 is the theoretical intersection volume between the cup and the 
head of the straight neck in grip posture and V2 in opposition posture. Same results are observed for angled neck 
in D3, D4, V3, and V4.
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Figure 8. 
CAD models of current prosthesis used in this study: cup in orange, neck in green, and stem in blue.  
(A) Prosthesis with a straight neck and (B) prosthesis with an angle neck.

Figure 9. 
Superposition procedure.

Figure 10. 
Superposition procedure for complex trapezium/cup and complex M1/stem/neck.

95

Trapeziometacarpal Joint: A Mechanical Explanation of Total Prosthesis Failures
DOI: http://dx.doi.org/10.5772/intechopen.81318

and the head of the prosthesis in grip posture or in opposition posture are 0.6 and 
1.2 mm, respectively.
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elements do not intersect. In this case, the head is completely out of the cup. When 
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the volume is 25.5 mm3, the elements intersect. The intersecting volume represents 
70.8% of the cup volume.

2.3 Conclusion

The current total prosthesis, with the usual ball-and-socket design, preserves 
strength and respects TMC range of motion. However, they have led to various early 
complications, especially in active young patients. This study focused on the origin 
of the TMC prostheses failures to elucidate their mechanical explanation.

The CAD model of a ball-and-socket design prosthesis implanted in each 
different postures of each subject shows that the original kinematics of the joint is 
disturbed by the prosthetic elements. The displacements of the head of the prosthe-
sis between each posture are greater than those of the cup. We observe numerical 
penetration by the head of the prosthesis into the cup. This phenomenon could 
in vivo correspond to an overstress of prosthetic elements. This penetration sup-
ports the fact that the most frequent prosthesis revision is due to the loosening of 
the trapezium cup [11, 36]. Chakrabarti et al. [36] showed that 91% of prosthesis 
revisions are due to loosening of the cup.

Thus, the movement of the prosthesis does not fully respect the anatomical 
kinematics. The TMC joint is known to have nonintersecting and nonorthogonal 
rotation axes [31, 32]. Moreover, this joint allowed translations of the M1 over the 
trapezium [32, 37]. Then simplifying the TMC joint to a ball-and-socket articula-
tion could in vivo lead to an overstress of the prosthesis. The overstressing produced 
by this design could partly explain the short lifespan of current prostheses. In the 
light of this study’s findings, a review of the design of these prostheses appears 
warranted.
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