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ABSTRACT

For various reasons, such as bone loss due to tumor resection, a total hip 

arthroplasty may require augmentation with a proximal femoral allograft (the proximal 

end of a donor femur). It is necessary to predict the mechanical integrity of the femoral 

diaphysis as a load bearing structure in revision total hip arthroplasty. Our hypothesis 

states that the elastic compressive and shear moduli of the cortical bone in the femoral 

neck and the elastic compressive and shear moduli of the cortical bone in the femoral 

diaphysis can be correlated by some mathematical function. This thesis has two 

objectives. The first is to develop a correlation between mechanical properties of the 

femoral neck to those of the diaphysis of the femur. The second is to discuss the 

medical, and more extensively, the engineering considerations of the proximal femoral 

allograft in hip reconstruction and in revision total hip arthroplasty. The experimental 

analysis shows that there is an inverse correlation between the compressive modulus of 

the compact bone of the femoral neck and the compressive modulus of the proximal 

femoral diaphysis.
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1. INTRODUCTION TO PROXIMAL FEMORAL ALLOGRAFTS

To meet deficiencies in a particular area, tissue (bone and/or cartilage) can be 

transplanted in three ways: from one part of the patient’s body to another location (an 

auto graft): from a donor to a patient of the same species (an allograft): or from a donor 

of one species to a patient of another species (a xenograft). Complications may occur 

with each type of transplant, but the autograft is considered the "gold standard." That 

is, the autograft is composed of viable cells that will incorporate and grow in the patient. 

It should be recognized that, for other reasons, autografts are not one hundred percent 

successful [1].

The terms autograft, allograft and xenograft are general terms that describe any 

type of tissue transplant. These and other terms are described in Section 7. A 

GLOSSARY OF MEDICAL AND ENGINEERING TERMS. The objective of the 

glossary is to clarify allografting in terms of simple medicine and engineering for readers 

of the two disciplines.

One well known allograft is a kidney transplant. Of recent media attention are 

transplants of baboon hearts, an example of a xenograft. Although ligaments, tendons 

and menisci are transplanted in orthopaedic procedures, orthopedists commonly refer to 

osteoallografts as allografts (osteo- meaning bone). Because the focus of this thesis 

covers the mechanical properties of bone, the terms autograft, allograft and xenograft
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will refer to transplanting cortical, compact, and/or cancellous bone unless otherwise 

noted.

Bone allografts are divided into three groups: osteoarticular grafts, intercalary 

grafts and with allograft/ prosthesis composites [2]. This is discussed further in Section

1.3. Clinical Perspective. This thesis focuses on the use of allograft bone to reconstruct 

the proximal femur in revision total hip arthroplasty. Figure 1.1 [3], the skeletal 

anatomy of the lower extremity illustrates this and other important structures for this 

thesis. Reconstructing the hip with a proximal femoral allograft is a type of surgery that 

would be used to revise a total hip arthroplasty (THA). A THA is common surgery that 

is used to reconstruct the articular (joint) surfaces of the hip. A total hip arthroplasty 

involves many steps. Basically the procedure involves reaming out the acetabulum of the 

pelvis (the cup component of the hip), placing an artificial cup component in the 

acetabulum. Next, after resecting the femoral head and neck, a femoral component is 

inserted down the shaft (diaphysis) of the femur that anatomically mimics the femoral 

neck and has a head (ball) at the proximal end that articulates with the acetabular cup 

component. A revision total hip arthroplasty (RHA) involves rebuilding a failed total hip 

arthroplasty. This may or may not require extra bone stock which is where the use of 

allograft or autograft bone fits in.

Allografting, the practice of transplanting tissue from a donor to a recipient, is 

nothing new to medicine; the technique has been referred to in medical writings for well 

over a thousand years [1,4,5]. This is described in Section 1.2. A Historical
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Proximal End of the Femur

iliac crest 
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<
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Figure 1.1 Anterior (front) view of the skeletal anatomy and muscular attachments of 
the lower limb. Note the conventions of proximal, distal, medial, lateral, 
anterior and posterior. Taken from Netter’s Musculoskeletal System. Part 
I [3].
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Perspective of Osteoallografts. However, the relative success of transplanting bone to 

meet deficiencies in reconstructing the hip, has only been significant for the last twenty- 

five to thirty years [1,4].

In 1880 the first attempt at allografting bone was recorded. The allograft, taken 

from a frozen cadaver, was used to reconstruct the infected humerus of a four-year-old 

boy [6]. In 1908 Lexer [2] experimented with hemi- and whole-joint (knee) transplants 

in the surgical treatment of traumatic knee disorders. Seventeen years later over half of 

his patients still retained their grafted parts with useful fixation [1,5]. This is discussed 

further in Section 1.2., A Historical Perspective of Osteoallografts.

Autografts are typically taken from the iliac crest (to provide cancellous bone) or 

the fibula (to provide cortical bone). The use of a fibular autograft is a common 

alternative to the use of an allograft. Particularly in the region of the proximal femur, 

a fibular autograft can be used as a strut autograft which will provide cortical bone for 

support around a revision total hip arthroplasty. Of new interest are vascularized fibular 

autografts in which up to 15 cm of the fibula is taken from the patient with one artery 

and two veins intact and is transplanted to reconstruct a void left in a long bone 

elsewhere. This is used in patients that have avascular necrosis (AVN) in the femoral 

head. Because the bone is given its own blood supply, the area will revascularize. After 

the autograft is in place the microsurgeons attach the artery and two veins to vasculature 

in the area of reconstruction. The fibula is a good bone source for management of 

intercalary defects (between two segments of host bone) because it is mostly compact
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bone. The advantage to vascularized fibular grafting is that the bone has its blood supply 

restored and the incorporation of the graft into the site is graft to site as well as site to 

graft. For this reason, the fibula is sometimes used to augment an allograft. A 

vascularized fibular autograft is a lengthy and expensive surgery but it is often less 

expensive than performing a total hip arthroplasty (THA) on a younger patient and then 

revising it at least every ten to fifteen years for the rest of his life [5].

The amount of bone or cartilage required in the restructuring of an area is often 

far greater than the harvestable amount for an autograft. The iliac crest, which will not 

regenerate bone taken from it, does not provide enough bone to restructure a large area. 

The fibula will also not regenerate and often does not provide the required bone stock 

for reconstruction. Because of this an allograft, which can provide a much greater 

amount of bone in the correct anatomical structure and musculotendinous attachments, 

may be used [7]. Transplants carried out with a xenograft offer limited success for 

immunological and other reasons [2].

Bone is transplanted for a number of reasons: malignant and benign tumors of the 

skeleton (which require wide resection); skeletal defects; trauma; spinal disorders; severe 

arthritis (which requires arthroplasty) and others [1]. Clinical problems that can lead to 

bony deficiencies are from failed arthroplasties, tumor resection and poor bone due to 

osteoporosis in arthroplasty cases [5].

Bone functions not only as a structural entity but also as a reservoir of calcium 

for the body; it is in a continual state of resorption and growth. This process, called
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bone homeostasis, is one factor that allows bone transplants to be successful. About 

eighteen percent of the bone in a human body is resorbed and regenerated every year [3].

The challenge of manufacturing artificial bone cannot be simply satisfied by 

making hydroxyapatite (hydrated calcium tri-phosphate) components in the correct 

anatomical shape. Bone also has a collagenous component which is protein based with 

much biochemical information in the matrix [8]. There exist many chemical and 

electrophysiological inductors (or mediators) in bone that stimulate resorption and 

growth. Cells communicate with each other by releasing cytokines, chemical mediators 

that target specific cell populations through receptor mediated signal responses. 

Cytokines are heterogenous molecules that include proteins and saccharides. They are 

diverse in their structure and function and have been implicated in bone metabolism 

[5,9]. The components that promote bone regeneration may include a chemotactic factor 

(one that directs cellular activity by means of a concentration gradient), low molecular 

weight mediators that take on special alignments (with regard to dipole moments), 

electromagnetic fields and piezoelectric induced effects [1]. Although there is currently 

a great deal of research in this area, as was apparent at the Fortieth Annual Meeting of 

the Orthopaedic Research Society, [9,10,11,12], these phenomena are not yet fully 

understood [1].

A failed total hip arthroplasty can be the result of many factors. These include 

immunologic rejection, infection, aseptic loosening of total hip arthroplasty components, 

resorption due to overloading or stress shielding (caused by the prosthesis), and poor
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initial allograft quality. With revision total hip arthroplasty, it may be required to resect 

and replace the proximal section of the femur with an allograft. The allograft (with the 

femoral head and neck removed) must meet structural requirements depending on the age 

and activities of the patient. These mechanical requirements, which are intimately related 

to the biomechanics of the hip and are not yet well understood. Because of the many 

muscles involved (see Figure 1.1). modeling the biomechanics of the hip is quite 

difficult. It is not a simple case of normal (orthogonal) loading such as at the knee and 

acetabulum. These considerations are described in more detail in Section 1.5. 

Biomechanics of the Hip.

Previous studies at the University of Colorado Health Sciences Center by Gomez 

and several other studies (Evans and Lebow [13]; Antmann [14]; Evans [15]; Reilly and 

Burstein [16,17]) have shown that femurs from different individuals will differ in terms 

of mechanical properties, regardless of age or sex of the donor. Unless the bone is 

osteoporotic, age is not a good indicator of mechanical integrity. Because the 

surgeon/transplant bank cannot accurately ascertain the quality of an allograft specimen 

from the age and sex of the donor, other methods to determine these properties must be 

developed.

There currently exists a high demand for allograft bone that provides 

biomechanical strength (as opposed to those where strength requirements are secondary). 

The present criteria for selection are that allograft bone be from individuals below the 

ages of 55 for males and 45 for females, and that male bone is assumed to be stronger
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than female. The legal environment dictates that the donor must be at least 18 years old 

[18]. This lower age cut-off also assures that the epiphysis is closed in the long bones 

of young donors. Also, the exclusion criteria include pathological requirements (that 

help to screen out infectious disease) diabetes mellitus, and cancer [18] (see Section

1.3.3. Bone Banking Procedures).

As the aforementioned studies have shown, bone that fits the current age criteria 

is not necessarily good bone. It is also important to note that bone that is fit for 

allografts may be rejected with the current age criteria. This study will provide 

transplant banks with a more sound method to evaluate allograft bone that will:

1) Reject weak bone;

2) Enlarge the bone allograft pool by opening up the resource of bone from 
older donors.

Ultimately (but not in the scope of this thesis) conclusions may be drawn about the 

influence of the mechanical properties of the allograft on the quality and success of 

(revision) total hip arthroplasty with proximal femoral allograft.

The objective of this thesis is to provide the surgeon and transplant bank with 

more information about the mechanical quality of the proximal femoral allografts used 

in hip reconstruction and revision total hip arthroplasty. The thesis hypotheses states that 

the compressive modulus of the cortical and compact bone in the femoral neck and the 

compressive modulus of the cortical and compact bone in the femoral diaphysis can be 

correlated by some mathematical function.
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To prove the hypothesis this thesis has two thrusts: first, mechanical testing

methods for the cortical bone in the femoral neck will be developed to determine the 

quality of the allograft. Correlations will be made between the mechanical properties of 

the femoral neck and those of the diaphysis. The shear and compressive moduli of the 

femoral neck will be compared to those of the femoral diaphysis (shaft). The femoral 

neck is discarded when harvesting the proximal femoral allograft; therefore, it is 

available for destructive mechanical testing. Second, medical and engineering 

considerations involving the use of proximal femoral allografts in hip reconstruction and 

revision total hip arthroplasty will be discussed.

The experimental goal of this research program is to provide the surgeon and 

transplant bank with a relation between the shear or compressive moduli of the femoral 

neck and those of the proximal femur in order to predict the mechanical adequacy of the 

allograft based on testing of the sacrificed femoral neck. This will provide biomedical 

engineers with the type of information that is required to integrate engineering expertise, 

thought processes and ideas into the development of structural orthopaedic implants. It 

will also help the orthopaedist to appreciate some of the engineering considerations 

needed for the advancement of these surgical procedures and for the design of these 

structural implants. It is hoped that this thesis will provide the biomedical engineer and 

orthopaedic surgeon with some ideas on which to build and to refer as new advances 

occur. It is also hoped that this will lead to more effective communication between those 

involved with clinical orthopaedics and those in the orthopaedic implant industry.
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1.1. An Overview

The current selection of allograft bone (see Section 1.3.3. Bone Banking 

Procedures) does not include standards for mechanical properties. Mechanical properties 

are intrinsic properties that describe the strength and stiffness of the material per unit 

area and volume; that is, they are independent of specimen size. An example of an 

intrinsic property is density; it is mass per unit volume. Weight would and example of 

an extrinsic property; it is dependent on the size of the sample being weighed.

Standards for mechanical properties of allograft bone are particularly important 

in cases of compact bone allografts that are used for structural purposes. The proximal 

femoral allograft may have mechanical requirements that even exceed that of a healthy 

femur because of the loss of muscular support, although structural allografts have the 

advantage of providing soft tissue attachments to bone. Because of this, it is reasonable 

to assume that, all other things kept equal (osteogenic potential, e tc...), a structural 

allograft with higher mechanical properties will have a smaller chance of initial 

postoperative failure than one with lesser mechanical integrity. Structural allografts and 

in particular proximal femoral allografts have a tendency to fail after about two to four 

years postoperatively [1], but the issue with this project is initial strength. Once the graft 

begins to incorporate (is replaced by new bone from the patient) then the mechanical 

properties also begin to change.

In order to test this theory, a number of postoperative follow-ups on revision total 

hip arthroplasty with proximal femoral allograft are required. These clinical trials of the
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mechanically tested femoral allografts may take ten years and the participation of many 

doctors, hospitals and bone banks.

Future research may show that there is a correlation between proximal femoral 

allograft mechanical properties and surgical outcome. Because of this, it may be cost 

effective to ascertain the quality of the femoral allograft by destructively testing the 

femoral neck. It is hoped that this work will increase the availability of allograft bone 

and also reject bone that is biomechanically unfit for transplantation.

This thesis is the first step in determining if there is a method to predict some 

mechanical properties of the proximal femoral allograft without destroying the allograft 

itself.

The participation of bone banks is particularly important because of the added 

time, equipment and personnel training that are required to mechanically test bone. The 

generated data on the allografts’ mechanical properties would have to be added to the 

transplant banks’ data base with the information on the history, procurement incidents, 

storage methods and the histology of the donor.

Getting the support of transplant banks would probably be the most difficult part 

of implementing an "Allograft Bone Mechanical Testing Program," as the minimum 

equipment to run the type of tests that we have conducted would cost about five thousand 

to ten thousand dollars. This sum will currently buy a very modest screw-driven tensile 

tester with a load cell and extensometer.
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1.2. A Historical Perspective of Osteoallografts

Almost a century has passed since the first recorded attempt to transplant bone 

from a cadaver to a patient to reconstruct skeletal deficiencies.

The idea of transplanting tissue, however, is much longer lived. From Greek mythology 

comes the story of Pelops who lost most of his shoulder to the appetite of his mother. 

Zeus and several other gods attempted to reconstruct the joint out of ivory in possibly 

the first xenograft [1].

Perhaps the most famous legend is that of the twin physicians and saints Cosmos 

and Damian who performed many exceptional medical procedures during the third 

century. The clinical success of the twins angered the Roman Emperor Diocletian and 

they were put to death as a result. Being the "patron saints of allografting" [2] this did 

not stop the twins from returning in the fifth century to perform a medical miracle (even 

by today’s standards). Fatigued by the pain of a cancerous leg, a church warden fell 

asleep during his prayers in a Roman Forum Temple. While sleeping, he dreamed that 

Cosmos and Damian came to him, resected the leg and implanted a leg from a Moor who 

had very recently died. The first allograft, known as the "Miracle of the Black Leg," 

was supposedly known to be successful because the skin of the Moor was darker than the 

skin of the retainer [1,2]. The procedure was so spectacular that it became the subject 

of many Renaissance and Reformation paintings, one of the more famous by Fra 

Angelico which is on display in the Museo di San Marco in Florence, Italy [2].

In a 1668 Dutch book. Job van Meekeran discussed the first xenograft in which
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a soldier’s cranium was repaired with a piece of a dog’s skull [6]. Next, in 1674, the 

amateur microscope maker, Antoni van Leeuwenhoek, described "diverse small pipes 

going long ways," in a calf bone in Philosophical Transactions o f the Royal Society o f 

London. Leeuwenhoek, who also made the first recorded observations of bacteria, yeasts 

and protozoa was describing what are now known as Haversian Canals [6].

Usually Duhamel is given credit for the first description of osteogenesis, but it 

was Dutch Antonius de Hey de who had, six decades before Duhamel, in 1684, published 

conclusions about callus formation by calcification of the blood clot around the broken 

ends of a bone [6].

In 1867 Oilier published a brilliant piece of literature on osteogenesis in rabbits 

and dogs. He had so thoroughly investigated his ideas and theories that most of his 

conclusions are still regarded as incontestable. His experiments concluded that autografts 

are viable and that bone pieces, absent of periosteum, could live and grow in a suitable 

environment [6]. However, retaining the periosteum does have advantages in terms of 

vascularity and is discussed in the Section 1.3.2. Immunology and Infection.

Although some transplantation was carried out before the twentieth century, only near 

the beginning of this century was clinical research conducted to explain osteoinduction 

and osteoconduction. Working separately, Barth of Germany and Curtiss of the United 

States published their work on osteoallografting in 1893 [6]. Curtiss wrote that the 

Haversian Canals provide "avenues" for the granulation tissue to grow. He further 

noted, in this first description of "creeping substitution" (a name later coined by
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Phemister), that the bone sometimes absorbs blood a short time after implantation. 

Curtis reasoned that the blood absorption and infiltration of tissue through the Haversian 

Canals is probably the reason that ossification occurs quickly (a few weeks) in a bone 

graft [6].

The first clinical autograft was performed to reconstruct a man’s skull in Germany 

by Philips von Walter in 1820 [6], while the first allograft was performed in 1880 by 

William Macewen. He allografted a portion of a child’s tibia (who had died of rickets) 

to reconstruct the diaphysis of another child’s humerus. The procedure was successful 

[1,6,19,20].

In 1908 a German Plastic and Orthopaedic Surgeon, Eric Lexer, performed eleven

hemi-joint and twenty-three whole-joint transplants. He transplanted cartilage and

menisci as well as temporomandibular joints, elbows and knees [1,2,20]. In his 1908

paper [21] describing his use of allografts, (translated from German) Lexer wrote:

Experimenting with joint transplantation became a necessity 
when I was faced with constructing a well-working joint for 
which I immediately needed two articular cartilages as 
embedding material. Joint transplantation can be executed 
by means of three different methods: (1) Half of a joint 
has to be replaced. (2) One has to replace both epiphyses 
covered with articular cartilage. (3) Eventually one has to 
transplant joints with capsules included.

The work of Lexer was undoubtedly ahead of its time as, seventeen years later, he 

reported that over half of his allograft patients still retained their grafted parts [1,2].

One of Lexer’s first cases was a 38-year old man who required resection of the
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proximal third of his tibia because of left upper tibia myeloid sarcoma (cancer of the 

bone marrow). Since the condyles would have to be removed, unless some type of 

reconstruction was undertaken, the patient would be left with a very stiff joint and a 

grossly shortened leg. In the aforementioned 1908 paper [21], Lexer said, "I wanted to 

obtain a leg that was not shortened and construct perhaps a flexible joint by means of the 

transplanted joint surfaces." The allograft was taken from an amputated limb which 

included the tibia, periosteum and articular cartilage. The distal end of the allograft was 

cut and wedged into the hollow of the patient’s tibia. The allograft replaced the entire 

defect [21]. Although the joint surfaces fit reasonably well, the allograft was taken from 

a right leg and the surgery was performed on the left. This left the patient with a slight 

valgus deformity that was noticeable only under careful inspection. Nine months 

postoperatively the patient was putting weight on the leg while standing and walking with 

only transient hydrops (abnormal accumulation of serous fluid in body cavities or tissues) 

as a complication. Radiographs at this point showed that there were no signs of 

resorption of bone or cartilage.

About the same time that Lexer performed the first surgery described, he replaced 

a knee with both articular surfaces, and the anterior and posterior cruciate ligaments. 

Lexer wrote that "Even in unsuccessful cases, when stiffening of the joint does occur, 

in comparison to older techniques, the operated limb has the advantage of being of 

normal length [21]."

He replaced another knee in a patient that had suffered from synostosis (a union
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between normally adjacent but separate bones by ossified connecting cartilage or fibrous 

tissue). The epiphyseal fragments were nailed down onto the femur and the tibia while 

the patellar ligament was sutured to the periosteum and the quadriceps tendon was 

sutured to that of the patient. A similar procedure was performed later in which Lexer 

left the menisci intact in the knee. The first patient who received the knee transplant was 

severely handicapped after the procedure but she was left with a flexible joint which was 

a clinical breakthrough at the time [5,21].

Although some of Lexer’s allograft patients did walk after recovery, most were 

non-ambulatory. Lexer realized that there existed a great difference between simply 

restoring passive motion to a joint and restoring active motion in which the patient would 

have near-normal motion and strength in a joint [21]. This is the difference between 

simply restoring articular surfaces and restoring full musculotendinous insertions at and 

around the joint.

In 1915, after the release of F.H . Albee’s book Bone Graft Surgery, allograft 

technique became more widespread. Since the prevalence of allografting has increased 

there has been much debate in and out of the literature over the biological fate of 

allografts and the origin of bone forming cells—host or graft [6].

In the early fifties Urist et al. [22] inferred that a chemical mediator would 

"induce" new bone formation (within the allograft) by recruitment of host osteoblasts and 

osteoclasts (which work in combination). This is the theory of osteoinduction [6,20,22]. 

Apart from the theory of osteoinduction, the original work of Curtis and Barth is the
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basis of current understanding of the histologic fate of nonvascularized autografts and 

allografts [6]. Since the work of Lexer, autografting and allografting has been the 

subject of considerable clinical interest in the United States. Because of this, the demand 

for cadaveric bone increased dramatically and many bone banks were established as a 

result [6]. Autografts, which may be used to augment fusions or fracture healing, cannot 

provide a enough bone to reconstruct larger skeletal defects. This is a primary advantage 

of allografting; there is a virtually unlimited supply of allograft bone in terms of size and 

shape [5].

After WWII, the National Naval Tissue Bank [4] in Bethesda and some small 

banks in the US were established to bank cortical/medullary bone. The bone was used 

to augment spinal fusions, to implant into cyst cavities, and to serve as a scaffolding to 

facilitate union of long bones [1]. During the fifties, sixties and seventies reliable banks 

were established around the world [1].

As the first bone banks arose, research interest grew significantly in regard to 

preservation and storage of bone. At Case Western Reserve, Herndon, Curtiss, and 

Chase [1] and Bonfiglio et al [2] showed that freezing the allograft before implantation 

reduced immunogenicity [1,2,20]. This work caused interest to be reawakened and 

several extensive studies were done during the sixties [2]. During this period Burwell 

extensively described the histologic and immunologic events (the natural history) of a 

typical allograft during healing [1,2]. Crawford and Campbell compared allografts and 

autografts in animals [1]. One of the most vital works of this period was the long-term
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follow-up evaluation of the work of Frank F. Parrish [23]. His 1973 work [23], has 

been called "perhaps the most important clinical contribution, " because its conclusions 

showed that allografted joints could be preserved for as long as twenty years and that 

osteoallografts were partially replaced and incorporated by the recipient [2].

As the number of people receiving autografts and/or allografts increased, 

epidemiologic studies of these patients also increased. With the medical record system 

closed in the United States (as opposed to England), widespread investigations of many 

thousands of patients were and still are extremely difficult. Because of this, studies of 

the fate of allograft patients tended to investigate only a group of people who received 

treatment from one hospital. These typically included ten to four hundred cases. One 

very thorough study by Jofe, Gebhardt, Tomford and Mankin [24] began with 350 

allograft transplantations; 266 were followed for at least two years. Of that group, forty- 

four had surgeries involved with the proximal end of the femur. The study looked at 

twenty-eight (of the forty-four) which all had an aggressive or malignant neoplasm 

(tumor) in the proximal end of the femur. Eighty-percent of the patients had excellent 

(no evidence of disease with normal hip function) or good results (with reduced hip 

function) [24].

The interest in allografts has driven much research but many problems still exist. 

The many studies showed that some patients did well while others had complications that 

included resorption, infection, and fracture, all of which remain as major problems even 

today [1]. Fracture is a complicated process that is thought to be the result of inadequate
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vascularity [5]. Over and over again, studies of preservation methods of bone 

demonstrate that the more fresh an allograft, the more significant the immune response, 

but also the better that it may be incorporated [1,6]. There is still much debate as to the 

best way to preserve bone to diminish the immune response, but also retain both the 

mechanical properties and the chemical mediators that start osteoinduction. Preservation 

methods investigated and used clinically have included irradiation, chemical preservation 

(both in combination with freezing to various temperatures) fresh freezing, and freeze- 

drying. It seems that there is always a trade-off between three factors: osteoinductive 

potential, mechanical properties, and immunogenicity [25,26].

Today allografts are used for bone reconstruction after trauma or tumor resection

and for reconstruction or genetic or pathological defects such as articular Staphylococcus

infection. Although allografts do have some problems, their use is only one of several

options for bone reconstruction. It is important to note that proponents of allografts are

not in competition with others who prefer other methods of reconstruction. In the first

chapter of the book. Bone Stock Deficiency in Total Hip Replacement [1], Henry J.

Mankin, and Gary E. Friedlaender, probably the two foremost experts in alloimplantion

for orthopaedic purposes, state that:

...it is not (our) purpose to suggest that allogeneic bone 
implants are better than or worse than any other type of 
device or system; the most we or anyone else can say is 
that they are different. On the basis of an exhaustive study 
of the basic science of the field, review of current series in 
other institutions, careful analysis of over 400 such patients 
treated in our own series over the last 16 years we
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conclude that alloimplants: have unique properties; may fill 
certain needs that other systems cannot; and because of 
their differences may be associated with some unique 
problems that require special knowledge and concern on the 
part of the surgeons if they are to be successful.

Although proximal femoral allografts have become much more prevalent since the advent 

of total hip arthroplasty (about 25 years ago), the idea of clinically allografting bone has 

been around for well over 100 years. There are many situations that require 

reconstruction by the orthopaedist and allografting is one of many reconstructive 

methods. From various discussions in the literature, osteoallografting has its own niche 

in bone reconstruction [1,2]. Because of this, future research and follow-up studies in 

the outcome of osteoallografting are warranted.

1.3 Clinical Perspective

Osteoallografting, especially structural allografting is a radical procedure used 

often as a last resort to reconstruct osseoligamentous structures. Because of this, the 

high complication rate is accepted but research is continued to increase the success rate 

[5]. This thesis is one such effort.

Bone allografts can be implemented in the form of bone chips or struts to fill 

voids or complete structures with musculotendinous attachments intact. The major 

advantage of allografting is that joint stability and function can be restored where large 

bone loss has occurred because of ligamentous and tendinous attachments provided by
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an allograft [5].

Allografts are generally of three types: osteoarticular grafts (with articular 

cartilage included); intercalary grafts (grafts that fill voids between two segments of host 

bone) and allograft/ prosthesis composites [2].

Typically they are used to reconstruct upper and lower extremity defects and 

include the pelvis and proximal and distal ends and diaphyses of the humerus, radius, 

ulna, femur, and tibia [2,5,24].

1.3.1 Indications

Any place where there is a large loss of bone or destruction of bone, allograft 

bone is a candidate for use in reconstruction of the lesion. If the area only has to be 

packed with bone chips as in the case of an acetabular revision, then autograft bone from 

the iliac crest can be used. Fibular autografts are also not uncommon [5] and are now 

sometimes used as vascularized fibular grafts (explained in Section 1. Introduction to 

Proximal Femoral Allografts). As the bone taken from the iliac crest or fibula will not 

regenerate, if these areas have already been harvested from the patient, allograft bone is 

the choice for reconstruction [1,2].

Allografts, especially structural allografts, are generally used in orthopaedic tumor 

management. Examples of these malignancies include giant cell tumor (a tumor that 

resembles osteoclasts and may be benign or malignant) and chondrosarcoma (a malignant 

tumor of the cartilage) which are the two most common bone-related cancers. Others

G&.0LH.D; C \ :
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encountered in orthopaedic oncology include periosteal osteosarcoma, central 

osteosarcoma and Ewing’s Tumor (or Ewing’s Sarcoma—a highly malignant tumor 

occurring in children or young adults). Bone allografts are also used to manage benign 

conditions in which a large portion of the bone has been destroyed. These include 

traumatic skeletal defects, osteonecrosis and failed total joint arthroplasty [2,5].

In order to prevent tumor recurrence or métastasés, the tumor and surrounding 

bone and soft tissues are resected liberally. This may include resecting a portion of the 

articular surface of the bone (the joint surface which is covered with articular cartilage—a 

special type of cartilage that maintains the joint surface with synthetic chondrocyte 

activities) [2].

1.3.2. Immunology and Infection

Two problems associated with bone transplants are infection and immunologic 

rejection (which are interrelated). Of current importance is the issue of human 

immunodeficiency virus (HIV) transmission by an allograft. This is important in the 

realm of osseoligamentous allografts as with all soft tissue allografts. The risk of HIV 

transmission by grafting is influenced by three important factors: the efficacy of HIV 

antibody screening in potential tissue donors; the allograft type and allograft processing 

[27].

HIV transmission has been associated with kidney, liver, heart, pancreas, skin and 

bone transplantation [27]. In a 1993 publication by Simonds [27], 32 cases of HIV
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transmission by allograft are investigated. At that time allograft associated HIV 

transmission was thought to have occurred in 75 patients. These included recipients of 

the aforementioned allografts. Only 14 of these cases occurred after routine donor 

screening for HIV antibody began. Furthermore 24 patients that were already HIV 

positive also received HIV contaminated allografts. Of the 75 patients that contracted 

HIV as a nosocomial infection, 67 had the date of transplantation reported. 53 of those 

67 received their grafts before HIV antibody screening had been released for clinical use 

in March of 1985. Of the other 14 (of the 67), three received HIV from perioperative 

blood transfusions; one received a liver urgently before the donor had been tested; two 

received organs from donors that had not yet seroconverted; and two received organs 

from donors that tested false negative for HIV from after hemodilution from a large 

blood transfusion [27]. At the time of the report, Simonds stated that 26 patients had 

received HIV-contaminated bone that did not convert antibody-positive. The bone that 

they received was treated with ethanol and lyophilized [27]. Lyophilizing is the creation 

of a stable blood or blood product solution by rapid freezing and dehydration by a high 

vacuum. Other effective methods of sterilization include irradiation [27,28], and ethanol 

rinsing [27,29].

In terms of its own immunology, it is reasonable to assume that a bone allograft 

is a dead piece of tissue and that the area of and around it is substantially 

immunocompromised [1]. An bone autograft is generally harvested and used to 

reconstruct the defect during the same surgery. Because of this, the autograft contains
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viable bone cells that belong to the patient; the allograft does not have cells that have the 

same potential within the recipient. With orthopaedic tumor management, the patient is 

usually on a course of chemotherapy or radiation therapy or both, and, as a result, is also 

moderately to severely immunocompromised [5]. The high infection rate among bone 

allograft recipients (12%) is multifactorial. The infection is described as early (within 

the first six weeks after the surgery) or late which refers to more than six weeks 

postoperatively. Infection is most likely due to the graft’s higher susceptibility to 

nosocomial infections (any infection contracted in a health care facility by a patient). 

The allograft can be initially infected during the surgery; this is usually from exposure 

to skin flora of the allograft donor or recipient. It can also be seeded with the pathogen 

later through bacteremia. This occurs when bacteria enter the blood and circulate. Such 

as is the case during dental work. Because of the possibility of a late infection of the 

allograft through bacteremia, allograft patients are given a long course of antibiotics 

postoperatively.

The two factors that are normally thought of as increasing the probability of 

nosocomial infection are the invasiveness of and the length of time required for the 

surgery. In terms of orthopaedic procedures, spine surgeries result in the most infections 

with total hip arthroplasty second [8]. With allografts this results because the graft has 

no immunity of its own and is more vulnerable to infection (than host tissue) as the 

allograft is dead and initially not vascular. The host bed adjacent to the graft is probably 

also immunocompromised as a result of the trauma from surgery and the immune
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response.

Postoperative infection is usually caused by the normal skin flora which include 

gram positive and gram negative bacteria such as Staphylococcus aureus. Staphylococcus 

epidermidis and the Pseudomonas bacteria [30,31]. The genus Staphylococcus is 

particularly important in orthopaedics as they will readily infect articular tissue. These 

bacteria release exotoxins which damage the synovium. In response to the pathogens, 

the body will destroy the articular surface in order to overcome the infection [30,31]. 

This can lead to the degradation of a joint which may be indicated with total joint 

arthroplasty.

The exception is in the case of the patient contracting an infection from an 

allograft is with HIV [29]. Because HIV is transmitted through bodily fluids and can 

have very long latency periods (up to six years), there is increasing concern that the virus 

may be transmitted by allografts [29]. Obviously, tissue donors are tested for HIV 

antibodies, but the donor may test false negative because the virus was still latent at the 

time of death [18,32,33]. One study from Tulane University Medical School [29] 

presented at the 1994 Orthopaedic Research Society Meeting, concluded that a saline 

lavage to rinse off cancellous bone or a single cycle freeze was insufficient to rid 

cancellous allografts of Simian Immunodeficiency Virus (Human HIV-II). Male rhesus 

monkeys received SIV contaminated bone grafts that were either untreated (fresh), 

preserved by a -70° C freeze/thaw or preserved by two -70° C freeze/thaw cycles and 

chemical decontamination with ethanol. All samples were lavaged with saline after
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harvestation. The animals received grafts that were fresh or frozen with one cycle 

showed evidence of SIV within two weeks of transplantation whereas the animals that 

received the grafts that were double frozen and decontaminated with ethanol did not show 

evidence of contracting the virus six months later [29]. At the time (February 1994) it 

was noted that only two cases of contracting HIV from an osteoallograft have been 

documented [29].

Because there is generally little or no vascular supply to allograft bone, it is a 

prime site for infection but the surgeon does have some control over the vascularity. The 

endosteum will provide blood (to the allograft) but it is hard to preserve with the 

osteotomy of a section of long bone. A more surgically feasible method to vascularize 

an allograft is to preserve the periosteum which can provide more blood than the 

endosteum [8]. The periosteum can also contribute some of the cellular and 

osteoinductive components of normal host bone to the graft. In the case of tumor 

resection, both of these vascular structures are removed [8]. The incorporation of 

vascular buds into the cortical bone generally occurs through the haversian canals. 

During the neovascular response, the osteoclasts widen the haversian canals. This 

resorption occurs on the surface of the endosteum, periosteum and at the graft/host 

junction and may only penetrate a few millimeters into the graft [34]. These structures 

are described in Section 1.4. Mechanical Properties and Microstructure of Bone.

The normal course of events that occur with a bone autograft show a specific 

pattern and rate of revascularization and creeping substitution which is both osteoblastic
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and osteoclastic [1]. This means that the bone autograft not only acts as a matrix for 

ingrowth from the surrounding host bone but is also in a state in which new bone 

formation is stimulated. At the Case Western Reserve Laboratories, it is believed that 

allograft antigens provoke a specific immune response which induces T-cells to secrete 

cytokines. Cytokines are chemical mediators involved with intercellular communication; 

their secretion forms concentration gradients around the area and various immune cells 

migrate up the concentration gradient. This is the basic mechanism by which cells 

recruit other cells. The various cytokines induce osteoclastic resorption of the bone and 

osteoblastic formation of the bone [34]. According to Henry Claman, M.D. 

Distinguished Professor of Immunology at the University of Colorado Health Sciences 

Center, allogeneic bone is most likely not highly immunogenic. But there is probably 

some immune response to the bone allograft which results in the emission of interleukens 

and other cytokines. This causes osteoblasts and osteoclasts to move up the concentration 

gradient toward the response. As a result, some bone turnover is achieved. This most 

likely occurs because of the similarity between osteoclasts and macrophages [35].

There exists a fine balance between resorption and regeneration which allows the 

graft to be revascularized and maintain its biomechanical strength [34]. This theory 

suggests that allograft immune response plays an important role in the incorporation 

process.

The effect of the immune response on a similar allograft can also be one of delay 

which can slow the revascularization and new bone formation by many years. Some
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grafts show little signs of healing at the host/donor junction and also show little or no 

vascularization. Other grafts, although very small in numbers, exhibit rapid dissolution 

[1]. The revascularization factors (time of onset, extent and rate) vary considerably and 

are partially dependent on the immune response [1].

A immunologic "rejection" of an allograft can cause nonunion (at the 

host/allograft junction), allograft fracture or infection [1]. Bone consists of a mineral 

phase (non-protein) and a protein phase composed of collagen and matrix proteins. 

Antigens, generally proteins, are any substance which can be recognized by the immune 

system. The mineral phase can be antigenic, but is too small to trigger an immune 

response. That is, it is not immunogenic. It is unlikely that the mineral phase will act 

as an immunogen since this component of human bone is not unique with each individual 

[11-

Collagen can act as a weak antigen but the major contribution to an immune 

response from an allograft is that of the surface membrane glycoproteins that are under 

the control of the major histocompatibility complex (MHC). These antigens appear on 

a wide variety of cells from the bones and circulatory hematopoietic systems [1].

Much investigation of cellular and humoral immune responses with allogeneic 

bone or cartilage has shown that an immune response is always provoked with 

alloimplantation. As with animals, 85% of humans that have received a massive bone 

graft show the presence of antibodies (primary immune response) which indicates 

sensitization. However, research has not shown a correlation between the antibodies in
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the host (either in retrospect or in prospect) and the response (surgical success) of the

host to the allograft [1].

To quote Sharon Stevenson, D.V.M. and Ph.D ., a leading researcher of immune

responses associated with allografting at the Orthopaedics Department of the Case

Western Reserve Medical School,

Even in the face of possible transmission of communicable 
diseases and the growing industry of synthetic implants, 
allografts provide certain unique advantages, such as 
natural structure, shape, and strength, and the capacity to 
be osteoinductive. Allografts certainly will continue to be 
an important modality in orthopaedic surgery for the 
foreseeable future. Research is ongoing, using a variety of 
animal models to clarify issues of incorporation and 
immunogenicity of allografts [34].

In order to improve the procedure for the future, the research on these immunologic

reactions and their involvement in the attenuation and/or augmentation of the

incorporation of an osteoallograft as a biomechanical structure is ongoing [1,34].

1.3.3. Bone Banking Procedures

The procurement of allograft bone involves many essential procedures. The bone 

must be harvested, cultured, serologically (blood) tested, sized, wrapped, labeled and 

appropriately stored. Records and a follow up study are also necessary. Harvestation 

almost always accompanies live organ donations; anatomical gift agreements are usually 

part of the drivers registrations [1]. This is because time is critical in organ procurement 

and authorization for organ donation is too laborious. Rather, organ donor cards or a
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driver’s license act as a legal means at the time of injury [18]. These and other 

considerations are very specific in terms of the legal environment.

In 1968, the "Uniform Anatomical Gift Act" was drawn up by the National 

Conference of Commissioners on Uniform State Laws. This was soon adopted in similar 

forms by all fifty U.S. states [18]. This act affects both donor and physician. It states 

that any 18 year old of sound mind may donate a part or all of his/her body where the 

gift takes effect at death [18]. In the case of a younger donor, both parents (or one if 

the other is no longer involved with the care of the child) can make the decision to 

donate bone or other organs. At the Massachusetts General Hospital (and other bone 

banks) the age limits of 15 to 45 years are followed to ensure that the epiphysis is closed 

and to ensure that no metabolic bone diseases and no occult metastasis (malignancy 

spreading throughout the body) enter the pool [1].

The deceased may have arranged (premortem) to donate organs. If no explicit 

arrangements have been made, then next of kin has the pre-emptive right to decide on 

organ donation [18]. The physician is not liable for any civil actions that are a 

consequence of participation in the procurement of anatomical tissues as allografts [18].

Most people do not realize many tissues can be allografted. One hospital is not 

sufficient for location of tissues as it may be necessary to go to nearby communities [18]. 

A good method of finding potential donors is to work with organ banks. Recently organ 

banks have become interested in skin and bones as well as kidneys, the early focus of 

such transplant efforts. Organ banks help with public relations and contacting the kin of
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the deceased to discuss possible anatomical donation. They can also help coordinate 

procurement teams [18].

Donor selection means that the physician must apply medical criteria to potential 

donors. History, physical examination and laboratory studies are critical in avoiding 

transference of pathogens and to provide suitable allografts [1,18]. Guidelines 

specifically addressing bone donation have been developed by the American Association 

of Tissue Banks. Tomford’s paper "1983 Bone Bank Procedures, " in Clinical 

Orthopaedic and Related Research, [18] outlines the basic criteria for evaluating donors:

• No infection by history/physical examination

• Afebrile hospital course

• Maximum 72-hour respirator assistance

• Sterile blood, urine cultures

• No intravenous drug use

• No prolonged steroid therapy

• No history of hepatitis, cancer

NOTE: Of particular importance with following these guidelines are
Tissue Banks that do not sterilize by ethylene oxide or irradiation [18].

The effects from an infected osteoallograft can be extremely severe (chronic osteomyelitis

may require amputation). It is always best to use donors that appear uninfected [18] (see

Section 1.3.2. Immunology and Infection). Diseases to be evaluated for should include

hepatitis, cancers, any potentially transferable virus, and diffuse connective tissue



T-4597 32

disorders [18]. Heart blood, urine and fluid from the pleura and peritoneum and from 

the bone must be cultured for pathogens [1]. Blood tests for hepatitis-associated antigens 

and venereal disease should also be performed. It is recommended that an autopsy after 

procurement be obtained to rule out occult infection and malignant neoplastic process 

[18] [1]. The autopsy can also give evidence of substance abuse. Exempted from the 

list are high dose corticosteroid users and those who needed respirator support [1]. 

Some experimentation has been done with sterilizing HIV contaminated bone with ethanol 

[29] (see Section 1.3.2.). This work is promising, however ethanol dehydrates cartilage 

which causes changes in the mechanical properties of the cartilage.

Bone should be procured within twelve to twenty-four hours postmortem to reduce 

the risk of overgrowth of skin flora. A vigorous skin preparation is necessary. Due to 

the possibility of contamination during procurement, all bones must be cultured. Cutting 

the bone at mid-shaft leaves enough for an allograft that requires articular surface [18]. 

At mid-shaft, there is little cancellous bone so if this is needed, the metaphysis and the 

bone ends need to be procured [18].

The pelvis is left for last as the bowel may be easily punctured which always 

results in contamination. With tumor excision, it is best to allograft with a joint capsule 

and ligament and tendinous insertions retained. This is because of the large excision of 

soft tissues usually required for neoplasm control [18]. Following procurement from the 

donor’s cadaver, the body frame can be reconstructed with plaster and broomsticks cut 

to fit for the missing bones [18].
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Proper storage technique is required to retain sterility and biologic potential. The 

bone should be wrapped in waterproof drape [18]. Freezing down to -20° C will not 

preserve the bone as enzymes in the bone are still active and will slowly degrade the 

bone. At these temperatures, allograft bones are only good for a few months. At -80° 

C, a temperature reasonable for industrial refrigerators, enzymatic destruction is minimal 

and collagenase may be inactive. Freezing in liquid nitrogen (-196° C) may become 

preferred as little tissue destruction occurs. This can be very expensive but it may be 

feasible with a continuous liquid nitrogen generator such as that at the U.S. Navy Tissue 

Bank [18].

Other preservation methods include freeze-drying and chemical preservation. 

Freeze drying is advantageous as bone may be stored indefinitely as long as it is vacuum 

packed. The disadvantages to freeze drying are the expense and the diminished 

mechanical integrity of the bone. The process changes the hoop-strength which causes 

the bone to become brittle [18]. Using chemicals for preservation (merthiolate or 

refrigerated saline) is not recommended due to toxicity and short graft lives [18].

One very important consideration with allografting is the issue of damage caused 

by ice crystal formation and expansion during the freezing process. Ligaments and 

tendons can be dead (by freezing) and will be replaced by host structures to maintain 

muscle function. However, the articular cartilage and its chondrocytes play a different 

role and must be maintained as viable tissue to conserve the joint surface and 

chondrocyte synthetic activities [2]. Unfortunately, the articular cartilage must begin its
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activities as soon as it is transplanted. In order to preserve the chondrocytes as viable 

cells, aqueous solutions of 8% dimethylsulfoxide (DMSO) or 10% glycerol will promote 

the survival of a high percentage of chondrocytes even after prolonged deep freezing (90 

to 120 days in liquid nitrogen) [2],

Most banks store and procure tissue under sterile conditions and discard any graft 

that tests positive for bactériologie cultures. Although there are many methods to 

sterilize bones or keep them sterile, most have drawbacks. Storing the bones in 

antibiotics can cause a hypersensitive reaction in the recipient [18]. Beta-propiolactone 

and merthiolate are both toxic. Radiation and autoclaving cause biomechanical 

degradation [26]. Ethylene oxide is an excellent sterilant if it is allowed to evaporate 

from the tissue during storage [18]. What is typically done to prevent (not treat) initial 

infection is mix the polymethylmethacrylate cement, used to bond the prosthesis to the 

allograft and patient’s bone during the surgery, with an aminoglycoside antibiotic [5]. 

Treating allograft infection involves radical debridement and possibly removal of allograft 

so steps are taken to avoid infection.

There are two sound methods of bone organization during storage. The first, by 

donor, is when all bones from one donor are kept in an area. The second method is by 

bone type, i.e. all femora, tibia etc... are grouped together [18]. A bone should be 

cultured before thawing. As a good precaution, an antibiotic can be added to the solution 

such as bacitracin for one hour prior to use. Soaking bone in warm Ringer’s Lactate or 

another physiologic solution for one hour or allowing the allograft to thaw at room
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temperature for an hour is required for bones stored at -80° C [18].

Keeping detailed records is important for both legal and medical purposes. It 

allows the surgeons to evaluate allograft successes and failures. Important information 

includes name, unit number, cause of death, and any notes taken during procurement. 

Cultures (and results), and treatment and storage of the bones are also required [18]. 

The use of a computer data-bank eases the time required to locate a graft of proper size 

[18]. More sophisticated computer systems allow CAT scans and radiographic data of 

the graft dimensions to be stored (in the computer) and compared with those of the 

recipient to find the best match. This is critical in establishing the best possible 

biomechanics for the patient and the use of the computer greatly improves efficiency 

[18].

Pathologic contamination (see Section 1.3.3. Immunology and Infection) usually 

results from microbes of the skin. These include diptheroids, klebsiella, Escherichia 

coli. Staphylococcus aureus, Staphylococcus epidermidis, Propionibacterium, 

Peptostreptococcus, Lactobacillus and Micrococcus [18]. The Staphylococcus are of 

particular concern as they can infect and degrade a joint (see Section 1.3.3.). 

Management of the bone bank must be done by someone who thoroughly understands 

osteoallografting. A physician should manage and be responsible for a bone bank.

Financial reimbursement is difficult, but considering that many bone allografts 

restore the use of a limb, it is not unreasonable to obtain money from the patient. 

Testing, procurement, storage and keeping records puts the cost of an allograft bone at
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$2500 (1983) (not including the surgery or associated costs). This is reasonable in 

comparison to a kidney allograft which costs about $8000 (1983) [18].

1.3.4. Surgical Procedures

Two types of proximal femoral allografts are more prevalent than others: strut 

allografts and structural allografts. The structural allograft is the complete structural 

piece of bone which represents the area that the allograft is used to reconstruct. A 

proximal femoral allograft, a type of structural allograft, is the entire proximal end of 

the femur minus the head and neck. This includes ligamentous attachments. The strut 

allograft is used to structurally augment the trochanteric area of the proximal femur with 

long pieces of compact bone during a total hip arthroplasty. This procedure is usually 

used with a revision THA where there has been massive osteolysis around the original 

femoral component in the proximal femur. The struts of cortical allograft bone are 

mechanically fixed with screws and/or cerclage wires to the femoral component of the 

total hip arthroplasty. The remaining outer surface of the host bone, which includes the 

periosteum, is then wrapped around the allograft struts in an attempt to cause 

osteoconduction to occur more readily.

The focus of this thesis is the proximal femoral allograft where the head and neck 

of the allograft are resected and as much diaphysis is retained to reconstruct the bony 

defect as is necessary. This is based upon the amount of bone debrided which depends 

on the extent of osteolysis, avascular necrosis or the tumor. It is important to note that
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the goal of tumor management is to liberally remove the afflicted bone and soft tissue so 

that métastasés will not occur. Whether it is osteosarcoma, giant cell sarcoma or 

chondrosarcoma, the area of debridement and soft tissue resection can be large.

Although allograft bone is used to reconstruct bony defects resulting from trauma, 

tumor resection, osteomyelitis (bone infection) or other causes, proximal femoral 

allografts are most often used reconstruct the proximal femur in revision total hip 

arthroplasty.

From the patient’s X-ray, the size of trochanter and femoral diaphysis can be 

ascertained and the best proximal femoral allograft from the bone bank is obtained pre- 

operatively. At the time of revision THA surgery, the hip is approached laterally per 

normal standard procedure. Once the gluteus and other muscles have been cut from the 

trochanter, a trochanteric osteotomy may be performed to pull back the abductor 

muscles. The femur has now been exposed to the level of anticipated resection, so leg 

length must be determined. There may already be a leg length discrepancy from lysis 

around a THA (or another problem) so the allograft/ prosthesis composite will be used 

to correct that defect in addition to restoring function to the hip. Leg length before the 

procedure is obtained by drilling a small hole into the pelvis and one into the distal part 

of the femur (that will not be resected) and placing metal pins in each hole and 

measuring the distance between them. The pins are removed but will be inserted (and 

position checked) at different times during the surgery. Next the knee is put into flexion 

and the leg is rotated internally to dislocate the hip [36].
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The bone is debrided and the soft tissues excised. Some surgeons will leave the 

lysed bone (obviously not with tumor cases) and wrap it around the allograft. This can 

provide extra vasculature and bone homeostasis activity to the donor bone. The allograft 

is then cut to the needed length.

The acetabulum is done at this point because the femoral head and neck are out 

of the way. Next, an allograft/ prosthesis composite is assembled by placing the 

prosthesis into the allograft and inserting the prosthesis stem into the donor bone. The 

reduction of the hip is tested for allograft length and femoral neck length by externally 

rotating the leg so that the prosthesis head will fit into the acetabulum. Gradually the 

distal end of the allograft is trimmed away and prostheses are tested with each reduction 

trial [36]. Leg length is tested (with the aforementioned device) once the final product 

(allograft and the appropriate femoral prosthesis) is ready.

The allograft/ prosthesis composite is finally made by cementing the selected long- 

stem femoral THA component into the allograft with polymethylmethacrylate (PMMA). 

As was mentioned in Section 1.3.3. Bone Banking Procedures, the PMMA is mixed 

with an aminoglycoside antibiotic which is specific for gram negative bacteria [5]. This 

is important because allograft infection may lead to allograft removal. Figure 1.2. 

Allograft /Prosthesis Composite accurately shows this structure. The long stem 

prosthesis is used to attach the graft to the host.

Next the intramedullary (IM) canal of the distal femur is lavaged and filled with 

polymethylmethacrylate and the prosthesis stem is inserted into IM canal of the distal
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Figure 1.2. Allograft /Prosthesis Composite. Note that the femoral head and neck 
have been resected. A long stem prosthesis is always used to provide 
attachment (at the distal end) to the host bone.
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femur and held in place after the allograft/ prosthesis has been put into the proper 

alignment in terms of rotation for femoral anteversion (the angle through which the 

femoral neck is rotated forward in the horizontal plane to anatomically restore the hip 

biomechanics) [37]. This is explained further in Section 1.5. Biomechanics of the Hip 

and Stress Shielding. The allograft/ prosthesis composite is held firmly into place for 

about five minutes to allow the PMMA cement to harden.

Next, the acetabulum is irrigated and the leg is externally rotated back to normal 

as the femoral head is inserted into the acetabular component and the final reduction and 

joint mobility are ascertained. The musculature is then attached to the allograft and the 

wound closed.

1.4. Mechanical Properties and Microstructure of Bone

Bone does not usually afford the amount of material or the homogeneity for 

biomechanical testing. Because of these and other reasons, testing human bone is 

generally more difficult than testing metals and other engineering materials. Bone has 

properties that differ significantly from those of implantable ceramics and metals. These 

vary in terms of elastic modulus, yield strength, ultimate tensile strength, ductility, strain 

rate sensitivity and strain hardening rate.

The skeletal system functions not only as a structural entity but also as a reservoir 

of mineral salts for the body, so that bone is in a continual state of resorption and 

growth. This is called bone homeostasis [3]. As calcium is essential for muscular,
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neural and other functions, bone homeostasis is an essential part of maintaining the body. 

Bone changes its mechanical properties and volume over time; about eighteen percent of 

the bone irrthe human body is resorbed and regenerated every year.

Growth is stimulated by the effects of gravity, impacts from loading and muscular 

forces; bone is in a continual state of resorption and growth. Because of this, tiny 

fractures (for example, shin splints) are in a continual state of repair. Even though 

(statically) bone does not possess the strength, fatigue resistance or toughness of 

biometals and bioceramics, bone constantly repairs the microcracks that are generated 

during normal loading. Such flaws act as stress concentrators and can cause fracture 

initiation and fatigue in ceramic and metal prostheses (non-living materials).

Because of the unique "turnover" of bone, it is the only tissue in the human body 

that does not scar. In a normal situation that is, after a fracture has completely healed, 

the bone developed to repair the fracture is microstructurally identical to the adjacent 

undamaged bone [8].

Normal living bone is stimulated to grow by normal stresses (walking, running, 

carrying weight, supporting one’s weight etc...). Changing the normal stress conditions 

over the volume of a bone causes the relative proportions of resorption and regeneration 

to change. If a region of bone is loaded less than normal then resorption dominates 

regeneration in that area. This is called stress shielding. Conversely, if the bone is 

overloaded then regeneration dominates resorption and growth occurs. These changes 

generally occur at the endosteal (inner) surface; the periosteal (outer) surface of the bone
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remains unchanged. In other words, if an individual is bedridden, his total bone mass 

will decrease as resorption will dominate regeneration. There exists a window of loading 

where normal resorption and growth will occur, but if the bone is loaded too much or 

too little, the growth extremes, overloading and stress shielding, will occur [38].

Although W olff’s Law is the most famous relationship between loading and bone 

structure its meaning is somewhat ambiguous. Basically, W olff’s Law states that bone 

remodels in response to the stress that it experiences. Over the last 125 years Meyer, 

Wolff, Roux, Carter and Wong, and Pauwels and others have attempted to describe the 

effects of loading on bone growth [39]. There has, however, been some disagreement 

about which types of stresses induce the formation of which structures within bone. In 

1985 Roux proposed that tensile and shear stressed induced the formation of connective 

tissues while friction or shearing movement induced cartilage formation. He also stated 

that "functional compression" (i.e. cyclic compressive loading) induced the formation of 

bone [39]. Pauwels, however, stated that elongation induced collagen fibril formation 

(and thus connective tissue) and hydrostatic pressure induced cartilage formation. 

Interestingly enough he also stated that no specific mechanical stimulus induced bone 

formation [39].

This, however, contradicts the principles of Ilizarov (distraction) limb-lengthening 

techniques. This surgical procedure is used lengthen long bones in the diaphysis to 

correct differences between left and right limbs. First a long-bone is cut and is 

externally fixed above and below the "fracture. " The two ends of the fracture are pulled
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apart 0.2 mm every six hours. The patient loads the bone with moderate activity with 

the external fixation attached. The cyclic stressing of the bone and the periodic 

distraction cause the bone to form but never quite allows the callous at the "fracture" to 

heal. The process continues until the distraction is ceased. Ilizarov limb-lengthening 

techniques can be used to increase the length of a long bone by as much a 20 cm [8]. 

At a rate of about 0.8 mm every 24 hours, a distraction of 10 cm takes about four 

months. After the desired length is achieved through the distraction, the external fixation 

is left in place to allow the soft callus at the "fracture" site to heal.

The basic unit of bone is the osteon which is composed of a haversian canal (the 

central core) that contains blood vessels and nerve endings and is surrounded by a 

variable number (usually six) of concentric osseous lamellae which are 3 - 7  mm thick 

(each). The osteons are arranged longitudinally to promote communication with one 

another and increase mechanical integrity in the longitudinal direction much in the same 

way wood fibers are oriented.

1.4.1. The Microstructure of Bone

Bone is a viscoelastic, anisotropic material that is composed of organic fibers (in 

large part collagen), inorganic crystals (hydroxyapatite), cement substance and water 

[40,41]. The forces that are exerted on normal living bone; gravitational, muscular, 

impact forces and static and dynamic forces, strongly influence the structure of bone

[41].
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This research deals with mechanical properties of compact bone so an in depth 

description of its microstructure is in order. Figure 1.3. The Structure of Compact and 

Cortical Bone from Netter’s Musculoskeletal System. Part I. Anatomy. Physiology and 

Metabolic Disorders, shows the important structures of the long bone cortex [3]. Figure

1.4. a,b,c. shows the microhistology of human lamellar bone, sectioned and stained with 

India ink. Figure 1.5. shows a transmission electron micrograph of an osteon from a 

rabbit femur. This specimen was decalcified which leaves the remaining soft structures 

intact. This is discussed in the section, 1.4.2. Histological (Microstructural) Preparation 

of Bone. Living bone cells make up only one fifth of bone, the rest is long fibrous 

collagen and crystalline apatite which is composed of hydroxyapatite. The apatite 

crystals cling to raised transverse bands of collagen fibers. Apatite [42], which is the 

dehydrated ceramic form non-collagenous part of bone takes on the chemical formula of:

Ca5(0H ,F )(P 04)3

The mineral component in bone is mostly hydroxyapatite with the generic formula:

Ca2+K,,(H30+)2, (PO /% (O H %

The collagen matrix is made by osteocytes and osteoblasts which is described later. Both 

calcium and phosphate are essential to normal body function. Calcium is necessary in
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Figure 1.3. The Structure of Compact and Cortical Bone illustrating the orientation of 
Haversian systems (osteons), Haversian canals, periosteum, Volkmann's 
canals (canalicules) and other substructures of the long bone cortex. 
Photograph from Netter’s Musculoskeletal System. Part I. Anatomy. 
Physiology and Metabolic Disorders [3].
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Figure 1.4.a.b.c. Photomicrograph of compact bone. CL — circumferential
lamellae, HC — haversian canal, IL — interstitial lamellae, L — 
lacunae, O — osteon, VC Volkmann's canal, /  — lamellar 
boundary [43].
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mm

Figure 1.5. Transmission electron micrograph of an osteon from a rabbit femur. 
Magnified approximately [43].
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blood coagulation as well as neural and muscular function. Phosphorus is used in the 

synthesis of nucleic acids and phospholipids [44].

The collagen component of bone provides tensile and shear strength while the 

mineral component (hydroxyapatite) gives the bone its compressive strength but is weaker 

in tension [8]. This is why people with osteogenesis imperfecta, a genetic disease in 

which the cartilage molecules do not bind correctly, sustain many fractures caused by 

bending (and thus tension) of their bones [3,8]. Conversely, patients with osteomalacia 

have a defect in the mineral component of their bone (because of problems with the first 

hydroxylation of vitamin D in the kidneys) and have rubbery bones much like those of 

a normal neonatal human [8]. The etiology of osteomalacia is a defect in calcium and/or 

phosphate which causes a defective skeletal structure in adults because the bones have 

not matured correctly [3]. These patients often present with plastically deformed bones 

[8].

Rauber, in 1876, commented that,

"the cell containing bone substance is given an arrangement 
of particular importance for the strength of bone by the 
usual development into lamellae," [41].

Rauber observed that the Haversian canals are parallel to the long axis of the bone and

that the outer and inner circumferential lamellae are, "particularly suited and needed to

absorb bending stresses and to counteract displacement and dislocation of Haversian

systems," [41].

Maj went on to show that porosity increased with distance from the middle of the
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femoral shaft (in a 79 year-old man) and that strength decreased with an increase in 

porosity but not proportionally. He reasoned that strength differences between different 

regions were most likely due to collagen fiber orientation and density [41].

Long bones and flat bone make up the skeletal system. Flat bones such as the 

pelvis, ribs and scapulae contain red bone marrow which is responsible for hematopoiesis 

(stem cell differentiation into the blood components and immune cells). The long bones 

such as the humerus, radius, ulna, tibia, metatarsals and femur contain yellow marrow, 

which has a higher fat content and hematopoiesis occurs at lower rates than in red 

marrow. The primary function for long bones is to support and protect the body and to 

make possible movement and locomotion. This is achieved through bony articulations 

and muscle attachments.

The long bones have a thick and hard cortex which forms a tube making the 

medullary cavity. They are externally smooth and dense. The hard cortex is made of 

compact bone which is sometimes referred to as cortical bone. True cortical bone is the 

lamellar bone on the inside and outside of the bone. Cancellous bone or spongy bone 

is found at the bone ends and near the inner cortex. It is composed of a latticework of 

anastomosing stands of trabeculae [44].

The bone is covered with the periosteum and endosteum. The outer covering, the 

periosteum, is the thick fibrous skin that is highly vascular and contains bone producing 

cells. The endosteum lines the marrow cavities and is less vascular than the periosteum. 

The articular or joint surfaces are covered with articular cartilage which protects the bone
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end and reduces friction at the bone/ bone interface [2,44]. Figure 1.3. shows the 

microstructure of cortical bone in terms of a longitudinal cross section. This consists 

primarily of long canals anastomosing with each other engulfed in longitudinal lamellae. 

The main structural unit is the osteon or Haversian system which contains the blood 

vessels and nerves that support the bone cells. These are illustrated as the concentric 

rings that run parallel to the longitudinal axis of the bone. The Haversian canals are the 

actual channels that contain the neurovascular structure while the Haversian lamellae 

(labelled as concentric lamellae) surround the Haversian canals with concentric rings of 

bone. The Volkmann’s canals which contain canaliculi are any canal other than 

haversian canals. The canaliculi radiate from lacuna to lacuna to connect the nerves and 

blood vessels. The interstitial lamella are defunct haversian systems that have been 

replaced and lie between viable haversian systems. As the bone is in a continual state 

of resorption and growth the existing haversian systems will soon become interstitial 

lamella. True cortical bone or lamellar bone is on the outer and medullary surfaces of 

the cortex and is made by the periosteum and endosteum. It is not pierced by haversian 

canals.

There are three types of bone cells: osteoclasts, osteoblasts and osteocytes. 

According to Steele and Bramblett in The Anatomy and Biology of the Human Skeleton

[44] these cells have five functions:

1) to produce protein in bone

2) to stimulate mineralization of protein matrix
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3) to maintain bone tissues

4) to resorb bone

5) to play an active role in mineral physiology

Osteoblasts are small nucleated bone producing cells that are found close to the 

periosteum and endosteum. Active osteoblasts produce bone matrix called osteoid. 

Osteoblasts which remain in the protein matrix are the precursor of osteocytes. 

Osteocytes, housed within lacunae and canaliculi in lamellar bone, are bone maintaining 

cells. The immature osteocyte takes part in secondary mineralization while the mature 

osteocyte is involved with mineral physiology. The last bone cell, osteoclasts, are large 

multinucleated cells that are responsible for bone resorption [44]. The osteoclasts leave 

cytokines on the surface of the bone (after they resorb bone) which direct the osteoblasts 

to produce new bone. There is evidence that one of these cytokines is mannose [9]. 

Osteoblasts and osteoclasts work in unison to remodel the bone according to the stresses 

that are applied to the bone [3]. When a bone is not loaded then the cross-sectional 

surface area of the compact bone (to the longitudinal axis) decreases as the 

intramedullary radius increases [38]. This is the famous W olff’s Law of adaptive bone 

remodeling. It states that the osteons will lie along the lines of maximum principle stress 

and that alterations in stress result in realignment of the osteons [44].

Cartilage has three cells analogous to bone cells. They are chondroclasts, 

chondroblasts and chondrocytes. There are three major forms in the human adult:

1) hyaline cartilage
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2) elastic cartilage

3) fibrocartilage

Cartilage within the intercellular matrix is unmineralized, has less collagen and more 

chondroitin sulfate and has no collagenous protein. It is avascular and relies on mass 

transport of metabolites through the cartilage matrix for nutrients. Hyaline cartilage, 

which ossifies into bone by calcification of the matrix (except in articular cartilage), is 

made of cells surrounded by a homogenous dense matrix. Fibrous cartilage, which has 

fewer cells and more collagenous fibers, stabilizes joints with its strength and flexibility. 

Elastic cartilage has many elastic fibers instead of collagenous fibers. It composes such 

tissues as the outer ear and the eustachian tube wall [44].

1.4.2. Histological (Microstructural) Preparation of Bone

The preparation of bone for microstructural analysis is a lengthy process that 

requires histology training and experience to produce quality sections for the light 

microscope. Differing from light metallography but not unlike transmission electron 

micrography, biological tissues are prepared in very thin slices (2-8^m) with a 

microtome, mounted onto a slide and stained where light is transmitted through the 

section by the light microscope.

According to David Davis, Histology Supervisor at the University of Colorado 

Health Sciences Center (UCHSC) Histology Laboratory, the objective of tissue 

preparation is to preserve the structures and structural relationships so that they can be
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examined and stored for long periods of time on the slide (up to several decades). Even 

though the preparation removes and alters some of the chemical components of the tissue, 

the intracellular and extracellular structures and their spatial relationships to each other 

are preserved. By making use of different stains, different objects of interest are 

resolved [45].

Generally, bone sections are decalcified because microtome sectioning is 

considerably easier in the absence of calcium. This is commonly done at the UCHSC 

Histology Laboratory by soaking the bone in one of the following solutions [45] :

1) EDTA — (Ethvlenediaminetetraacetic acid) preserves much of the detail 
but is a very slow solution in which to decalcify bone. It would take 
several weeks for small samples such as the ones used in this thesis (2 X 
6 X 25 mm of compact bone) and up to 6 months for larger pieces of 
bones such as a whole femoral head and neck.

2) 30% formic acid with a catalyst is the most commonly used solution at
UCHSC; 48 hours would be required to decalcify a clean mouse skull.

3) 14% hydrochloric acid with a catalyst rapidly decalcifies tissue but does
not preserve the detail as well as do the slower methods.

4) 30% formic acid 8% hydrochloric acid with a catalyst decalcifies bone
in less than 24 hours and preserves a reasonable amount of detail [45].

There are many other ways for the histologist to decalcify bone samples and each

develops his or her personal preferences as with other histological procedures [46].

Bone samples can be prepared with the calcium component intact, but this is 

difficult because the microtome, which cuts the tissue to extremely thin sections becomes 

dull and the bone sections produced are often tom or ragged [45,46]. Because of this,
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undecalcified bone is prepared by other methods [46].

The use of undecalcified (mineralized) bone sections is rare in histopathology but 

mineralized bone is used in the diagnosis of metabolic bone diseases such as the 

osteomalacias [46]. Using undecalcified bone is required for distinguishing between 

mineralized and unmineralized areas of the bone. It is also necessary for 

histomorphometric analysis of bone remodeling. Examination of undecalcified bone 

sections has proven more reliable than the use of decalcified bone in the differentiation 

between osteoids and mineralized bone [46]. The primary advantage to examining 

mineralized bone (over decalcified bone) is that a mineralized bone section is one where 

the normal structure of living bone is most closely preserved [46].

In the clinical setting, tetracycline labelling is used to show the rate of bone 

turnover. An oral dose of tetracycline is given to the patient initially and twelve days 

later. The tetracycline is incorporated into the osteoid matrix by the osteoblasts. A bone 

biopsy is performed two weeks later and the bone is examined under polarized light with 

the microscope. The distance between the two lines gives the osteoblastic function [5].

Preparation of the bone slide begins with sample selection. In the context of this 

thesis bone would be taken from an area adjacent from where the mechanical test 

specimen was harvested or the actual specimen might be used. Because the mechanical 

testing can potentially damage the microstructure, it is more conservative to use an 

untested region for histologic examination.

There are many procedures for preparing undecalcified (mineralized) bone



T-4597 55

specimens for histopathology; several are described here.

1.4.2.1. Grinding and Sectioning Mineralized Bone

First the bone has to be reduced to a thickness thin enough for the light 

microscope. The bone is sectioned to a thickness of 50 to 100/xm with a Buehler Isomet 

or other diamond saw or is microtomed at 5 to lO/rni with a Jung-K Microtome, Leitz 

Sledge Microtome or other heavy duty microtome. Another method of producing a thin 

bone section is by grinding on wet or dry carborundum sandpaper [46].

After the section is ground or cut, it is soaked in 0.01% mild detergent or in 

0.1% zephiran chloride solution. This helps to remove debris from grinding and also 

prepares the bone for staining [46].

1.4.2.2. Plastic Embedding of Bone Specimens

Plastic embedding is another method used to produce a bone mount. It is similar 

to mounting metallographic specimens except that plastic embedding is used to 

impregnate or polymerize the bone. Several types of plastic are widely used. 

Polymethylmethacrylate is common as it can be sawed with a diamond saw, ground on 

wet/dry sandpaper or thin sectioned with a heavy-duty microtome [46].

The bone may be used fresh or fixed. Fixation, which stabilizes the bone 

proteins, is done in 4% formalin. For most tissue this is carried out in a phosphate 

buffer to prevent formalin pigmentation to the tissue but because the bone already has
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calcium phosphate, the Ph is maintained above 6.0 and pigmentation does not occur [46]. 

This is done in a sample to solution volume ratio of 1:20 to 1:15. The first fixation 

cycle is 30 minutes and the second, in fresh formalin takes about 120 minutes [45]. 

Fixation is not essential as the bone stain contains 70% alcohol and this will fix the bone 

[46].

Next the fresh or fixed specimen can be prestained in Villanueva’s bone stain for 

72 hours. This step is also not completely necessary but is a common practice as it 

allows for easier differentiation of the osteoid seams with tetracycline fluorescence [46].

The sample is now dehydrated in a vacuum desiccator. This takes six cycles: 60 

minutes in 70% ethanol; 90 minutes in 95% ethanol (repeated twice); 90 minutes in 

100% ethanol (repeated twice); and one cycle of 90 minutes of immersion in acetone 

[46]. Infiltration, which follows dehydration is also a multi-step process. First the 

specimen is soaked in a 1 to 1 mixture of acetone and methylmethacrylate monomer 

overnight. Then it is immersed in methylmethacrylate monomer for 24 hours. Third, 

it is infiltrated with the plastic medium (usually polymethylmethacrylate) for 24 hours 

and is then placed in a refrigerator [46]. Next the bone is embedded with the plastic 

medium using Peel-A-Way® embedding molds in a vacuum oven at 37° to 40° C at a 

pressure of 1 to 1.5 atm. This last curing process takes three to five days for 

polymerization to occur [46].

Now the bone embedded in polymer specimen must be sectioned; this can be 

performed wet or dry. The specimen can be dry microtomed to a thickness of 5 to lOjum
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and mounted with Eukitt’s mounting medium or it can be wet microtomed which is 

somewhat more complex.

Wet sectioning begins by applying 35% ethanol to the cutting surface of the 

specimen and sectioning with the microtome to a thickness of 5 to 10/xm. Next the 

excess plastic is trimmed and Haupt’s gelatin afixitive is smeared on the slide. The 

bone, covered with bibulous paper, is placed on the slide and carefully flattened with a 

roller where it sets for five minutes. The paper is removed and a few drops of 2% 

formalin are used to wet the specimen. Fresh bibulous paper is placed on the bone. 

The second paper is removed and the slide is dried on a slide warming plate at 50° to 60° 

C for one hour. The plastic is dissolved by placing the slide with the specimen on it into 

xylene for three to five hours in an oven at 50° to 60° C. The slide now needs one hour 

to dry at room temperature before it is ready to stain [46].

1.4.2.3. Staining Histopathological Bone Specimens

There are many different methods with which to stain bone. Different stains and 

procedures are used for viewing the aforementioned microscopic features. The following 

stains are outlined step by step in the book Theory and Practice of Histotechnology. 

Second Edition by Dezna Sheehan [46].

1.4.2.3.1. Frost’s Basic Fuchsin Stain

This procedure, used on fresh or fixed umembedded specimens, stains regions of
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new bone formation and mineralization, and gives red halos around the osteocytes. It 

does not stain fully mineralized bone. First the bone is fixed in 70% ethanol. It is then 

ground to 50 to lOO/xm thick and rinsed in distilled water. The bone is then soaked 

(stained) in a solution of 1 g of basic fuchsin with 100 ml of 80% ethanol for 48 hours. 

The bone is then lightly ground on the surfaces to remove surface stains. The bone is 

washed in 0.1% detergent solution or in 0.1% zephiran chloride solution, washed in tap 

water and rinsed in distilled water. The section is gently placed between two slides with 

one slide covered with filter paper; the slide is clamped and dried in a 45° oven 

overnight. The specimen is mounted in Eukitt’s mounting medium.

1.4.2.3.2. Villanueva’s Bone Stain

This procedure, used for fresh or fixed, plastic embedded or unembedded bone, 

illuminates the following features:

• low density bone — red

• moderately permeable bone — orange

• osteoid seams — green or homogeneous red

• osteocytes. canaliculi, halo volumes — red

• osteoclast and osteoblast nuclei — greenish blue to dark purple

• cytoplasm — green or light green

The bone is fixed first in 70% ethanol and then ground to 50 to 100/un thickness under 

running water and rinsed in distilled water. The bone is then soaked (stained) in
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Villanueva’s bone stain which is commercially available. A 90 minute stain only 

penetrates a thin layer of the surface of the bone while a 48 hour immersion completely 

permeates through the thickness. The section surfaces are then ground under tap water 

and washed in 0.01% detergent solution or in 0.1% zephiran chloride solution, washed 

in tap water and rinsed in distilled water. The slide is then differentiated in 0.01 % 

glacial acetic acid in 95 % methanol for three to five minutes for the 90-minute stain or 

for 20-25 minutes for the 48-hour stain.

This is followed by dehydration which is immersion in 95% ethanol for 15 

minutes and then immersion in 100% ethanol for 15 minutes [46]. Next, xylene is used 

to clear the alcohol and provide a solution that can be mixed with the mounting medium

[45]. This is achieved in six steps: first the bone is soaked in a 1 to 1 mixture of 100% 

ethanol and xylene for 10 minutes; next it is immersed in a 1 to 3 mixture of 100% 

ethanol and xylene for 5 minutes; next it is immersed into a l t o  9 mixture of pure 

ethanol and xylene for 5 minutes; and finally three soaks in pure xylene for 10, 5 and 

5 minutes are performed. The bone is then mounted in Eukitt’s mounting medium [46].

1.4.2.3.3. Modified Villanueva-Gomori Trichrome Stain

This stain, used exclusively for plastic-embedded bone sections stains bone matrix 

and collagen bluish green, nuclei dark purple or black and osteoid seams bright red [46]. 

The specimens are first fixed is a solution of 70% pure ethanol, 10% buffered formalin 

and 20% water. Next the bone is stained in Weigert’s hematoxylin solution for five
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minutes. This is a 1 to 1 mixture of two components that must be mixed together fresh 

before each use.

Solution A is made from:

2 g hematoxylin crystals 

200 ml 95% ethanol.

Solution B is mixed from:

8 ml ferric chloride, FeCl3 H20  

190 ml distilled water 

2 ml concentrated hydrochloric acid.

Solution A and B should be mixed just prior to staining each new group of slides [46].

Next the slide is moved to the trichrome mixture for five minutes. This is made 

by mixing and then filtering the following:

0.2 g chromotrope 2R C.I. 16570 

0.1 g light green C.I. 42095 

1.0 ml glacial acetic acid 

0.8 g phosphotungstic acid 

100 ml distilled water.

The slide is then differentiated in 0.5 to 1.0% aqueous acetic acid for 1 minute and 

rinsed in distilled water. The soak in the trichrome mixture for five minutes, the
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differentiation and rinse is repeated until proper differentiation of the matrix can be 

resolved under the microscope. The sample is finished by dehydration and clearing and 

mounting. The dehydration is 10 dips in 95% ethanol, 15 dips in 100% ethanol and 20 

more dips in fresh 100% ethanol. The clearing is in the usual xylene which requires 25 

dips in pure xylene, a 1 minute immersion in fresh xylene and then a 5 minute immersion 

in more fresh xylene. The slide is then mounted in Eukitt’s mounting medium [46].

1.4.3. The Influence of Microstructure on Mechanical Properties

In 1958, Evans was the first to publish research on the effects of bone 

microstructure on mechanical properties. He compared the bone histology in terms of 

Haversian systems (osteons), interstitial lamella (defunct haversian systems), and porosity 

with the tensile strength of specimens from femurs, tibias and fibulas. At this time and 

in later studies, photomicrographs were taken of the cross sections from regions as close 

as possible to the fracture site of the tensile bar. Prints of the photomicrographs were 

enlarged onto paper of known weight per unit area and the areas of the aforementioned 

bone features were calculated by cutting them out of the print paper. The porosity of the 

bone was also calculated by the weighing of the haversian canals, Volkmann’s canals, 

resorption spaces and blood vessels. The break area was defined as the cross-sectional 

area at failure while the corrected break area was the cross-sectional area at failure minus 

the area of porosity. This figure neglected the lacunae and canaliculi since they run 

approximately perpendicular to the longitudinal axis of the bone [41]. Frost reported that
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these small canals only represent 0.80 % to 1.5% in the vascular-free lacunae and 

canaliculi respectively [47] but since they are perpendicular to the axis of maximum 

principle stress, they may have acted as stress concentrators and begun the fracture 

process earlier than if all of the porosity were parallel with the testing direction.

The work also demonstrated that bone regions with higher turnover and hence 

smaller and newer osteons had lower tensile strengths as compared to bones with 

relatively few larger and more mature osteons. This was the case with human femora 

and fibulas. The femurs had lower tensile strengths which correlated with the smaller 

and more abundant haversian systems [41]. The fibula, which has a very small 

intramedullary canal, has almost no cancellous bone and is mostly compact and cortical 

bone. This is one reason why the fibula is commonly used as an structural autograft [8].

Evans and his colleagues also noted that the fractures had a tendency to follow 

the cement lines which are the thin regions between the concentric lamellae of the 

haversian systems. This indicated that the cement lines were regions of weaknesses. 

From these findings, it was concluded that "many small fragments reduce the tensile 

strength of bone because they provide for a greater abundance of cement lines per unit 

area [41]." Furthermore, photomicrographs shown in Figure 1.6.a,b. were taken under 

polarized light of specimens from human fibular and femora looking at the plane formed 

by the circumferential and longitudinal axes. As collagen "lights up" under plane 

polarized light, the fibula specimens were darker than the femoral ones. This indicated 

that the collagen was aligned in a more longitudinal direction in the fibular specimens



Figure l.ô .a .b . Polarized light of specimens from human fibular and femora
looking at the plane formed by the circumferential and longitudinal 
axes. Collagen "lights up" under plane polarized light, and the 
fibula specimens were darker than the femoral ones. This 
indicated that the collagen was aligned in a more longitudinal 
direction in the fibular specimens than in those from the femurs 
[41].
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than in those from the femurs. From these data, it was concluded that the longitudinal 

orientation of the collagen fibers in the fibula specimens were better oriented to resist 

tensile stress than those of the femur specimens which were not aligned longitudinally 

as well.

Currey [48] also investigated the bone remodeling and the tensile strength 

correlation and found that specimens that had undergone more reconstruction had a lesser 

ultimate tensile strength. Currey reached two conclusions from the results of his study. 

The first was that "immature osteons have large central cavities thus reducing the actual 

amount of bone substance per unit volume," and that the "newly formed osteons are not 

fully mineralized and, therefore, are presumably weaker than the surrounding bony 

tissue. "

In summary of these phenomena in the context of growth and bone remodeling, 

Evans stated that young primary bone is weak and its strength will increase with 

mineralization. Bone that is undergoing high turnover will exhibit a marked decrease in 

strength and only exhibit increased strength after the resorption cavities left by 

osteoclastic activity are filled with new bone and mineralized. Evans stressed that the 

tensile strength of haversian bone is always less than fully mineralized primary bone.

1.4.4. Mechanical Testing of Bone

Many methods have been developed to determine the mechanical properties of 

cortical (compact—hard) and cancellous (spongy) bone. Bone deforms plastically as well
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as elastically. Within biomechanics and biomaterials, plastic deformation of bone is 

known as "permanent set. "

Mechanical tests that induce simple stress states are preferred to others that induce 

complex stress states [17]. Variances in mechanical properties may also be due to the 

inhomogeneous nature of bone in that the bone has porosity, mineralization and osteonal 

direction oriented longitudinally [17]. If specimens with larger cross-section were 

available, better averages of local inhomogeneities would probably result in lower 

standard deviations in experimental data. This may be analogous to the von Mises 

criterion for slip. This is a metallurgical description of the relationship of the cross- 

sectional area of a specimen and the number of grains across that area. It states that 

there must be at least 25 grains on the plane perpendicular to the loading axis for full 

constraint of the grains on each other. With bone, the lamellae, Volkmann’s canals and 

haversian canals are large as compared to the specimen dimensions. This is why the 

local inhomogeneities control the mechanical properties.

In their 1974 study, Reilly and Burstein [17] described the transversely isotropic 

mechanical behavior of bone as related to osteonal direction. They machined torsion 

specimens (3 mm diameter) and tensile/compressive specimens (square; 5 mm on a side) 

from bovine bone. Human femurs were also included in the study but the required size 

of the test specimens precluded some of the tests with the human cortical bone. Reilly 

and Burstein concluded that the osteonal direction gives rise to an increased toughness 

in the plane perpendicular (normal) to the longitudinal direction. This also causes the
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toughness to decrease in planes parallel to the longitudinal direction. The elastic 

modulus, ultimate tensile strength (UTS) and strain at failure in the longitudinal direction 

is greater than those in the radial and circumferential directions.

Evans and Lebow tested compact bone samples from adult human femurs [13,41]. 

Tensile specimens were machined from elongated, flat specimens to have a gauge length 

of 1 inch (25.4 mm). Compressive and shear samples were also machined so that the 

longitudinal axis of the bone corresponded with the longitudinal axis of the sample as is 

shown in Figure 1.7. [41]. The specimens were loaded to failure to determine ultimate 

properties. A diagram of the tensile grips and Porter-Lipp extensometer are shown in 

Figure 1.8. [13]. The tensile, compressive and shear tests were performed at a constant 

cross-head speed of 0.035 in/min (0.89 mm/min) and 0.045 in/min (1.14 mm/min) until 

failure. The compressive samples were loaded in a special configuration that prevented 

buckling. The shear samples were loaded perpendicular to the longitudinal axis as is 

shown in Figure 1.9. [41]. Evans also investigated the anisotropy of long bones. 

Samples from human femurs were machined to have the sample longitudinal axis along 

the circumferential and radial axes as well as the longitudinal axis of the bone. 

Obviously the gauge lengths of these samples were much less than those along the 

longitudinal axis of the bone [41].

Evans and Lebow, in their 1951 study [13], postulated that since the lateral aspect 

of the femoral shaft is loaded in tension due to the bending moment, the lateral side has 

greater resistance to fracture than the other three quadrants. They found that the ultimate
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Mechanical testing specimens as used by Evans: A) tensile bar; B) 
compressive test specimen; C) shear test bar [41].
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Figure 1.8.

SPECIMEN SHAPE
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A diagram of the tensile grips and Porter-Lipp extensometer used by 
Evans in 1951 [13]. These grips represent standard fixturing for 
mechanical testing.
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Figure 1.9. Shearing test set up as used by Evans [41]. Note that the load is applied 
perpendicular to the longitudinal axis of the sample (and in this case also 
the longitudinal axis of the bone.
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tensile strength of the diaphysis was about 80.65 MPa and did not change from the 

proximal, middle or distal third of the femoral shaft. They also showed that the lateral 

quadrant of the shaft appeared to have a UTS of 83.6 MPa while the other three 

quadrants had UTS values that ranged from 78.4 MPa to 80.5 MPa. Evans and Lebow 

also concluded that the tensile elastic modulus of the diaphysis was about 14169 MPa and 

was independent of proximal, middle or distal third of the shaft and also the quadrant of 

the shaft.

Even though tensile testing is more the standard test in characterizing the elastic 

modulus, yield strength and ultimate tensile strength, it is much more difficult than 

compressive testing. The tensile samples must be put in the jaws and the sample must 

be held so that its longitudinal axis is lined up with the axis of loading. It helps to put 

a pin at each end of the tensile sample and pre-load it to line it up the specimen [41]. 

This is per standard mechanical (tension) testing procedure.

Compressive samples are easier to make than tensile bars but still require uniform 

cross section and ends that are parallel to each other and perpendicular to the longitudinal 

axis [41]. Testing cubes in compression is easier than testing long specimens but the 

cubes tend to barrel and develop friction at the bone/ platen interface [41]. This problem 

may be alleviated by using the metallurgical technique of placing thin teflon tape between 

the sample and platens.

Compressive testing of bone cubes may also give high values of ultimate 

compressive strength where the cube begins to crush at the top end. This is common in
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this type of bone test [41]. However, it should be noted that, in a compressive test the 

ultimate tensile strength is reached before the specimen begins to break. In the tension 

test the UTS is the engineering stress where the load reaches maximum and begins to 

drop. It is defined as the maximum load reached divided by the original area of the 

tensile test specimen. However, in the compressive test the cross-sectional area of the 

specimen is increasing so the load continues to increase until the specimen breaks. If the 

material is sufficiently ductile (as would be the case with pure gold) then it would not 

break. This phenomenon can easily be demonstrated by taking a load/ displacement 

curve for a compressive test and plotting true stress (a), true strain (e) where:

where: S =  engineering stress (Pa)
F =  force (N)
A0 =  initial area (mm2)

and:

e= AL -1 (2)

where: e =  engineering strain (mm/mm)
L =  instantaneous length (mm) 
AL =  change in length (mm)
L0 =  initial length (mm)
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and:

e = l n (  — ) = l n ( e + l ) (3)

where: e =  true strain (mm/mm)
L =  instantaneous length (mm) 
L0 =  initial length (mm)

and:

(4)

From these curves a plot of true stress versus engineering strain is constructed and a line 

drawn on the abscissa from -1 to form a tangent on the curve indicates the ultimate 

tensile stress where the tangent line intersects the ordinate. This method of determining 

the UTS is known as Considéré’s Construction [49].

The ultimate tensile strength and fatigue strength of cortical bone is approximately 

one tenth that of cold-worked stainless steel (316L) [50], or about one, to one and a half 

times that of oak. Cortical bone has been reported to have an ultimate tensile strength 

of 10 to 15 ksi (69 to 103 MPa) [51]. Cancellous bone is more spongy and softer than 

cortical (compact) bone and has more vasculature. It heals faster than cortical bone and 

also exhibits different mechanical properties [50].

For these reasons, column type of compressive tests are more often used than
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cube specimens. Compressive testing also does not require an extensometer as the gauge 

length is the entire length of the bar. Testing longer samples also has the problem of 

reaching buckling load before the test is completed [41]. According to Evans in 

Mechanical Properties of Bone (1973) [41]), buckling load depends on:

1) Material

2) Shape and area of the cross section (moment of inertia)

3) Restraining at the column ends

4) The ratio of diameter to sample length (if the sample is circular)

Many other tests have been used to describe the mechanical behavior of compact bone. 

During the work of Evans, torsion tests with circular bars and fatigue tests were also 

performed. The validity of fatigue testing cadaver bone should be seriously questioned 

because viable bone within a living animal is continually remodeling itself to repair 

impact-generated microcracks and defects. The body has its own ways to make the 

loading decrease or cease altogether. There are very important reasons that the novice 

runner feels pain in his anterior tibia after two weeks of daily workouts on hard 

pavement! The value of fatigue testing, however, is important on the subject of strut or 

structural allografts in that the allograft, once implanted, will probably never be fully 

incorporated with the host bone. Not more than five millimeters of the surface of the 

allograft can be expected to be inducted into the living bone.

Bending, impact testing and hardness testing have also been performed on bone 

[41]. Hardness testing simply involves pushing an indentor of known geometry and
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material with a known load at a set loading rate into the specimen and measuring the 

depth that the indentor travels into the material. The less hard the material, the more the 

indentor travels into it. The hardness tester assigns a number based on the distance that 

the indenter travels into the specimen. There are many hardness scales that use different 

indentors, loads and loading rates. These are used for different types of engineering 

materials. The "hardness" can be interconverted between different materials with varying 

degrees of accuracy. The interconversion tables seem to break down (in terms of 

accuracy) when the hardness of the materials compared lie at the extremes of different 

scales.

Hardness testing was not performed in this study because the anterior, posterior 

and lateral femoral neck specimens were too thin; the indentor would have pushed the 

level of deformation all the way through the bottom of the bone sample. Also, as with 

metallurgy, placing the indentor on a micro or macro feature of the material (i.e. a grain 

boundary in metal or a haversian canal in bone) can give rise to significant error from 

the measurement.

1.4.5. Literature Reported Mechanical Properties

Human cortical bone has about the strength of oak wood [51]. In the longitudinal 

direction it has ultimate tensile strengths of approximately 75 to 140 MPa and ultimate 

compressive strengths of about 130 to 285 MPa [14,16,17,52]. This is dependent on the 

person from which the bone was harvested and the bone and region from which the
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mechanical specimen was taken.

Raftopoulos et al. illustrated the viscoelastic behavior of bone by investigating the 

strain rate effects in tension on the elastic modulus and Poisson’s ratio in human femoral 

cortical bone [40]. This data is summarized in Table 1.1. He also reviewed literature 

reported values of strain rate, Young’s modulus and Poisson’s ratio. This tensile data 

is summarized in Table 1.2. This indicates that bone, although a complex composite of 

collagen and hydroxy apatite, has internal time-dependent recovery mechanisms and 

becomes more stiff as the deformation rate increases.

Evans and Lebow, in 1951, commented that "relatively little has been published, 

especially in English, on the physical properties of human bone," in their paper entitled 

Regional Differences in Some o f the Physical Properties o f  the Human Femur [13]. They 

investigated the proximal, middle and distal thirds as well as the anterior, posterior, 

medial and lateral quadrants of the diaphysis in terms of shearing strength, UTS, 

Young’s modulus and percent elongation at failure. The tensile and shearing apparatus 

are shown in Figures 1.8. and 1.9. and the data are summarized in Table 1.3. Evans and 

Lebow, in this study, postulated that the lateral aspect of the femoral diaphysis is loaded 

in tension due to bending and would therefore exhibit a higher ultimate tensile strength 

than the other three quadrants. Their data, summarized in Table 1.3. does show that this 

appears to be the case and that the percent elongation at failure of the lateral aspect of 

the shaft is also in the upper end of the range [13]. The elastic modulus of the lateral 

samples fits within the range of the other samples taken from different areas of the
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Table 1.1. Strain rate sensitivity in human femoral cortical bone as reported by 
Raftopoulos et a l  [40].

Young’s Modulus (GPa) Poisson’s Ratio Strain rate (s'1)

16.2 0.36 2 X 10'5

17.9 0.36 4 X 10'2

Table 1.2. Summary of strain rate, Young’s Modulus and Poisson’s ratio in uniaxial 
tension tests as reported by various investigators (from Raftopoulos et al. 
[40]).

Investigator Young’s Modulus 
(GPa)

Poisson’s 
Ratio

Strain rate (s'1)

Ko 17.3 --------- low strain rate by 
optical method

Raftopoulis 
et al.

16.2 0.36 2 X 10 '5

Raftopoulis 
et al.

17.9 0.36 4 X 10'2

Reilly et al. 17.1 — 5 X 10'2

Reilly and 
Burstein

17.0 0.46 2 X 10 2 to 5 X 10'2

Katsamanis and 
Raftopoulis

19.9 0.36 1 X 102
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femoral shaft. This indicates that, within their study, the lateral quadrant had more 

energy absorbing capacity that the other four quadrants. However, these numbers are 

not significantly higher than the UTS and percent elongation values for the proximal, 

middle and distal thirds of the femoral shaft or the medial, anterior or posterior quadrants 

of the diaphysis. The "engineer’s structural view," or the common notion that the femur 

is loaded in bending such that the resultant moment causes it to resist being forced into 

a lateral-convex state (bowed outward) was refuted in the early sixties by Rydell who 

also demonstrated empirically that the load on the femoral head during single-leg stance 

was approximately 2.6 times the body weight [53]. This is discussed further in section

1.5. Biomechanics of the Hip, where it will be demonstrated that the stress state on the 

femoral diaphysis is generally very close to uniaxial compression. The anterior convex 

shape of the femur is an integral part of achieving this stress state [53].

Although Evans is one of the foremost authorities on mechanically testing bone 

and has collaborated with many other investigators in this area such as Yamada, it is 

interesting to note that the values generated for the aforementioned 1951 publication in 

the Journal o f Applied Physiology [13], differ significantly from more current literature, 

including in Evans’ own book The Mechanical Properties of Bone [41]. Table 1.4. 

shows values from various authors summarized in The Mechanical Properties of Bone.

Table 1.4. clearly shows that the ultimate tensile strength, elastic modulus and 

percent elongation at failure is higher in the more recent publication as compared to older 

reported values such as those shown in Table 1.3. There is no indication that human
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bones were weaker in the fifties as compared to the seventies but the differences are 

more likely due to differences in testing apparatus and experimental procedure. This is 

a common problem with biomechanics research. In contrast to the world of materials 

and metallurgical engineering where simple mechanical testing is well describes and 

widely understood, mechanical characterization of biological materials is sometimes 

carried out with little knowledge of basic materials testing.

Table 1.5. shows the ultimate compressive strength and compressive elastic 

modulus of tibial cortical bone from Evans [41]. These tests were performed along the 

longitudinal axis and only with male bones. Table 1.6. shows compressive strengths for 

human femurs as reported by Amtmann [14].

Yamada observed that the femur and tibia have greater compressive strength than 

the fibula or any major long bones in the upper extremity. The converse is true of the 

tensile strength in which samples from the upper extremity have higher tensile properties 

than those from the lower extremity. He also stated that this may be the result of the 

fact that the upper extremity is usually loaded in tension while the lower extremity is 

loaded in compression [50].

Figure 1.10. shows stress/ strain data for different types of bone in compression 

[41]. Normally in a compressive test the engineering stress/ strain curve (and also the 

load\ displacement curve) increases its slope along the abscissa because the area of the 

specimen is increasing. It is unclear in the Evans’ text Mechanical Properties of Bone, 

if true stress and true strain are used as opposed to engineering stress and strain. This
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Table 1.5. Compressive properties of the compact bone of male tibias. All tests 
along the longitudinal axis. From The Mechanical Properties of Bone, by 
Evans [41].

Age (yrs) Ultimate Compressive 
Strength (MPa)

Compressive Modulus 
(MPa)

26 71.8 22,347

31 141.0 18,619

54 142.2 17,452

61 118.3 18,619

66 101.7 15,794

75 116.1 18,139

is another inconsistency often seen in the biomaterials literature.

It is hoped that this thesis, with it’s explanation of compressive and shear tests, 

will hasten the process of developing standards for mechanical testing of biomaterials.
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2 5 .0 0 0 - r F e m r

15.000

Rad i a l
Cr a e i a l

10 0 0 0 - -

70 1060SO4020 30100
S T R A I N  x l d 3

Figure 1.10. StressX strain curves for compressive tests of different human bones from 
Evans [41].
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1.5 Biomechanics of the Hip

The hip is one of the largest and most stable joints in the body. The hip’s 

intrinsic stability is the result of the rigid ball-and-socket geometry (see Figure 1.1) and 

because of the group of large muscles that surrounds the hip and also controls its motion 

[54]. The hip consists of the acetabulum in the pelvis, the femur and the surrounding 

musculature. The acetabulum is the concave component of the ball-and-socket geometry. 

This is covered with articular cartilage that thickens peripherally and laterally [54]. The 

femoral head is attached to the acetabulum by the round ligament (ligamentum capitis 

femoris) which houses the foveolar artery. This blood vessel and its branches innervate 

the superior aspect of the femoral head [3,8]. The head is covered with articular 

cartilage of varying thicknesses. This non-uniform distribution results in different 

mechanical properties around the head. Around this spherical surface, the transmission 

of forces is not well understood but the varying thicknesses of articular cartilage are 

thought to play an important role in the force transmission from the acetabulum onto the 

femur [54].

The femoral neck is composed of cancellous bone in the interior with a thin shell 

of cortical bone around the periphery which thicken towards the medial aspect of the 

neck [54]. A coronal cross-section of the neck middle is shown in Figure 1.11.a. The 

femoral neck cortex thins and becomes cancellated during aging [54]. The cancellous 

bone is divided into two distinct trabecular systems; the medial and lateral sections. The 

trabeculae of the medial systems are colinear with joint reaction force transmitted through
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tensile  
group

I
G re a te r  
trochanteric
group
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S econdary  
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T ra b ecu lar configuration  in p roxim al fem ur
T rabecu lar groups conform  to lines  
of stress in w eight bearing

Figure l . l l . a . b .  Cross section of the proximal femur (a) and force/principle stress
diagram (b) for typical loading case (from Netter’s Musculoskeletal 
System. Part I [3]).
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the femoral head. It is thought that the lateral trabecular systems resist the compressive 

force from the abductor muscles which are those muscles that contract so that the knees 

come apart in the coronal plane. The abductor muscles include the gluteus medius, the 

gluteus minimus and the tensor fascia latae [54]. A loading/principle stress diagram is 

shown in Figure 1.11. b, which is taken from Netter’s Musculoskeletal System. Part I 

[3]. The two figures clearly illustrate a correlation between trabecular structure and lines 

of maximum principal stress.

The orientation of the femoral neck can be described with the two angles shown 

in Figure 1.12. a,b: the neck to shaft angle and the angle of anteversion. The neck to 

shaft angle, in the frontal plane of the femur is normally about 125°. Angles greater than 

125° put the hip into coxa valga (pointing towards the joint) while angles less than 125° 

put the hip into coxa vara (pointing away from the joint). The angle of anteversion, 

shown in Figure 1.12. b, is the inclination in the transverse plane between the femoral 

neck and the transverse axis of the femoral condyles. The angle of anteversion is 

normally about 12°. The angle of anteversion varies quite a bit and angles between 7° 

and 17° are not uncommon. Angles greater than 12° cause the foot to be internally 

rotated (pigeon-toed) during gait and also cause a portion of the femoral head to rotate 

away from the acetabulum. Anteversion less than 12° (retroversion) causes the foot to 

be externally rotated (duck-footed) gait. Abnormalities in anteversion in childhood are 

usually outgrown [54].

The hip has a wide range of motion with maximum ranges in certain starting
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COXA VARA
ANGLE <  125°

NORMAL
ANGLES 125'

COXA VALGA
ANGLE >  125”

NECK HEAD

GREATER
TROCHANTER

12 °

LATERAL
CONDYLE MEDIAL

CONDYLE

Figure 1.12. a.b. Illustrations of the neck-to-shaft angle (a) and the angle of
anteversion (b) which describe the position of the femoral neck 
with relation to the femoral diaphysis and the knee (from Nordin 
and Frankel [54]).
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positions; these are summarized in Table 1.7. [53,54]. Motions of the hip are illustrated 

in Figure 1 .13.a-e [54]. Flexion/ extension occurs in the sagittal plane while abduction/ 

adduction occurs in the coronal plane. Internal/ external rotation takes place around the 

mechanical axis of the femur which is the line between the center of the femoral head 

to the mid-point of the distal femoral condyles. The motion between the head and 

acetabulum occurs with the articular cartilage of the two surfaces sliding across each 

other. For operative purposes, the minimum range of motion to carry out normal daily 

activities is 120° of hip flexion, abduction of 20° and external rotation of at least 20°.

The static and dynamic forces that are transmitted through the hip must be 

described in order to illustrate the design considerations that a total hip arthroplasty, and 

revision THA components require. Static loading on the hip is relatively simple and has 

been understood for about thirty years. It is easy, however, to view the forces across 

the acetabulum and femur as a simple system of trusses and a universal joint while 

neglecting the muscular reactions. This over simplified analysis gives the stress states 

in the bone shown in Figure 1.14.a. This gross misrepresentation occurs when the forces 

of the abductors are omitted altogether. With this approximation, the resolution of forces 

at the acetabulum is not at all accurate. Including the muscular forces gives an accurate 

loading description. Albeit a simple analysis, Figure 1.14b gives a more accurate 

representation of the loading in the proximal femur. In addition to the anterior/ posterior 

view of the hip and femur’s stress states, the lateral view shows compression and slight 

bending in the sagittal plane.
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FLEXION EXTENSION

A

ABDUCTION

B

ADDUCTION EXTERNAL
ROTATION

INTERNAL
ROTATION

Figure 1.13.a-e. Motion of the hip: (a) flexion/ extension; (b) abduction; (c)
adduction; (d) external rotation; and (d) internal rotation [54].

Table 1.7. Range of motion for the hip joint and starting positions to achieve 
maximum ROM (from Cochran’s A Primer of Orthopaedic Biomechanics 
[53] and Nordin and Frankel’s Basic Biomechanics of the Musculoskeletal 
System [54].

Motion ROMr
Starting position to 

Achieve maximum ROM

extension/
flexion

-15° to 140° slight abduction/ 
neutral rotation

adduction/
abduction

-25° to 30° slight flexion 
slight external rotation

internal/
external rotation

-70° to 90° flexion
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Figure 1.14.a.b. Stress states in the proximal femur without muscle action (la) and
with muscle action (lb ). Taken from Cochran’s A Primer of 
Orthopaedic Biomechanics [53].

It is surprising to learn that a single leg stance can give a resultant force at the 

hip of 2 to 3 times body weight. This was shown empirically about thirty years ago by 

Rydell who implanted instrumented prostheses to demonstrate this. His numbers came 

in at around 2.6 times body weight across the hip in a single leg stance [53,54]. This 

is simply a static force; dynamic forces (impulse or change in momentum) of locomotion 

and acceleration/ deceleration are much higher. In addition to the static forces, dynamic 

forces add a further 1.6 times body weight in walking at slow speeds to a load of 5 to 6 

times body weight generated during running [54].
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As a reasonable approximation, each leg comprises about one sixth of the total 

body weight. In a single leg stance then, the body weight above the supporting hip is 

5/6 body weight. If some assumptions are made then an abductor muscle force and 

resultant acetabular force from the moment and force equilibrium equations can be 

calculated. The assumptions are as follows:

1) the abductors act at about 60° from the horizontal axis to guy up the 
pelvis;

2) the resultant force across the hip passes through the center of the femoral 
head (which acts as the fulcrum);

3) the length of the lever arm of the center of gravity of the body is 2 to 3.5 
times that of the lever arm of the abductors to the center of the femoral 
head.

Figure 1.15. illustrates this simple analysis which enables calculation of a range of loads 

of abductor muscle force and resultant acetabular force.

By changing the Q-angle of the knee, or the angle that the shaft of the femur 

makes with the shaft of the tibia, the moment arm and direction of pull of the abductors 

is also changed. Assuming that the resultant force at the acetabulum still acts through 

(SM); the semitendinosus, semimembranosus and long head of the biceps femoris which 

span the femur like a chain brace.

In doing so these muscles load the femur in compression and do not create 

significant bending moments. The biceps femoris, attached to the posterior side of the 

femur, adds a backwards bending moment to the femur to counter the opposite bending 

moments from the body weight. Figures 1.16 c and 1 .16.d show the effects the gluteus
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support leg

Figure 1.15. Diagram of abductor, hip and body weight loads [53].

the center of the femoral head when the knee is put into valgus (with the knees pointing 

in—knock knee), then the magnitude and location of the new resultant force through the 

center of the femoral head as applied to the acetabulum can be calculated.

At first glance, walking up stairs would seem to produce an enormous bending 

moment across the femur as is shown in Figure 1.16.a. This is not the case as the shape 

of the femur speaks for itself. From Frost’s, An Introduction to Biomechanics [47], 

Figure 1.16.a-d, shows the basic biomechanics involved with walking up a step by 

extending the hip and extending the knee. Figure 1.16b. shows the four hamstrings
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-  LEGEND -

I ischium
F femur
P patella
T tibia
SM semitendinosus

semimembranosu
s
long head of the
biceps femoris

BF short head of the
biceps femoris

GM gluteus maximus
GN gastrocnemius
QF quadriceps

femoris

c a n

Figure 1.16.a-d. a) The pelvis, femur and knee. A large bending moment across
the length of the femur is expected.
b) The four hamstrings extend the hip and, in unison, load the hip 
in compression.
c) The gluteus maximus and gastrocnemii bend the femur 
backwards, while, in
d) the quadriceps compress and bend the femur in the opposite 
[53].
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maximus and gastrocnemii which also bend the femur backwards. The quadriceps (rectus 

femoris, vastus medius, vastus intermedius and vastus lateralis) bend the femur in the 

opposite direction or convex anteriorly.

The work of the muscles to allow ambulation while minimizing strain also 

minimizes bending on the femur. If the muscles contract in unison with proper relative 

loads then this is achieved. The premise in this design is to minimize bending strains as 

opposed to preventing them from occurring at all. Because the quadriceps have to extend 

the knee and the gluteus maximus and the hamstrings have to extend the hip and there 

is a slight bending moment which is the summation of both bending and compression 

forces, the normal femur is bowed anteriorly. Because of the anterior bending of the 

femur, the bending moment is almost completely cancelled out.

Dynamic three-dimensional gait analysis is complex and has been performed by 

a number of investigators which include Rydell, 1965, 1966; Paul, 1967; Seireg and 

Arvikar 1975; English and Kilvington, 1979; Draganich 1980; and Andriacchi 1980 [54]. 

The motions of the hip and empirically determined forces on the hip are shown in 

Figures 1 .17.a-c., 1 .18.a,b., and 1 .19.a,b. The most obvious motions of the hip during 

gait are flexion and extension; maximum flexion is achieved during the late swing phase 

just before heel-strike while maximum extension occurs at heel-off [54]. The motions 

of human walking are the complex interactions of the hip, knee, hind-foot (ankle-joint 

complex) and forefoot in conjunction with the motions of the lower back and of the upper 

body. The muscles firing at precisely the correct moments to choreograph the various
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Figure 1.19.a.b. Dynamic forces on an instrumented hip prosthesis and ground
reaction forces at two different paces (a) at 0.9 m/s and (b) at 1.3 
m/s as determined by Rydell [54].
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joints of the body and produce locomotion is truly wonderful. The stance phase begins 

when the foot is in front of the body and the heel strikes the ground. This occurs with 

the foot in dorsiflexion (pulled up), in slight external rotation and also in supination (with 

the foot rotated such that the lateral border is down). The foot plantar flexes (moves 

down towards the floor) and the lateral border of the foot makes contact with ground. 

The foot then begins to pronate and the area of contact is transferred medially in the 

forefoot to the ball of the foot as the heel leaves the ground. At this point the foot 

begins to adduct and the hip is moving from a state of internal rotation to external 

rotation. The foot continues to adduct and maximum adduction occurs at toe-off; the hip 

is externally rotating during this period. Maximum external rotation of the hip is 

achieved at toe-off. Although the foot is adducting (which translates the foot in the same 

direction as internal rotation of the leg at the hip) between heel-off and toe-off, the hip 

is externally rotating. This motion resists the foot adduction and transmits load to the 

foot and assists in push-off.

In 1967, J.P. Paul illustrated the two load peaks across the hip during the stance 

phase of normal gait. The force versus gait cycle curves that Paul generated for both 

men and women are shown in Figure 1.17.d,e. The first (local) maxima occurred just 

after heel-strike and was about four times body weight; the second maxima occurred 

during push-off when the hip was rotating externally in opposition to the foot which was 

adducting. This peak load at the hip was about seven times body weight. Between the 

two peaks is the foot-flat region where the force drops to one to two times body weight.
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The data of Paul also show a drop in load during the swing phase of gait where the 

forces on the hip are the result of the abductors and the anterior muscles of the hip 

responsible for flexion which include the sartorius and the iliopsoas.

Rydell measured the hip forces in instrumented THA prosthesis in 1965 and also 

showed the presence of two load peaks during the stance-phase of gait [53,54], He 

demonstrated that the loads significantly increase if the cadence is increased. This 

phenomena is illustrated in Figure 1.17.f,g. where the speed is increased by nearly 50 

percent and the peak loads of the stance phase increase by about 20 to 40 percent.

Most analyses of hip-joint reaction forces are done in the frontal (coronal) plane. 

This, however, does not follow true to reality. Many motions like raising a leg in bed, 

lifting or getting up from a chair place significant forces on the hip in the sagittal plane. 

Take for example, straight leg raising in bed. The iliopsoas muscle is the main load 

generating structure. The distance from the iliopsoas to the center of the femoral head 

is about 5 cm. The distance from the femoral head to the center of gravity of the leg is 

about 40 cm. This gives the iliopsoas a mechanical advantage of 1/8. This means, with 

the leg weighing approximately 1 /6  of body weight, the force that the iliopsoas must 

apply is 4/3 body weight. Because of the low angle of pull, the stress state that results 

from this exercise is almost pure compression. As the leg moves up, the mechanical 

advantage is increased and muscle forces are decreased. The stress state also changes 

to one of bending with the anterior portion of the proximal femur in compression and the 

posterior portion in tension [53].
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1.6. Objective: Develop a Mechanical Test

The goal of this thesis is to show correlations between compressive and shear 

moduli of the femoral neck with those of the femoral diaphysis. The objective also 

includes the development of a simple, relatively inexpensive mechanical test that bone 

banks can use to assess the mechanical integrity of proximal femoral allografts. It is 

hoped that these mechanical standards will eventually be made part of the selection 

criteria for this type of allograft.

The test requirements include ease of sample preparation, easy mechanical testing 

and data interpretation and reasonable cost. The testing apparatus cannot be a 

sophisticated instrument such as the Instron Servohydraulic Tensile/ Torsional Tester at 

the UCHSC Biomechanics Research Laboratory or the MTS Hydraulic Tester (Material 

Test System Corporation) at the CSM Department of Metallurgical and Materials 

Engineering, a screw-driven tensile tester with a basic strip chart recorder, would be 

more practical, easier to maintain and less expensive.

The shear and compressive moduli of the femoral neck and diaphysis are used for 

comparison in this research for several reasons. First, the material flaws (inclusions and 

irregularities in microstructure which are inherent to the microstructure of cortical and 

cancellous bone) strongly influence the yield and ultimate tensile strength. In the case 

of bone, these material flaws are haversian canals and haversian systems. The flaws do 

not make significant contributions to the elastic deformation of the stress/ strain curves 

(for tensile or compressive tests) or to the elastic portion of the shear stress/ shear strain
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curves. This is explained in section 1.4. Mechanical Properties of Bone.

The second major reason to use shear and compressive modulus tests are because 

the ease of sample preparation. Evans [41] concludes that tension test specimens can be 

machined from cortical bone; however, it is difficult to get a uniform gauge length and 

equal fillets (on either side of the gauge length). Evans also states that compressive test 

specimens are much easier and less expensive to make. The compressive/ shear test 

specimens simply require a rectangular cross section and a straight longitudinal axis. 

The sample ends also need to be perpendicular to the longitudinal axis. These specimens 

are much easier to make than the tensile bar shown in Figure 1.3. (from Evans in 

Mechanical Properties of Bone (1973) [41]).

The compressive grips and platens are easier to use than tensile grips (see Figure

1.4.) [41], and compression testing the set up is also considerably less expensive. Since 

the entire specimen length on the compressive test sample is the gauge length, and the 

deflection in the shear test is very small no extensometer is needed for either test. Both 

tests can be run at constant cross head speed, and deformation can be plotted as a 

function of time on a strip chart. Because of the relative ease of sample preparation, 

testing and data interpretation, it is not difficult to train personnel on the testing 

procedure. These tests fit well into the aforementioned criteria. If the testing equipment 

is complicated and the procedure requires highly skilled personnel, the transplant banks 

will be hesitant to adopt the procedure and will not be interested in sending out human 

bone for mechanical testing.
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2. EXPERIMENTAL PROCEDURE

As this research involved human tissue, all work was done in the University of 

Colorado Medical School Orthopaedic Biomechanics Laboratory, where the experimental 

equipment and proper disposal sources were located. In addition, the Colorado State 

Anatomical Board permitted the use of the tissue only at the CU Medical School.

2.1 The Shear and Compressive Modulus Tests

Yielding and ultimate failure of bone can be controlled or influenced by stress 

concentrators such haversian canals or vascular structure in bone. Therefore, the 

compressive and shear moduli were used instead of the yield strength and ultimate 

compressive strength which are more typically used to make comparison of traditional 

engineering materials. However, the assumption made with this testing procedure is that 

the bone is a homogeneous continuum. Therefore the elastic modulus most likely reflects 

the state of calcification of the bone section.

The compressive test was less complicated than the shear test. Since the samples 

were deformed within the elastic region in both tests, it was assumed that the bone 

microstructure was not changed. The samples were tested first in shear and then in 

compression, because the bone was more likely to fail during the compressive test than 

during the shear test. The mechanical tests were run on an Instron Servohydraulic
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Biomechanical Torsional/Linear Test System (see section 2.3. Experimental Apparatus). 

Although the machine is fully capable of running a torsional test with a cylindrical test 

sample, the cuboid (rectangular prisms) geometry of the bone test samples forced us to 

test the samples in shear with a gap/bend test. The fixturing for this test and the 

compressive test was designed and built for the Biomechanics Laboratory at the UCHSC 

Department of Orthopaedics. The sample shape and dimensions could not be completely 

controlled; therefore, the clamps required the rotational flexibility to rotate and clamp 

the bone such that the bone had the proper orientation for the test; this would be such 

that the sample was oriented parallel to the force in the compressive test and 

perpendicular to the load with the shear test.

2.2 Bone Sample Procurement and Preparation

All of the bone mechanical test specimens from the femoral necks and shafts were 

prepared by hand in the biomechanics laboratory. This required cutting and grinding.

2.2.1. Source of Femurs

Nine femurs were obtained from the University of California San Diego 

Department of Anatomy and agreements of the State Anatomical Boards of Colorado and 

California were submitted and approved. The femur data is summarized in Table 2.1. 

The bones three bilateral pairs and two individual right femurs and one left. Five of the
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Table 2.1. A list of the nine femurs obtained from the University of California San 
Diego, their ages and sex.

Sample # 
Right/Left

Age Sex

3138 R 55 â

3138 L 55 6

3176 R 62 â

3176 L 62 â

3078 R 70 â

3347 R 68 9

3116 L 70 9

3360 R 93 9

3360 L 93 9

bones were male and four female. The age ranges were 55 to 70 for the males and 68  

to 93 for the females.

2.2.2. Sectioning the Femoral Necks and Diaphyses

The femoral diaphyses and necks were tested in shear and in compression so that 

both the shear modulus and compressive (Young’s) moduli could be obtained. This 

required a uniform cross section, ends square with the longitudinal axis, and axis
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deviations of not more than a few degrees from the longitudinal axis of the bone. In 

general, the samples were cuboid (rectangular prisms). The longitudinal axis of the bone 

was the longest at about 20 mm, the radial axis was the smallest at about 1.5 mm, and 

the tangential axis was about 7 mm.

Several steps of cutting and grinding were used to produce these samples from 

the femurs. First, the entire neck and a cross section of the diaphysis were removed with 

a band saw as shown in Figure 2.1. Figure 2.2a,b. shows photographs of the proximal 

end of the femur and the testing samples. In removing the neck, a small portion of the 

trochanter and the femoral head were left with the sample, because the length of the 

necks was limited to about 2.5 cm in the medial section and 1.25 cm in the lateral 

section. Longitudinal specimens were sectioned from the neck and diaphysis sections. 

A circular saw was used to cut sections from the anterior, posterior, medial and lateral 

quadrants, and a band saw was used to cut the quadrants from the neck.

Sections from the diaphyses were labeled with a three-letter code. The first letter 

in each label (code) started with: P to denote the Proximal end of the sample and ended 

with D to denote the Distal end. The middle letter (A,P,M , or L) stood for Anterior, 

Posterior, Medial and Lateral. For example, PMD would mean the Medial section, with 

the P-end coming from the Proximal end of the diaphysis segment. Samples from the 

necks were labeled in a similar manner except that M and L were used as the first and 

last letter (for Medial and Lateral). A ,P,M , or L were also used to denote from which 

quadrant of the femoral neck the sample was taken (in the second letter of the code).
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After the samples were sectioned, they were ground by hand on wet sand paper. 

This helped to eliminate any intrusions and extrusions on the sample surface and removed 

the cancellous bone from the interior giving the mechanical test specimens a more 

uniform cross section and a smoother surface. This is important in mechanical testing 

because the constant cross section provides the sample with essentially the same stress 

or shear throughout the gauge length. This comes from the definition of true stress o, 

is the force F, throughout the cross section of instantaneous area A,; such 

that o = F/A,.

Obviously bone does not provide the homogeneity of metals and typical engineering 

materials. Grinding the samples by hand provided the best samples possible given the 

limited cortical/compact bone provided by the femurs. This was done on Leco Silicon 

Carbide 240 and 320 grit wet/dry abrasive paper in saline solution.

2.2.3. Sample Storage and Osmotic Pressure

The grinding was done in an isotonic saline solution which is 9 grams of salt per 

liter. An isotonic solution is used because it does not cause osmosis (the net diffusion of 

water through a semipermeable membrane) with the bone cells (or most human cells). 

Osmosis does not occur (in the case of an isotonic solution) because the concentration of 

solute in the saline is about the same as that in the vascularized bone cells. The bone 

was also stored in an isotonic saline solution and frozen; it was also allowed to thaw to 

room temperature (about 20° C) in the saline before testing. This is standard procedure
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Figure 2.1. Anterior view of the right femur and the locations from which the sections 
were taken. Note the quadrants from the neck and diaphysis sections.
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Figure 2.2. A,B Posterior view of the proximal end of the right femur and the 
testing samples from the femoral neck.
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for biological research as cell damage can occur with the diffusion of water in or out of 

the cell.

2.3. Experimental Apparatus

The mechanical tests were run on an Instron Servohydraulic Biomechanical 

Torsional/Linear Test System Number 1321 which was operated through the Instron 

Control Unit 8500. The data were recorded off of an Omega strip chart recorder. The 

Instron is shown in Figure 2.3.

2.3.1. Instron Servohydraulic Biomechanical Testing System

The UCHSC Biomechanics Laboratory Instron is a tensile and torsional tester that 

has the actuator running through the top moveable cross-head. It is specially designed 

for testing soft and hard biological tissues. This includes materials such as ligament, 

skin, muscle and fascia and bone. The biaxial (linear and torsional) capability of the 

machine allows testing of whole-joint kinematics. The system can apply axial loads from 

0.05 N to 50,000 N (0.011 lbs to 11,000 lbs) with a 150 mm stroke (6  inches). It can 

apply torques of 565 N-m (5000 lbs-in) with rotations of + /-  50°. This research used 

an Instron load cell with an axial load capacity of 45,454 N (10,000 lbs) and a torsional 

load capacity of 565 N-m (5000 lbs-in).

The Instron 8500 digital control system controls and monitors the testing machine. 

It has dual panels; one for linear load and displacement and one for torsion and rotation.
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It can apply loads with various wave forms (waves, ramps and double ramps) in position/ 

rotation control, load/ torque control and strain control.

2.3.2. Data Acquisition System

The displacement and load data were acquired through an Omega RD544 Dual 

Pen mV Recorder. The Instron Control Unit 8500 has internally calibrated digital 

readings of displacement and load, Which provided easy calibration of the strip chart 

recorder. The control unit was calibrated before each set of tests to confirm the accuracy 

of the measurement. The scales on the strip-chart recorder were set and 

load/displacement data were calculated from the mV data. The gaps for the shear test 

were calibrated with a small LVDT (Linear Variable Displacement Transducer) that was 

provided with an excitation voltage from a Hewlett-Packard DC power supply.

2.3.3. Shear and Compressive Sample Grips

The grip sets for both the shear and compressive tests can be rotated to 

compensate for the irregularities of biological specimens. The shear testing grips are 

shown in Figures 2.4. and 2.5. Figure 2.4. shows calibration of the gap with the LVDT, 

and Figure 2.5. shows the configuration for shear testing. The grip gap was typically 

1 mm to 1.6 mm, depending on the sample geometry. The curvature of the grips was 

designed to accompany the normal radial curvature of long bones. The grips were 

designed to accompany any twist or curvature along the longitudinal axis. This twist is
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Figure 2.3. The Instron Servohydraulic Biomechanical Testing System at the 
University of Colorado Health Science Center Orthopaedic Biomechanics 
Research Laboratory.
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especially pronounced in specimens with a thin cortex such as those of the femoral neck. 

Among other factors, this twist along the longitudinal axis was most likely a large 

contributor to error in the shear tests. Mechanical analysis along a twisted beam is 

somewhat complex and requires corrections for the twist. This is where the test looks 

at the structural properties of the beam as opposed to the mechanical properties. This 

type of structural analysis is beyond the scope of this project since the thesis is based on 

the development of a simple test to predict the mechanical integrity of the femoral 

diaphysis based on some the properties of the femoral neck.

2.4 Testing Procedure

The mechanical test samples were prepared and stored in saline as described. Just 

before mechanical testing some of the samples were machined further with the wet 

grinding paper to better fit into the test grips and to provide for a more uniform cross 

section. The dimensions of each specimen were taken with a micrometer before each 

test. The machine stiffness was calculated for each test grip with a steel segment of a 

6 mm steel alien wrench. The stiffness curve compensated for the deflection in the 

compressive and shear grips. At low loads the Instron deflection was small. For loads 

of up to 10  kgf deflection was slightly larger, but it was compensated for with the test 

data.
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2.4.1. Compressive Tests

Once the samples were mounted in the grips, they were wrapped with gauze 

soaked in isotonic saline. The samples were pre-loaded with a l o r  2 kgf load. The 1 

kgf pre-load was used in the smaller samples that were obtained from the lateral quadrant 

of the neck. The compressive test was run in load control with a load ramp of 0.25 

kgf/s. Two tests were run for each sample. The first test was used not to acquire data 

but set the sample into the grips. The next test was used to actually generate data which 

was recorded on the aforementioned Omega strip-chart. Data recovery and analysis are 

discussed in section 3.1. Data Recovery from Strip Charts.

2.4.2. Shear Tests

As with the compressive test, the shear test was run in load control except this 

was run with a load ramp of 0.5 kgf/s. The samples were also kept wet with saline as 

described above. As this study investigated the compressive and shear moduli in the 

longitudinal direction, the same bone samples were used and the shear was applied 

transverse to the longitudinal axis. Load and displacement were recorded on the strip 

chart recorder and the data were taken from the second test for each sample (as with the 

compressive tests).
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2.5. Theoretical Explanation of Stress States Induced by the Tests

The stress states will be described in detail because the compressive test more 

closely mimics real-life loading. As with all biomechanics research, it is crucial that 

laboratory investigations mimic true physiology because bone microstructure develops 

in response to loading. Certain assumptions must be made at the beginning of any 

biomechanical/ biomaterial investigation concerning the validity of the model as 

compared to the system in a living animal or person. Based on the fact that the entire 

femoral neck is loaded in bending and compression, the compressive data was expected 

to yield more statistically significant correlations than the shear data.

2.5.1. Compressive Test

The compressive test should be performed with a sample that has a straight 

longitudinal axis and a uniform cross-section. This was usually the case with all of the 

diaphysis segments and with the medial quadrant of the femoral neck. The ideal case is 

illustrated in Figure 2.6., which shows a free-body-diagram of the test specimen 

undergoing a compressive test and the stress state caused by the test. Unfortunately, 

with most of the anterior, posterior and lateral segments of the femoral neck, the 

specimens were curved along the longitudinal axis rather than straight. This brings into 

the analysis issues of buckling where eccentricity is the amount of bend in the sample 

before it is loaded. The curvature caused the samples to be compressed and bent with 

the compressive stress located at the periosteal surface and the tensile component of



T-4597 117

I
\ \  

— k ^

\

I

al = F/Aj =  compressive 
stress

a2 =  a3 = 0

Figure 2.6. Free-body-diagram of the compressive test and the stress state that it 
induces on the sample. Note that this is pure compression in which the 
maximum principal stress ( u j  is negative and the other principal stresses 
are equal to zero.

bending to occur at the inner surface of the femoral neck sample. Because of this, the 

test investigates a structural (extrinsic) property rather than a material property. This 

deviation from straight in the samples was a definite source of error in the data. This 

was partially corrected by cutting the samples in half and grinding the section into a more 

flat configuration. Although the cut sample was half as long, the gauge length was 

suitable for the compressive test while there was still enough material to place the bone 

in the shear grips. After the curved specimens were shortened to decrease the 

eccentricity, the assumption was made that the samples were straight and that the stress 

state induced by the test was pure uniaxial compression.
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The elastic compressive modulus (E) is calculated through equations 1 - 4  from 

Section 1.4.4. Mechanical Testing of Bone, where E is the ratio true stress, o to true 

strain, e in the linear elastic region, such that:

B c o m p re s s !  ve  ̂ ^  ^

where: E =  Young’s modulus (MPa)
o =  true stress (MPa) 
e =  true strain (mm/mm)

This calculation is performed based on the assumption that as:

e -> 0  then,

6=[In(e+1)]=e (6)

where: e =  engineering strain (mm/mm)

and that as:

e -> 0  then,

a = —  (e + 1 )  = — = S  (7)

where: F =  force (N)
A0 =  initial area (mm2)
S =  engineering stress (Pa)

therefore, at small strains,
E = — =— (8 )e e
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2.5.2. Shear Test

The shear test is considerably more complicated than the compressive test. Figure

2.7., a schematic of the shear test and the pure shear element, shows the test used in this 

research. The important aspect of this test was to keep the grip gap, g, small so that the 

stress due to bending was insignificant as compared to the shear generated. In structural 

engineering it is a common assumption that the shear is insignificant in long beams where 

bending dominates whereas in short beams the stress state is almost pure shear and the 

bending contributes very little in comparison.

Figure 2.7. illustrates that the shear strain y  can be calculated such that y  = ôlg 

where the displacement is small and y  is calculated in radians. Furthermore the shear 

modulus, G can be calculated with the average shear stress, r ave =  F/A and the shear 

strain such that:

G TzvJy

where: r ave =  average shear stress (MPa)
y  =  shear strain

This was accomplished with the data analysis through the equation:

F( N)

G(M Pa)  = —j   A  {nun2) ----------- ------ ( 9 )
Ô- m a c h i n e s t i f f n e s s ( m m )  

g  {mm)
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1
6

Figure 2.7. A schematic of the shear test and an element in pure shear. 7 , the shear 
strain is the angular displacement in radians where, with small angles, 7  
=  ô/g.
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where: G =  shear modulus (MPa)
F =  load (N)
A =  sample cross sectional area (mm2) 
ô =  displacement (mm) 
g =  grip gap (mm)

Although the machine stiffness (deflection) was small it was taken into account. As with 

the compressive test, the ideal shear test specimen is not bent or curved and has a 

uniform cross-section.
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3. RESULTS

The aforementioned experiments were performed and the linear portions of the 

displacement versus time data were examined as compared to the linear load/ 

displacement plots. Since both the compressive and shear tests were run at constant 

loading rates (the compressive test was run with a load ramp of 0.25 kgf/s; the shear test 

at 0.5 kgf/s), the load versus time data was linear and only the initial portion of the load/ 

displacement curve was linear. No statistical correlations between the shear moduli of 

the femoral diaphysis and the necks were found. This is most likely the result of the 

curvature of the samples in both the radial and longitudinal direction. The compressive 

data were also scattered but statistical significance was found. This scatter was probably 

also due in part to the curvature of the specimens. Efforts were made to eliminate this 

source of error by grinding for more uniform cross-sections and by shortening very 

curved specimens.

3.1. Data Recovery from Strip Charts

The data were recorded with an Omega RD544 Dual Pen mV Recorder, as was 

described in section 2.3.2. Data Acquisition System. Each test was run once to allow 

the specimen to "settle" into the grips. The second test was used to generate the data.
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3.1.1. Compressive data

An example of the strip chart from a compressive test is shown in Figure 3.1. 

The chart speed was 2 mm/s and displacement was plotted on the bottom in red while 

load was plotted above in black. As the compressive test was run in load control with 

a load ramp of 0.25 kgf/s, the load (in black) increased by 1 kgf every 8 mm. The load 

versus time curve was linear; this indicated that the loading rate was constant. The test 

was run long enough to get a linear portion of the displacement versus time data to 

calculate the compressive modulus. This is simply the ratio of stress and strain. The 

raw data generated for the compressive tests is shown in Tables 3 .1., 3.2. and 3.3.

3.1.2. Shear data

The shear modulus calculations were made in a similar fashion to those of the 

compressive modulus except with the formula described in section 2.5.2. Shear Test. 

The formula was used where the machine stiffness was also included in the calculation:

F  (N)

G(MPa) ---------- . A   -,----- r  (1 °Ô- m a c h i n e s t i f f n e s s ( m m )
g  (nun)
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Figure 3.1. An example of the strip chart for the compressive test. The abscissa 
represents time. Note that the load (black) and displacement curves (red) 
are linear with respect to time. The compressive test was run with a load 
ramp of 0.25 kgf/s.
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where: G =  shear modulus (MPa)
F =  load (N)
A =  sample cross sectional area (mm2) 
ô =  displacement (mm) 
g =  grip gap (mm)

An example of shear strip chart is shown in Figure 3.2. while the raw data of the shear 

modulus is included in Tables 3 .1., 3.2. and 3.3.

3.1.3. The Raw Data

The numbers generated through the mechanical testing are given in Tables 3.1.,

3.2. and 3.3. No statistical difference was determined between the proximal and distal 

diaphysis, and some distal diaphysis specimens were destroyed during testing. 

Therefore, correlations were investigated between the femoral necks and proximal 

diaphysis.

3.2. Data Analysis and Statistics

The statistical analysis of the data was performed with MiniTab software on a 486 

personal computer. Each data point in these plots correlates the compressive modulus 

at two locations on a bone from a particular person. That is, a data point represents a 

modulus of a particular quadrant of the femoral neck and the modulus of the four 

quadrants of the proximal femoral diaphysis. Correlations of compressive and shear 

modulus with the age, and sex of the donor were also investigated. The shear and
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Figure 3.2. An example of the strip chart for the shear test. Abscissa represents time.
Note that the load (black) and displacement curves (red) are linear with 
respect to time. The shear test was run with a load ramp of 0.5 kgf/s.
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Figure 3.3. The shear modulus o f  the four quadrants o f the proximal diaphysis 
(lateral, posterior, medial and anterior) versus the shear modulus 
o f the four quadrants o f the femoral neck.
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F igure  3.4. An example o f a plot used to explain this data set. On the ordinate,
the four points in the oval represent the modulus o f the four quadrants 
o f the proximal diaphysis (lateral, posterior, medial and anterior). The 
abscissa indicates the modulus o f a given quadrant or combination o f 
quadrants o f the femoral neck o f the same femur; i.e. these four points 
represent one bone.
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compressive moduli were found to be statistically independent of age and sex of the 

donor in this set of bones. The statistical analysis also indicated that the moduli for the 

diaphysis (shaft) data were independent of the quadrant from which they were taken. 

This was expected because the shaft (diaphysis) of the femur is sometimes loaded in 

bending and compression but usually the stress state is close to in uniaxial compression 

with a small bending moment. This loading is described in section 1.5. Biomechanics 

of the Hip.

A comparison of the shear modulus data for the diaphysis with that for the neck 

showed no correlation. Because of this, it was concluded that the shear test is not a test 

for characterizing the properties of the diaphysis. This is most likely the case because 

it is difficult to control the sample dimensions, shape, flaws and recreating natural 

loading conditions. The error is also the result of the curvature of the specimens, i.e. 

the shear test was more of a structural analysis as opposed to a material analysis. This 

was described in section 3.1.2. Shear data.

The compressive modulus data for the diaphysis showed no difference between 

the distal and proximal sections. The proximal data, however, showed a good correlation 

(high R2 value) with the compressive moduli of the femoral neck. Because of this, the 

correlations of the compressive moduli between the four quadrants of the diaphysis and 

the mean of combinations of femoral neck data are used as supporting data in this study.

The data was evaluated using a linear regression, and validity was analyzed with 

the p-value and the F-statistic tests. Figure 3.3. shows a scatter plot of the shear
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modulus data for the proximal diaphysis and the femoral neck. Data points for the 

lateral, posterior, medial and anterior locations of the diaphysis are matched with the 

same locations on the neck. The figure shows a complete lack of correlation of the shear 

data for the diaphysis with that of the femoral neck. This points to the correlation that 

the shear modulus data cannot be used as the basis for predicting diaphysis properties of 

the neck.

Figure 3.4. shows a plot of the compressive moduli for the four quadrants of the 

proximal diaphysis plotted against the compressive moduli for the posterior quadrant of 

the femoral neck. This data shows a good correlation between the compressive modulus 

data for the proximal diaphysis with that from the femoral neck. This points to the 

conclusion that data for the neck can be used to predict the behavior of the femoral shaft. 

The R2 value indicates the variance of the data or how the data is distributed around the 

regression line. The correlation coefficient (R2) indicates the significance of the 

correlation. An R2 value near +  1.0 indicates a good correlation. An R2 value near 

zero indicates a poor correlation. The p-value and the F-statistic give more information 

about the strength of the correlation. The p-value indicates the probability that the result 

could have been obtained by chance causes. A p-value less than 0.05 is generally 

considered to indicate significant correlations. A p-value of 0.05, means that there is a 

5 percent probablility that the data is the result of chance causes and does not have a 

statistical correlation, and a 95 percent chance that the correlation is valid. The lower 

the p-value, the greater the probability that the data correlates. Several of the
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comparisons in Table 3.4. show p-values of <  0.0005. This indicates 99.95% 

confidence.

The F-statistic is another indication of the confidence in the correlation. An F- 

statistic below 4 indicates a lack of correlation; an F-statistic between 4 and 6  indicates 

a possible correlation; an F-statistic above 6  indicates that the correlation is significant. 

Table 3.4. shows the statistical data for the correlation of the compressive modulus of 

the proximal diaphysis to the compressive modulus of the femoral neck and various 

combinations of the femoral neck (in terms of mean values). The figures noted in Table 

3.4. are included in section 4.

It is important to note that although these correlations do show statistical 

significance in terms of F-statistics and p-values, only correlations within this population 

of six people and nine bones can be drawn. Extending the conclusions to the human 

populace is a gross misuse of the data. This is also discussed further in section 4. The 

interesting correlation lies in the inverse relation between the compressive modulus of 

the diaphysis and the neck. All plotted data have the p-values of not more than 0.012 

(i.e. 98.8 percent probability of true correlation) and F-statistic values ranging from 7.38 

all the way up to 28.14. This is surprising because common sense would dictate that if 

a bone were stiffer in one area than it would also be stiffer in another as compared to a 

bone with a lesser elastic modulus. This data, described in Table 3 .4., is explained and 

plotted in section 4.
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Table 3.4. Statistical data for the correlation of the compressive modulus of the
proximal diaphysis to the compressive modulus of the femoral neck and 
various combinations of the femoral neck (in terms of mean values).

FIGURE ABSCISSA a b R2 F P

4.2 L-lat 4811 -1.08 0.155 4.75 0.038

4.1 P-post 5089 -1.28 0.432 24.30 < 0.0005

4.5 M-med 3724 -0.064 0 .0 0 1 0 .0 2 0.884
— A-ant 4098 -0.508 0.072 2.50 0.124

4.4 L,P,M 7713 -2.92 0.520 28.14 < 0.0005

4.3 L,P 5799 -1.90 0.495 25.49 <  0.0005
— L,M 12315 -5.84 0.457 21.85 < 0.0005

— L,P,M ,A 6385 -2 .1 0 0.385 16.28 < 0.0005

— L,P,A 5245 -1.45 0.348 13.88 0 .0 0 1

— P,M 5437 -1.27 0 .2 2 0 9.03 0.005

— M,A 4844 -1.17 0.280 12.46 0 .0 0 1

— L,M ,A 6146 -1.87 0 .2 2 1 7.38 0 .0 1 2

— P,M ,A 5364 -1.37 0.224 9.23 0.005

NOTES:

Quadrant of the Neck 
L-lateral (outside)
E-posterior (back) 
M-medial (middle)
A-anterior (front)

Regression PDCM =  a -f bx
ORDEVATE: P D C M  -  Proximal Diaphysis

Compressive N fodulus
ABSCISSA: given femoral neck

quadrant or mean of neck 
combinations

Regression output gives a as the intercept on the ordinate (PDCM — Proximal 
Diaphysis Compressive Modulus axis) and b is the slope. P-values are the chance 
that the data do not correlate, i.e. a p-value of 0 .0 1 2  means that there is a 1 .2  % 
chance of no correlation with the given set of data.
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4. DISCUSSION

It is proposed that the inverse relationship between the compressive modulus of 

the diaphysis and the combinations of the compressive moduli of the neck is due to a 

concept that will be called the "compliance requirement. " The compliance requirement 

is simply the shock energy absorbing capacity of the femoral neck in response to the 

energy transmitted by the femoral diaphysis up to the hip. The compliance requirement 

of the femoral neck is the natural adaptation of the neck to flex and reduce the energy 

transmission to the acetabulum. This is suspected because of the wealth of literature that 

supports that bones remodel in response to the strains imposed on them. There are two 

important issues with the compliance requirement:

1) Mechanical properties of the cancellous bone of the femoral diaphysis and 
the compact and cancellous bone of the femoral neck.

2) Structural properties of the femoral diaphysis and the femoral neck.

As this thesis dealt with mechanical properties (i.e. compressive and shear moduli) the 

inverse correlation between the diaphysis and femoral neck is illustrated in the Figures

4.1 ., 4 .2 ., 4 .3 ., and 4.4. The plot type is explained in section 3.1.3. The Raw Data in 

conjunction with Figure 3.4. The compressive modulus of the proximal femoral 

diaphysis versus the posterior quadrant of the femoral neck is shown in Figure 4.1. This 

is the best correlation between the four quadrants of the femoral diaphysis and one
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F igure 4.1. The compressive modulus o f  the four quadrants of the proximal
diaphysis (lateral, posterior, medial and anterior) versus the posterior 
quadrant o f the femoral neck. All values in MPa.

E (MPa) = 5089 - 1.28 ( E JLJ’.M.A
diaphysis

P

p value < 0.0005 

F statistic = 24.30
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Figure 4.2. The compressive modulus o f the four quadrants o f the proximal
diaphysis (lateral, posterior, medial and anterior) versus the lateral 
quadrant o f the femoral neck. All values in MPa.

EL, MA(MPa) = 4811 - 1.08 (E l )
diaphysis neck

p value = 0.038 

F statistic = 4.75
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F igure  4.3. The compressive modulus o f the four quadrants o f the proximal
diaphysis (lateral, posterior, medial, and anterior) versus the mean o f the 
lateral and posterior quadrants o f the femoral neck. All values in MPa.

p value < 0.0005

Ë  p (MPa) -  5799 - 1.90(1 ) F statistic = 25.49
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Figure 4.4. The compressive modulus o f the four quadrants o f the proximal
diaphysis (lateral, posterior, medial, and anterior) versus the mean o f the 
lateral, posterior and medial quadrants o f  the femoral neck. All values 
in MPa.
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quadrant of the femoral neck. The p-value of less than 0.0005 and the high F-statistic 

of 24.30 indicate with almost complete certainty that the compressive moduli of the two 

regions of the femur do show an inverse correlation. Notice the scatter which gives an 

R2 of 0.432. Figure 4 .2 ., a correlation between the compressive modulus of the four 

quadrants of the proximal femoral shaft and the lateral quadrant of the femoral neck does 

not correlate as well as the data in Figure 4.1. with a p-value of 0.038 (which means 

96.2% confidence) and an F-statistic of 4.75. The R2 of 0.155 also indicates that the 

scatter is larger as compared to the data in Figure 4.1. The correlation made in Figure

4 .3 ., a mean of the posterior and lateral quadrants of the femoral neck (on the abscissa) 

however, correlates very well with a p-value of less than 0.0005 (a confidence of greater 

than 99.95%), an F-statistic of 25.49 and an R2 of 0.495. This method of correlation 

can be taken to the extremes by making linear combinations of the neck data as is shown 

in Figure 4.4. which has the best correlation made with this data where the mean of the 

compressive moduli of the lateral, posterior and medial quadrants of neck. The F- 

statistic is 28.14, the p-value is less than 0.0005 and the R2 of 0.520 all indicate a certain 

correlation. The problem with this method is illustrated with Figure 4.5. where the 

compressive moduli of the femoral diaphysis’ four quadrants is correlated with the medial 

quadrant of the femoral neck. Here the slope is practically zero (-0.064), the R2 is 

0.001, the F-statistic is 0.02 and the p-value is 0.884. All statistical tests indicate that 

there is no correlation but by combining the medial quadrant with the posterior and 

lateral quadrant and taking the average of the three quadrants a good correlation is
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achieved. Using this method to generate correlations is illustrated in Table 3.4. of 

section 3.2. Data Analysis and Statistics: the compressive modulus of the anterior 

quadrant of the femoral neck correlates not much better than the medial quadrant with 

the compressive modulus of the proximal diaphysis but when combined, the mean of the 

medial and anterior quadrants’ moduli do correlate well with a p-value of 0 .0 0 1  and an 

F-statistic of 12.46.

The compressive elastic modulus values generated in this thesis experimentation 

were considerably less than the tensile elastic moduli of Evans and Lebow [13], but this 

can be explained by the differences in the tensile and compressive uniaxial tests. That 

is the collagen and hydroxyapatite components of bone show isotropic mechanical 

properties and will behave differently under tension as compared to compression. 

However, our study agrees with the conclusions of Evans and Lebow in that the 

compressive modulus was not a function of the section of the femoral diaphysis in terms 

of proximal and distal portions. Furthermore, the compressive modulus was not a 

function of the quadrant of the femoral diaphysis in terms of anterior, posterior, medial 

and lateral aspects.

The long-term equilibrium structure of the trabecular and cortical bone of the 

proximal femur has been addressed by Palmer et al. [55] in a 3-dimensional finite 

element model, shown in Figure 4.6. This model accurately predicts the region of the 

femoral calcar which is the continuous columnar structure that begins in the femoral head 

and continues down along the femoral neck to the medial aspect of the femoral
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Figure 4.6. Finite element model of the proximal femur for predicted material 
distributions for the loading case of the single legged stance with the joint 
reaction force of 236 kgf (521 lbs) 24° from vertical with a hip abductor 
force of 71.7 kgf (158 lbs) 28° from vertical. Darker shades represent 
higher bone densities (from Palmer [55]).

metaphysis and diaphysis. This is simply the medial aspect of the femoral neck which 

strengthens the neck and is mostly loaded in bending and compression much like the 

diaphysis. It is interesting to note that the medial aspect of the neck shows little variation 

when correlated with the four quadrants of the proximal diaphysis. The slope of the 

proximal diaphysis versus the medial quadrant of the neck is essentially zero but this 

correlation is not statistically significant as is shown if Table 3.4. in section 3. Results.

The construct generated with Palmer’s finite element model predicts with
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reasonable accuracy the bone density in the femoral metaphysis, trochanter and head and 

neck [55]. The model however, shows the compact bone of the femoral neck extending 

in a medial and proximal direction through the femoral head. This is not a true 

representation as the cortex thins out in the medial section of the femoral neck towards 

the head. The trabeculae of the cancellous bone however do follow along the lines of 

maximum principal stress as predicted by the model.

The compliance requirement results in an elastic modulus of the cortical shell 

around the femoral neck that allows the anterior, posterior and lateral aspects of the neck 

to flex with the cancellous trabeculae of the neck. The cancellous bone in this region 

does have an interface with the calcar and femoral neck cortex and therefore the regions 

share deformational boundary conditions.

It is reasonable to assume that the neck must flex in more than just simple 

bending (by pushing the femoral head down). During the different stages of gait the 

femoral neck bends such that the head is elastically anteverted (displaced anteriorly) and 

posteriorly with respect to the femur. The torque that deforms the neck in the direction 

of anteversion will put the anterior aspect of the neck into compression and the posterior 

aspect into tension. Conversely, when the acetabulum applies a load posteriorly to the 

femoral head, the neck is deformed in the direction of retroversion. This causes the 

posterior aspect of the neck to be put into compression and the anterior aspect to be put 

in tension.

Remodeling occurs in response to both tensile and compressive strains but in
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different ways to each. The goal with bone homeostasis is to minimize strain for a 

macroscopic region o f bone. The femoral neck has structurally adapted to absorb a 

certain amount of energy (see Figure 1.12 in section 1.5. Biomechanics of the Hip); the 

paradox is that by reducing the elastic modulus, the strain experienced by the cortex 

(compact bone shell) o f the femoral neck is actually greater than if the compact bone had 

a greater modulus. However, the thin compact bone shell around the femoral neck has 

adapted extrinsically by making itself very thin and, intrinsically, by reducing the elastic 

modulus. While the femoral neck itself absorbs energy transmitted from the leg to the 

hip joint this adaptation of the cortex of the femoral neck serves two purposes:

1) At the interface of the cortical and cancellous bone, the cortex 
flexes with the cancellous bone on the interior of the neck; this 
prevents fracture from occurring at the interface;

2) Although strain is increased for the cortical shell on the exterior 
of the neck, the decreased modulus allows the strain to be reduced 
for the entire femoral neck at the cortical/ cancellous interface.

By being thin, the cortex has increased blood and nutrient supply from the periosteum

and cancellous bone. This results in a greater bone turnover rate which causes the

femoral neck cortex to intrinsically have a lesser elastic modulus and also have a lesser

structural modulus because there is less material.

For these reasons, the cortex around the femoral neck has a low elastic modulus 

as compared to other regions of the femur. It is also thinner than would be expected 

because of the high number of femoral neck fractures clinically reported in the elderly. 

The inverse correlation between the elastic modulus of the femoral neck and the femoral
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diaphysis can be used to predict the modulus of the femoral diaphysis for predicting 

structural performance of a proximal femoral allograft.
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5. FUTURE RESEARCH AND "GOOD" ALLOGRAFT STRENGTH

The line between acceptable and not acceptable strength for an allograft is not 

well understood. The predicted activity level of the patient after rehabilitation is a 

contributing factor to the required allograft strength. One of the great advantages of 

structural allografts is that they can be loaded in a very natural fashion. With proximal 

femoral allografts, an allograft/ prosthesis composite is made where the prosthesis 

provides some attachment for the allograft at the distal end (see section 1.3.4. Surgical 

Procedures). Because of this, there will be stress shielding due to the prosthesis, but 

there will not be as much stress shielding as there would be if a large structural 

prosthesis were used without an allograft; the allograft deforms elastically in a natural 

fashion. Strength would not be as much of an issue if the allografts completely 

incorporated.

Musculotendinous attachments are also advantageous over complete prosthetic 

reconstruction. Since it is well known that allografts only incorporate a few millimeters 

into the graft [5,56,57,58], the strength of a structural allograft is an important issue in 

terms of orthopaedic reconstruction.

This study is a pilot that may help to indicate if future research in this area is 

warranted. Typically the orthopedic surgeon will request as much bone stock as 

possible. During surgery, the allograft with the prosthesis will be cut to the proper
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length to provide anatomical reduction. There may be some bone left over that was cut 

from the distal end of the allograft. This opens up a pool of bone to be tested and 

correlated with the femoral neck. Some of this left-over bone may be needed for 

pathological testing. This project is simply one of coordination between the orthopaedic 

oncologist, the pathology lab and the mechanical testing lab. This would be the first 

stage in verifying the data generated for this thesis.

The next step is the long-term follow-up of allograft recipients. Correlations 

between allograft compressive modulus (and possibly other mechanical properties) can 

be made. These follow-up studies may take as long as a decade but will lead to 

information that may completely re-write the current criteria for allograft acceptance in 

terms of mechanical integrity.

As was stated in the section 1.6. Objective: Develop a Mechanical Test, the 

compressive test is simple and inexpensive. The equipment to perform these tests will 

cost between five and fifteen thousand dollars. Sample preparation and data analysis is 

also simple. Performing the test is easy and training technicians to harvest, and prepare 

samples and to perform tests and analyze the data is a short-term endeavor.

Graft data, which is typically computerized, can be appended with the predicted 

stiffness (compressive modulus). This data can be used in the selection of the graft and 

also for the inclusion/ exclusion criteria.

Other areas of interest include correlating microhistology of the bone with 

mechanical properties. Characterizing bone allografts as do materials and metallurgical
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engineers in terms of microstructure and uniaxial deformation may lead to correlations 

between the two.

Another worthy research project would be investigating the role of the immune 

response
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6 . CONCLUSIONS

The inverse relation between compressive modulus of the diaphysis and 

compressive modulus of the neck is the opposite of what was expected; we anticipated 

that if a femur was stiffer in one area then it would also be stiffer in another. Within 

this population of six people and nine bones, these inverse correlations are valid. In 

order to do a human study, one must make the assumption that all of the people in the 

study (or the people from which the tissue was obtained) are essentially the same in terms 

of genetics and lifestyle. It would, however, be a gross misapplication of the conclusions 

drawn from this data to extend them to the entire human population. Because the data 

from these nine bones shows statistically significant correlations between the compressive 

moduli of the femoral neck and diaphysis, further investigation into these correlations is 

warranted. This would preferably be carried out with a considerably larger number of 

bone.

Studies such as these are expensive and time consuming and because fresh-frozen 

human tissue is difficult to obtain, it is taxing to perform this kind of experimentation 

with a population of significant size. Experimenting with human tissue also requires 

obtaining permission from the state anatomical board of any U.S. state involved. Proper 

storage and disposal methods must also be observed.

The variation among people is a very large contributing factor to the error in any
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human study. The only information that was provided about the donors of these bones 

was the age and sex. In human studies there will always be significant differences 

between the specimens. The differences between ethnic groups is often due to the 

variations in lifestyles (such as nutrition, activity, climate etc...). These factors can 

account for some of the large diversity between populations. For example, in parts of 

South America the main staple food is com. Because com has very little lysine, an 

essential amino acid, and the people do not get adequate meat to supply the all eight of 

the essential amino acids, many people in South America are deficient in lysine.

Genetic differences between people are also a very large contributing factor. 

Even two brothers could spend their entire lives together and still show biomechanical 

differences due to the genetic differences that influenced the bone homeostasis. One boy 

may take a liking to certain foods or activities that influence the biomechanics and 

mechanical properties of his bones.

When performing an animal study (for medical purposes), it is absolutely critical 

that the population of animals have very few genetic differences. Currently, this is 

achieved by inbreeding the animals for many, many generations to the point where, for 

the most part, the animals are genetically identical. Obviously this is more difficult and 

expensive with animals that take longer to reach reproductive age. The nutrition and 

treatment of the animals are also carefully controlled so that there are no developmental 

differences. This is very important during the "critical developmental period," when all 

of the neurological pathways are being laid out and the immune system is developing.
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In humans, the critical developmental period is about eighteen months. In medium sized 

laboratory animals it is only a few months. The aforementioned reasons are only the 

beginning of the enormous expense involved with animal studies.

It is accurate to say that every individual living organism is composed of a very 

large number of interacting chemical systems. Just a tiny Escherichia coli bacterium has 

some 4000 enzymes (biological catalysts) to control its biochemistry. Because of the 

extreme biological complexity, small differences in the development of laboratory 

animals, will most likely cause differences between genetically identical animals.

Because of the aforementioned difficulties with controlling the variations between 

animals for medical study, it would be very expensive and time consuming to obtain an 

ideal human population for this type of study. In terms of medical ethics, a course of 

study such as this one which requires whole human femurs, can only be performed post

mortem, with the tissue obtained from legal organ donors. Only a certain amount of 

information about the donors can also be issued.

It would be horribly unethical (and fully unacceptable) to try to breed (or clone) 

humans for scientific research. This is not at all a grey area of medical ethics. The 

Nazis of World War II had plans for this type of work. The experiments run by the 

Nazis were so sloppy scientifically, it is generally agreed upon that they (the 

experiments) were only a pretense for torture. The "data" that was obtained has very 

little validity.

Several definite conclusions from this study can be drawn:
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1) The inverse relationship of the compressive moduli of the proximal femoral 

diaphysis and the femoral neck is a real trend that is due to the "compliance 

requirement." The compliance requirement is the normal adaptation for the 

femur to absorb some of the shock that would otherwise be placed on the 

acetabulum and the pelvis. That is, when the diaphysis of the femur has a higher 

elastic modulus (is more stiff), then the femoral neck will be more flexible (less 

stiff) in terms of bending. The compliance requirement of the femoral neck may 

a method of absorbing energy. As cancellous bone is more flexible than cortical 

bone it can elastically absorb energy. Because a cross-section of the femoral neck 

shows thin cortical walls with a thicker wall on the medial side and the inner 

portion of the femoral neck composed of cancellous bone, it is reasonable to 

expect that the structure of the femoral neck absorbs an appreciable amount of 

impact energy.

We expect that this inverse relation is not continuous as there must be 

maximum and minimum moduli of both the femoral diaphysis and neck.

2) The scatter in the data is due to experimental error and the variability among the 

tissue samples, and in the preparation and testing of the elastic and torsional 

modulus of the bone. Since there is statistical significance is shown by the high 

F-statistic values and low p-values, the trends discussed in this thesis are real.

3) The compressive modulus (in the longitudinal direction) is a more reliable 

indicator of mechanical integrity than is the shear modulus of the same direction.
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The shear modulus data showed no statistical correlation between the femoral 

diaphysis and neck. The compressive test is a practical mechanical evaluation for 

allografts.

This study involved the right and left femurs of three different people, and the 

right femurs of two others and the left femur of another. This gave us a population of 

six people (three male and three female), from the ages of 55 to 93 with a total of nine 

femurs. This not enough to form a representative population, however the data trends 

seem promising.
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abduction -

abductors - 

acetabulum 

adduction -

adductors - 

allograft -

anterior - 

antigen -

articular - 

autograft -

A GLOSSARY OF MEDICAL AND ENGINEERING TERMS

extremity motion away from the body; with the hip, abduction is 
pulling the knees apart in the coronal (frontal) plane (compare to 
adduction)

the muscles that cause abduction (in the hip, the gluteus medius, 
the gluteus minimus and the tensor fascia latae)

the concave component of the hip in the ball and socket 
configuration of the femural head and pelvis

extremity motion towards the body; with the hip, aduction is 
bringing the knees together in the coronal (frontal) plane (compare 
to abduction)

the muscles that cause adduction (in the hip, the adductor longus, 
the adductor brevis and the adductor magnus)

any type of tissue that is transplanted from one person to another 
(the patient); osteoallograft is a bone allograft (in this thesis 
"allograft" refers to osteoallograft unless otherwise specified)

in, at or towards the front of the body

any substance which can elicit (in a host) the formation of specific 
antibody or the generation of a specific population of lymphocytes 
reactive with that substance. Antigens may be protein or 
carbohydrate, lipid or nucleic acid or contain elements of all or 
any of these as well as organic or inorganic chemical groups 
attached to a protein or macromolecule (see hapten).

having to do with a joint (where two bones meet)

any type of tissue that is transplanted within a patient to another 
location in that patient (in this thesis "autograft" refers to bone 
autograft unless otherwise specified)
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bacteremia -

cancellous bone - 
(spongy) bone

cartilage -

chondro- 

compact bone -

connective tissue -

coronal plane - 

cortical bone -

creeping substitution

distal - 

E -

endosteum -

the presence of bacteria in the blood but with no symptoms of 
infection (compare to septicemia)

the honeycomb-like, spongy (by structure, not properties), or 
trabecular structure of bone, usually on the interior of bone

relatively non-vascular specialized connective tissue composed of 
cartilage cells, chondroblasts and chondrocytes occupying lacunae 
in a matrix of amorphous ground substance surrounding a network 
of collagen fibers.

relating to cartilage

the dense ivory-like outer layers of a mature bone, covered 
externally periosteum except at the articular ends and surrounding 
the cancellous (spongy) bone internally. It is porous, with small 
spaces between a considerable amount of solid matter

a composite mass of intercellular matrix, connective tissue fibers, 
and cells that provides the structural and supporting tissue of the 
body

the frontal plane of the body

the superficial, external layer of compact bone, composed of 
circumferential lamellae and in contact with the periosteum.

osteoinductive recruitment of host vascularization (called 
"cutting cones") into the autograft which destroys the autograft and 
forms new osseous tissue

away from the midline of the torso

(see Young’s modulus)

the somewhat vascular lining of the marrow cavity of the bone 
(compare to periosteum).

engineering strain (e) - the change in length divided by the original length (UNITS
— length/length =  unitless)



T-4597 158

engineering stress (SI - the force divided by the original area of the specimen
(UNITS — metric; megapascals, MPa =  N/mm2: english; pounds 
per square inch, psi)

femur -

hapten -

the long bone in the thigh of the leg with the head and neck at the 
proximal end, the trochanter, the diaphysis and, at the distal end, 
the condyles of the knee.

a substance that is unable to induce antibody formation but that can 
react with antibody; applied especially to organic chemicals of low 
molecular weight. To raise antibodies to haptens it is necessary to 
couple them to an immunogenic "carrier" molecule.

haversian systems - (see osteon) 

haversian canals -

lateral -

the longitudinal channels that contain neurovasculature within the 
bone. Haversian canals are connected by canaliculi which radiate 
approximately perpendicular to the haversian canals.

away from the vertical midline of the entire body

closer to or towards the vertical midline of the entire bodymedial -

nosocomial infection -any infection that is acquired during a stay at a health-care facility

osteo- -

osteoblast -

osteoclast

osteoconduction

osteoinduction -

denoting bone

(Gr. blastos—germ) a cell capable of forming bone and located on 
the surface of bony trabeculae within the lacunae

(Gr. klastos—broken) a multinuclear giant cell that destroys and 
absorbs bone

a passive state where the implant bone (whether allogeneic or 
autogeneic) acts as a matrix for bone ingrowth of the host

an active state where the implant bone (whether allogeneic or 
autogeneic) stimulates bone formation

osteon - the basic unit of compact bone; composed of a haversian canal (the 
central core) which contains blood vessels and nerve endings
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osteotomy - 

pathogen - 

periosteum -

posterior -

proximal -

revision total - 
hip arthroplasty

saggital plane - 

septicemia -

strain (el - 

stress -

total hip arthroplasty

surrounded by a variable number (around six) of concentric 
osseous lamellae which are 3 - 7  mm thick (each). Osteons are 
longitudinally arranged to promote communication with one 
another.

removal of bone

any microbe that can cause deleterious effects on its host

the dense layer of connective tissue that covers the outside of bone 
(except at articular (joint) surfaces) which provides attachment for 
muscles, ligaments and tendons. The outer layer of the periosteum 
contains many blood vessels while the inner layer has fewer blood 
vessels and is more cellular and contains osteoblasts. The 
periosteum is in large part responsible for providing the bone with 
nutrients (compare to endosteum).

in, at or towards the back of the body

closer to or towards the midline of the torso

fixing a failed total hip arthroplasty,
sometimes acetabular (cup) side, sometimes the femoral 
component, sometimes both. May require proximal femoral 
allograft.

the verticle plane perpendicular with the frontal (coronal) plane

the presence of bacteria (or other pathogens) in the blood which 
has caused an infection (that is manifested with signs and 
symptoms of the infection) (compare to bacteremia)

the amount that a material stretches (compare to engineering strain 
and true strain) (UNITS—length/length =  unitless)

the force divided by the area (compare to engineering stress and 
true stress)

replacement of the hip with an (THA) acetabular 
component in the pelvis (the cup) and a femoral component, after 
the femoral neck and the head are resected.
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true strain (e) - the instantaneous change in length divided by the instantaneous
length; mathematically, the true strain is the natural logarithm of 
the length divided by the original length (UNITS—length/length = 
unitless)

true stress (o) - the force divided by the instantaneous area or the engineering
stress (force divided by the original area) multiplied by the 
quantity engineering stress plus one (UNITS—metric; megapascals, 
MPa =  N/mm2: english; pounds per square inch, psi)

ultimate tensile strength - The engineering stress where instability (necking) occurs
and the sample begins to break (UNITS—metric; megapascals, 
MPa =  N/mm2: english; pounds per square inch, psi)

xenograft - a graft from a donor of one species that is transplanted to a patient
of another species

yield strength (qy) - the stress at which the stress/ strain curve deviates from linearity
(see 0.2% yield strength) (UNITS— metric; megapascals, MPa = 
N/mm2: english; pounds per square inch, psi)

0 .2% yield strength - the point at which a line with slope of Young’s modulus
that intersects 0.2% (0.002) on the abscissa (true strain axis) 
intersects the stress-strain curve.

Young’s Modulus (E) - the slope of the stress/ strain curve, (metric; megapascals,
MPa =  N/mm2: english; pounds per square inch, psi)
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